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Foreword
DuBose describes the evaluation of three rut-depth measuring methods: the South Dakota
road profiler, PASCO, and manual . Rogers et al. discuss the benefits of a national pavement
roughness standard and the concerns of complying with the FHW A pavement roughness
requirements . Kulakowski and Lin recommend improvements for both the California and
Rainhart profilographs. Hadley and Roper report on a comparative testing workshop for the
Strategic Highway Research Program profilometers and provide information that can be
useful in interpreting the output of Law profilometers in the development of surface profile
data and pavement roughness Law International Roughness Index (IRI) values.
Kulakowski describes research conducted on skid resistance model parameters and inconsistencies associated with the current normalized gradient. He discusses several alternative
parameters. Morrow presents the results of an extensive evaluation of tire performance and
friction equipment correlation. Wambold and Kulakowski discuss the role of skid numbers
in establishing construction priorities and in accident analysis.
Sebaaly et al. discuss the development of a system to analyze, store, and report Weighin-Motion (WIM) data, and Haines et al. detail the Pennsylvania Department of Transportation WIM program. Cebon and Winkler present the development of a multiple-sensor WIM
system that minimizes the dynamic axle load errors. They concluded that a three-sensor
system would perform well under typical highway conditions. Garner et al. discuss the use
of reflex-type infrared sensors in the classification of vehicles. Albright documents the need
for a national traffic monitoring standard and outlines the foundational principle for such a
standard . Cunagin et al. address the general problem of weighing trucks in motion and present
a proposed solution using advanced sensor technology, signal processing algorithms, analytical
techniques, and artificial intelligence .
Haas and Hendrickson describe a general method for integration of the diverse technologies
used for pavement condition sensing. Koutsopoulos and El Sanhouri examine different approaches for automatic interpretation of asphalt pavement distresses recorded on video or
photographic film. Ritchie et al. describe a potential automated pavement evaluation system
to address multisensor applications; integrate different types of sensors, techniques, and
information; and provide "intelligent" processing capabilities for improved pavement management. They also present initial research results. Mohajeri and Manning discuss digital
imaging processing and pattern recognition of pavement surface distress video logs. Li et al.
report on the development of a crack edge detection technique based on the Sobol operation
coupled with Kittler's automatic thresholding and a sequence of postprocessing operations.
This technique will detect thin cracks in noisy images. Lee evaluates an automated distress
measuring device (PAS I) through the use of pavement condition survey data and discusses
the considerations for switching from a manual condition survey procedure . El-Korchi et al.
discuss the effects of lighting condition on automated pavement surface distress evaluations.
Walker and Harris describe the development of a laser sensor automated crack identification
system, which can provide real-time measurements and reporting at highway speeds.
LeBlanc et al. discuss the use of fractals as a means of storing pavement surface distress data
collected by automated surface distress evaluation.
Grivas et al. present a manual survey methodology for determining distress on pavements
in an objective and reliable manner. Gramling et al. describe an automated procedure for
obtaining transverse profiles and rut depths without disrupting traffic. De Solminihac and
Roper present a system for the collection and storage of surface distress data .
Ben-Akiva et al. present a framework for the analysis of infrastructure performance and
the planning of inspection and maintenance and rehabilitation activities. Fitch et al. identify
and evaluate some of the most practical and readily available devices that can be used for
field data collection for the PAVER pavement management system. Barros examines the
use of composite indices for the management of pavement distress. Ramaswamy and McNeil
ix

x

review existing approaches to condition index calibration and develop a statistical procedure
for developing pavement condition indices from distress measurements using factor analysis.
Hertlein and Davis discuss the development of a new test method for evaluating concrete
pavement support. Hill et al. describe Minnesota's Pavement Management System and its
implementation. Harper and Majidzadeh discuss the use of expert opinion and expert systems
in pavement management systems. Bowen and Lee describe an attempt to implement pavement management systems for cities and towns throughout Rhode Island. Grivas et al.
describe the functional specification of a mechanism of linking all applications in the domain
of pavement management. Schwartz et al. assess the suitability of selected geographic information system (GIS) techniques for airfield pavement management and summarize implementation experience. Nicholls describes a method to evaluate and adjust state road user
fees for each class of vehicle on the basis of the AASHTO 1986 pavement design evaluations.
Dietrich describes the development of a low-cost pavement management graphic reporting
system. Lee et al. present a basic statistical measurement model for estimating errors of
measurement that address the accuracy and precision of the automated distress measuring
device.
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Comparison of the South Dakota Road
Profiler with Other Rut Measurement
Methods
]AMES B. DuBosE
During the fall of 1989, the Illinois Department of Transportation
completed the construction of a profile-measuring van that was
based on the South Dakota road profiler. One feature of the van
is the ability to collect rut depths at highway speed at 2-ft intervals.
The ability to collect more rut data and to do it more quickly and
safely were of great interest to the department. However, no
information was available that described how the data obtained
with the road profiler would compare with manual rut measurements or rut measurements obtained with other automated systems . In an effort to determine if there was any correlation
between the different rut-measuring methods, a number of experiments were conducted. Three method - (a) South Dakota
road profiler, (b) PASCO, and (c) manual- were compared for
a 7.5-mi stretch of FA 409 (US-50) in St. Clair and Clinton counties; the road profiler and manual methods were compared for
all of the Interstate highways in District 5, located in east-central
Illinois. In addition, the procedures used by each method were
analyzed to theoretically determine how well the methods would
agree and also to help explain any observed differences in the
data . On the basis of the results of these experiments, recommendations were made describing the most appropriate use of
the road profiler data.
During the fall of 1989, the Illinois Department of Transportation completed the construction of a profile-measuring
van based on the South Dakota road profiler. One feature of
the van is the ability to collect rut depths at highway speed
at 2-ft intervals . The ability to collect more rut data and to
do it more quickly and safely was of great interest to the
department. However, no information was available that described how the data obtained with the road profiler would
compare with manual rut measurements or rut measurements
obtained with other automated systems.
In an effort to determine if there was any correlation between the different rut measuring methods, a number of experiments were conducted . Three methods-(a) South Dakota road profiler, (b) PASCO , and (c) manual-were
compared for a 7 .5-mi stretch of FA 409 (US-50) in St. Clair
and Clinton counties; the Road Profiler and manual methods
were compared for all of the Interstate highways in District
5, located in east central Illinois. In addition, the procedures
used by each method were analyzed to determine theoretically
how well the methods would agree and also to help explain
any observed differences in the data.

Illinois Department of Transportation, Bureau of Materials and Physical Research, 126 East Ash Street, Springfield, Ill. 62704-4766.

DESCRIPTION OF METHODS

The South Dakota road profiler uses three acoustic sensors
to measure rut depths. These sensors are located as follows :
(a) left wheelpath, (b) center of lane, (c) right wheelpath.
The rut depth is defined as the average of the distances measured by the two outside sensors minus the distance measured
by the center sensor. This quantity is equal to the height of
the hump between the wheelpaths. Only one measurement is
obtained at each location and separate readings cannot be
determined for each wheelpath.
PASCO's method is a photographic one. A hair line projector is used to project a black line across the width of the
pavement at night. The resulting image is then photographed
using a pulse camera. For a pavement with no ruts, the black
line will be perfectly straight. The line will be wavy for a
rutted road. To obtain a quantitative measure of the amount
of rutting present, PASCO digitizes the photographic images
and corrects for the camera angle. A computer can then produce corrected images and measure the amount of rutting in
each wheelpath.
The manual method is one that has been used in Illinois
since 1985 . Measurements are made using a 6-ft aluminum
beam and a measuring shoe. The measuring shoe looks like
a miniature staircase from the side with each step representing
an increment of 0.05 in . The largest increment that can be
measured is 1 in. Rut readings are obtained by placing the
beam across half of the lane and then randomly sliding the
measuring shoe under the beam until the maximum reading is obtained. Separate measurements are made for each
wheelpath.
THEORETICAL AND PRACTICAL
CONSIDERATIONS

Even before conducting any field experiments , one can theorize that there will be instances where the three methods will
not agree. The PASCO and manual methods measure basically the same thing, but use two different approaches. The
fact that the manual readings are only recorded to the nearest
0.05 in. may affect the degree of correlation. The road profiler
can only report one rut measurement at each location . This
is supposed to be the average of the two wheelpath ruts, but
is actually the height of the hump in the center of the lane.
The following examples will illustrate that these two quantities
are not the same.
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The road profiler rut depth is defined as

where ht> h 2 , and h3 are defined in Figure 1, which shows that
R equals r, the height of the hump. The road profiler will
agree well with manual measurements when the height of the
hump is the same as the average of the two wheelpath ruts .
This situation occurs when the hump and the two edges can
be connected by a straight line (i.e., they are all in the same
plane). Figure 2 illustrates this principle. In this case, the left
edge, A , the hump, B, and the right edge, C, can be connected
by a straight line. Even if the line ABC is not parallel to the
line DE connecting the bottom of the two ruts, r will still
equal (m 1 + m2 )/2, where m 1 equals the left wheelpath rut
and m 2 equals the right wheelpath rut. Because the sensors
are equidistant, as ABC rotates and increases either m, or
m2 , the other value will decrease by exactly the same amount.
Unfortunately, the edges and the hump are often not in
the same plane. This presents two additional possibilities. The
first case is when the hump is higher than the two edges.
Figure 3 shows this condition. In this case, r will be greater
than the average of m 1 and m 2 • In other words, the road
profiler will measure larger ruts than a manual survey. The
opposite situation occurs when the hump is lower than the
two edges (see Figure 4). In this case, the road profiler will
measure smaller ruts than a manual survey because r is smaller
than the average of m 1 and m 2 •
A practical consideration that will influence the degree of
correlation is whether or not the road profiler driver is able
to consistently drive in the deepest part of the ruts. The vehicle
will have a natural tendency to want to follow the path of
least resistance, which will normally be in the deepest ruts .
Driver error will prevent the road profiler from staying in the
deepest ruts 100 percent of the time. Driver error is more
likely to adversely affect the average obtained on a short

FIGURE I
rut depth.

South Dakota definition of

FIGURE 2 Road profiler rut depth
equal to average manual rut depth.

FIGURE 3 Road profiler rut depth
greater than average manual rut depth.

FIGURE 4 Road profller rut depth
less than average manual rut depth.

section than a long one because of the limited data collected
on short sections. In addition to driver error, the Road Profiler will also have difficulty traveling in the deepest ruts when
the distance between ruts is greater than the van's wheelbase.
This situation is possible when truck traffic creates a double
rut with dual axles rather than the normal single-rut pattern.
FA 409-PROJECT LEVEL COMPARISON
FA 409 is an experimental highway located in St. Clair and
Clinton counties. Seven and one-half miles of FA 409 are
constructed of various thicknesses of full-depth asphalt. Figure 5 shows the layout of the experimental sections.
All three methods were used to survey FA 409. The PASCO
survey was conducted on June 23, 1989, the manual survey
on August 19, 1989, and the road profiler survey on December
1, 1989. Figures 6 and 7 show how the average rut depths
compare for each section on the basis of a measurement interval of 200 ft . Because the three surveys were not conducted
at the same time, care should be exercised in analyzing these
data. In addition to variations in the number of axle loads
carried before each survey , there was also some patching done
during July and August 1989 that would affect the results.
For these reasons it was decided to try to estimate how the
three methods would compare if the surveys were all done
on June 23, 1989. These estimates were made using the cross
slopes obtained from PASCO. The next three figures illustrate
how rut depths were estimated from these cross slopes.
Figure 8 shows the PASCO method. The rut depths listed
on the figure were measured hy representatives of PASCO.
Note that, in this case, PASCO defined the rut depth as the
distance from an imaginary line connecting the two edges of
the pavement to the bottom of the rut . If the hump in the
center of the lane had been higher than this imaginary line,
PASCO would have based the rut depth on the distance from
the bottom of the rut to an imaginary line connecting the
center hump to the appropriate edge. l'igure 9 illustrates the
manual method . These measurements were made by drawing
a straight line six scale feet in length at each wheelpath and
then measuring the distance from each line to the bottom of
each rut. The South Dakota road profiler method is shown
in Figure 10. For this method, a scale drawing of the road
profiler van was superimposed on the cross slope. The rut
depth is defined as the difference between the average of the
distances measured by the outside sensors and the distance
measured by the center sensor. This quantity is equal to the
height of the hump at the center point. For expediency, the
rut can be determined by drawing three parallel segments of
equal length, one at each sensor location, and then measuring
the amount the center segment protrudes through the cross
slope when the other two segments are just touching the cross
slope.
Notice that the exact same profile was used for each figure,
but different rut readings were obtained for each method.
The estimates did not always agree with the actual field measurement because of the time difference and patching mentioned previously and also because it is much easier to locate
the deepest rut from cross slopes than it is to do so in the
field.
Figures 11 and 12 show the estimated averages for each
section . Sections H, J, and L are very short in length (less
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FIGURE 6 Average rut depth by section, eastbound FA
409, 1989 data.

than 1,000 ft) and therefore no firm conclusions should be
drawn from the data collected from these sections. Sections
where the hump in the center of the lane rose above the two
edges, such as Section N, had higher average rut depths in
the road profiler survey than in the manual survey. The opposite phenomenon occurs if the hump in the center of the
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FIGURE 7 Average rut depth by section, westbound FA
409, 1989 data.

lane is lower than the two edges. At first glance at Figure 6,
it appears that this is what has happened in Sections B and
C. However, examination of the cross slopes indicates that
what actually happened was that the road profiler got out of
the wheelpaths and therefore did not travel in the deepest
rut.
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FIGURE 8 PASCO rut depth measurement
method.
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FIGURE 12 Estimated average rut depth by section,
westbound FA 409, 6/23/89 data.
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FIGURE 10 South Dakota road profiler rut depth
measurement method.

DISTRICT 5 INTERSTATES-NETWORK LEVEL
COMPARISON

The Interstate system in District 5 was tested with the South
Dakota road profiler during December 1989. The data obtained were compared with data obtained manually during

the Summer of 1989 as part of the Illinois Pavement Feedback
System (IPFS). The rut values obtained from the IPFS survey
were based on the average of four measurements in a 500-ft
sample unit. The four measurements were taken in the following manner: one in each wheelpath at the beginning of
the sample unit and one in each wheelpath at the end of the
sample unit. The road profiler data were summarized at 0.1mi (528-ft) increments on the basis of the average of 264
readings. For this comparison, the manual survey averages
were compared with the road profiler average for the 0.1-mi
segment that was located closest to the sample unit. The results of this comparison are plotted separately for each Interstate route and direction and are shown in Figures 13-16.
The two methods did not compare exactly, but in most cases
appeared to indicate the same trends. A number of factors
could have aff ted the c mparison. Comparing the average
of four mea urements with the average of 264 measureme nts
is a rather tenuous procedure for a quantity as variable as rut
depth. Also, the time difference between surveys probably
affected the results. However, even if all of these factors cou Id
be controlled, the two methods would still not agree exactly
because they do not measure ruts in the sa me manner. Some
encouragement can at least be found in the fact that the two
methods seem to indicate the same general trends.
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SUMMARY

RECOMMENDATIONS

There are fundamental differences in the way the three methods discussed in this paper measure ruts . Factors such as the
shape of the pavement cross slope and driver error can dramatically affect the correlation between ruts obtained using
the road profiler and other methods. The stepped increment
of O.OS in . used in the manual method may also affect the
correlation.
PASCO's rut measurement method appears to be an accurate one. However, this option has some other considerations that make it less attractive. It requires either buying the
equipment, which is expensive, or contracting PASCO to provide the service. Contracting with PASCO is also expensive
and requires advance notice to schedule a project for testing.
After the project is tested , it may take several months to
receive the data.
Despite its limitations, the South Dakota road profiler has
some intriguing properties. Its relatively low cost and ability
to collect rut data at SS mph at 2-ft intervals make its use an
attractive option for state highway departments . Illinois' experience has indicated rut depth to be a highly variable property. Because of this variability, it may be more useful to the
department to have a large quantity of road profiler data,
even if it is less accurate, than the amount of manual data it
currently can collect, which is limited by manpower constraints. In addition, because of safety constraints , high traffic
areas such as the Chicago area expressways can only be surveyed using an automated method such as the South Dakota
road profiler.

A reasonable procedure is to use the South Dakota road
profiler to collect rutting data on a network basis. After the
data have been collected, they can be analyzed by the individual highway districts. Because the districts deal with these
highways on a daily basis , they may have opinions about
whether or not the data seem accurate. If a district feels that
the data are in error, manual measurements can be taken to
validate or invalidate the data.

FURTHER RESEARCH

Research should be undertaken to determine the proper definition of the rut depth. All three methods differ in the way
they define the rut depth. The following questions should be
studied:

1. Should rut depth measurements be relative to a level
reference in order to predict the depth of water that can
accumulate?
2. Is the hump in the center of the lane a useful quantity
for performance prediction?

Publication of this paper sponsored by Committee on Surface Properties- Vehicle Interaction.
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A State's Concerns with the FHWA's
Highway Performance Monitoring
System Roughness Requirements
RICHARD B. ROGERS, JAMES

M.

WYATT, AND CARL B. BERTRAND

When the FHW A issued requirements for the collection of roughness data for the Highway Performance Monitoring System in
December 1987, it was well received in Texas. The benefits of a
national pavement roughness standard and the concerns that
evolved from a study conducted by the Center for Transportation
Research at the University of Texas at Austin to ensure compliance with the new FHW A pavement roughness requirements ,
and from the experience gained from collection of pavement
roughness data on a state-wide basis since 1983 are discussed.
Measures for alleviating the issues presented are recommended .

conditions, and therefore that is readily comparable. Similarly, if the standards being developed and used in the Strategic Highway Research Program (SHRP) are readily acceptable and used by all or most states, then one of the
fundamental benefits that can come from the program will
be the participating states' ability to compare and share
information.

CONCERNS
When the FHWA issued requirements for the collection of
pavement roughness data for the Highway Performance Monitoring System (HPMS) in December 1987 (1), it was well
received in Texas. The benefits of the FHW A roughness requirements and some concerns with the requirements are discussed . These concerns evolved from a study conducted by
the Center for Transportation Research (CTR) at the University of Texas at Austin to ensure Texas compliance with
the new FHWA roughness requirements (2), and from the
experience gained from collecting pavement roughness data
on a state-wide basis for the Texas State Department of Highways and Public Transportation (SDHPT) . Measures for alleviating the issues presented are recommended .

BENEFITS
The FHWA's issuance of requirements for the collection of
roughness data for the HPMS was a large step toward the
establishment of a national roughness standard. The current
roughness index and standardized calibration and data collection procedures that have been used in Texas for many
years allow monitoring the performance of a particular road
over time and comparing the performance of various roads
across the state. These procedures also allow Texas to look
at the performance of the roads by maintenance section, by
district, or by any desired level within the state. This process
permits Texas to see if over time the roads are getting better
or worse .
The establishment of a national roughness index and respective calibration and data collection procedures would give
each state the capabilities Texas has. Additionally, each state
would be able to take advantage of the experiences of other
states by having information that is collected under the same
Texas State Department of Highways and Public Transportation,
P.O. Box 5051, Austin, Tex. 78763-5051.

As asserted previously, the cited FHWA order was well received and is considered a large step toward the establishment
of a national roughness standard. However, Texas is concerned that many will not be aware that this is just the first
step and that there is a great need for several revisions to the
order if the order is to provide meaningful comparison of
roughness data.
The discussion of SDHPT concerns is based on (a) the findings of a study conducted by the Center for Transportation
Research at the University of Texas at Austin in an effort to
ensure the procedures to be used by Texas would comply with
the FHWA's HPMS roughness requirements, and (b) the experience gained from several years of pavement roughness
evaluation . The following issues are presented as an example
of revisions that are needed to make the FHWA order more
meaningful and useful:
• The order permits the user to select the wheel path to
test (left, right, or both). The experience in Texas has indicated that the pavement roughness results vary considerably
between the different wheel paths for most of the pavements
in Texas. In most cases, the right or outside wheel path was
found to be predominately rougher. This is especially true
for all but the pavements within the smooth roughness range
(IRI < 190 in./mi). Although there are many arguments for
the selection of each of the wheelpath options, it is considered
far more critical for the wheel path selection to be standardized so that all states will be using the same wheelpath in their
evaluations and hence valid comparisons can be made of the
results.
• The order does not specify location of wheel path or the
wheel track width required for evaluation by the equipment.
The AASHTO Materials Reference Laboratory (AMRL) surveyed the states in 1987 and found that the wheel path and
wheel track width of the roughness evaluation equipment being
used at that time varied from 57 to 88 in., and Texas has the
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same range with the equipment currently being used. SHRP
has established 65 in. as the standard wheel track width for
its roughness evaluation. Texas has found significant differences in the test results that could be attributed to wheel track
width differences, and therefore feels that without the establishment of a standard wheel track width meaningful roughness comparisons cannot be made.
• The order does not specify a standard length of pavement
to be evaluated. Texas has found that the reported roughness
tends to be more repeatable as the section length increases,
because the data are being smoothed or averaged over longer
distances. In order to reduce the impact of averaging and to
increase the ability to identify both smooth and rough sections, it is recommended that a standard section length of 0.2
mi be established. Again, the important point is that a standard section length be used by all states so that more meaningful comparisons can be made with the results.
• The order contains inconsistent and often impractical precision and bias for calibration of equipment. At one extreme,
manual profiling is required to be within 1.5 percent bias, and
at the other extreme when using response type road roughness
measurement (RTRRM) equipment, a 10 percent bias is allowed. If the required 10 percent bias cannot be met, then
outlying data can be eliminated by taking new readings until
at least five readings fall within the required 10 percent bias.
This is not sound statistically and the resulting correlation
equation will probably not be representative of the data reported by the equipment.
• The order requires that the calibration sections must include· roadways that have a measured roughness that meets
or exceeds the range of actual values that will be collected.
Although Texas agrees that extrapolation is not desirable, it
would be much more reasonable and practical to expect at
least 95 percent of the pavements evaluated to fall within the
roughness range of the calibration sections. This is considered
very acceptable, because the pavement sections that exceed
the rough range art: pw\Jauly alrt!auy candidates for rehabilitation, and the pavement sections that exceed the smooth
range may not even be distinguishable by the RTRRM equipment being used.
• The order requires that the equipment be calibrated or
verified at least monthly or every 2,000 mi, whichever comes
first. Although this practice may be highly recommended, the
decision of how often to calibrate should be left up to management. As long as the equipment is in calibration when it
went in the field and is checked before submitting the data,
the data would be considered good if the equipment remained
in calibration and bad if it did not.
• Because of the complexity and its susceptibility to error,
the program provided by reference in the order for calculating
the international roughness index (IRI) from elevation data
should have a sample data set and output included to verify

that the program has been programmed correctly and is work-

ing properly.
• The roughness calibration ranges provided in the order
need to be shifted toward the smooth end approximately 40
in. per mile to balance the scale. This is especially true if the
use of both wheel paths is going to be continued. In Texas,
RTRRM equipment is used, which in effect averages both
wheel paths, and pavements with an IRI greater than 320 in.
per mile are difficult to find and in most cases are unsafe when
traveling at 50 mph. This point is further supported by the
continuing need to select new calibration sections , as a result
of the city or county rehabilitating the sections.
• The order does not provide adequate procedures for the
calibration and collection of data at speeds other than 50 mph.
Even though it is known that roughness as reported by RTRRM
equipment will vary with speed, the calibration procedures
are based on the transformation of profile data. The profile
data will not vary with changes in speed or to the IRI by the
program provided.
CONCLUSIONS AND RECOMMENDATIONS
The FHW A has taken a large step toward the development
of a national roughness standard, but there are many issues
that need to be addressed if meaningful comparisons are to
be made from the data collected.
It is recommended that the FHWA advise the states and
other concerned entities of their intent to revise the HPMS
roughness requirements, in an effort to prevent the purchase
of pavement roughness evaluation equipment and the collection of data that will not be readily usable in the future.
Creating a national roughness standard that is compatible
with as many types of roughness instrumentation as possible
is no easy task. Each state highway authority should be contacted for its active support to aid in the development, because
it is the states who will carry out the purchase of the equipment
and the collection of data. Once accomplished, the FHWA
order for the collection of pavement roughness data will provide an effective and powerful tool to aid in the management
of pavement systems.
REFERENCES
1. Highway Performance Monitoring System Field Manual, Appendix
J. Publication M5600.1A, Change 3. FHWA, U.S. Department
of Transportation, April 20, 1990.
2. C. B. Bertrand, R. Harrison, and B. F. McCullough. Evaluation
of FHWA Requirements for the Calibration of Pavement Roughness
Instrumentation . Research Report 969-ZF. Center for Transportation Research, University of Texas at Austin, Feb. 1990.
Publication of this paper sponsored by Committee on Surface Properties- Vehicle Interaction.
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Effect of Design Parameters on
Performance of Road Profilographs
BoHDAN

T.

KULAKOWSKI AND CHUNMING LIN

Road profilographs are commonly used to measure roughness of
new and newly surfaced pavements. Because new pavements are
usually smooth, profilographs must have high measuring sensitivity, particularly in the range of profile wavelengths responsible
for dynamic pavement loading applied by heavy trucks and for
ride comfort. Simple analytical and computer models were developed to examine the effects of basic design parameters on the
performance of California and Rainhart pro~ilograJ?hs. It was
found that the quality of measurements obtamed with the two
profilographs can be improved by modifying some of the des!gn
parameters (e.g., length of main truss and number and sp~c1~g
of supporting wheels). The improvement should be more s1gmficant for the California profilograph. The design parameters of
the existing Rainhart profilograph are close to the values recommended in the paper.
Road profilographs are low-speed devices (hand-pushed at
walking speed) designed to measure the roughness of road
surfaces. Road roughness is defined as "the deviations of a
surface from a true planar surface with characteristic dimensions that affect vehicle dynamics, ride quality, dynamic loads,
and drainage, for example, longitudinal profile, transverse
profile, and cross slope" (ASTM E867). Profilographs are
used primarily to measure the roughness of new or newly
surfaced pavements before they are open for traffic. The results of the profilograph measurements are compared with
established pavement roughness specifications to provide the
basis for acceptance of the construction work. Because new
pavements are usually very smooth, profilographs must be
sufficiently sensitive to small variations of measured surface
profiles.
Profilographs come in several different designs. Figures 1
and 2 show two of the most common types of profilographsthe California profilograph and the Rainhart profilograph.
Both devices use a long, rigid member or main truss supported
through minor trusses by 12 wheels. The supporting wheels
provide a reference platform for the measuring wheel located
at the center of the main truss. As the profilograph is pushed
along the pavement, the vertical motion of the measuring
wheel is recorded by a tracing pen of a strip chart recorder
to provide the measurement of surface profile. In the Rainhart
profilograph, the supporting wheels are uniformly spaced
throughout the length of the profilograph. The spacing of the
supporting wheels in the California profilograph is not uniform.
The profile recorded by a profilograph is examined to identify individual bumps that exceed acceptable limits, usually
3.175 mm (0.125 in.), and then the profile data are processed
Pennsylvania Transportation Institute, Pennsylvania State University, Research Building B, University Park, Pa. 16802.

to determine the overall roughness index for a segment of
road of specified length, usually 160 m (0.1 mi). The roughness index is calculated by integrating the recorded profile
height that exceeds a specified blanking band over distance
and then dividing the result of the integration by the length
of the road segment. Road roughness calculated in this manner is expressed in meters of profile height per kilometer of
road length (mpk) or in inches per mile (ipm).
There is a lack of convincing evidence in the relevant technical literature to prove that profilograph design parameters
such as the length of the main truss or the number and spacing
of the supporting wheels in the California and Rainhart profilographs are optimal for the performance of these devices.
The main objective of the research described was to determine
the effects of the basic design parameters of profilographs on
their performance. In particular, an attempt was made to
determine if the performance of profilographs could be improved by changing the number of supporting wheels and their
locations along the profilograph or by changing the length of
the main truss, or both. All results presented here were obtained through computer simulation of a kinematic model of
a profilograph.

MATHEMATICAL MODEL
Just like other measuring devices, road profilographs respond
with varying gain to harmonic input signals, in this case sinusoidal components of the road profile. The desired range of
frequency over which the gain of profilograph frequency response characteristic should be sufficiently high and uniform
is determined by two criteria-ride comfort and pavement
loading exerted by truck tires. According to Janoff et al. (1),
subjective ride quality ratings correlate best with road profile
frequency components in the range from 0.4 to 2.0 cycle/m
(0.125 to 0.63 cycle/ft), which corresponds to wavelengths
between 0.5 and 2.5 m (1.6 and 8.0 ft). The largest truck tire
forces that are the primary causes of pavement damage typically occur in the frequency ranges between 3 and 7 Hz and
between 15 and 25 Hz. For speeds from 56 to 88 km/hr (35
to 55 mph), these frequencies correspond to profile wavelengths between 2.3 and 9.7 m (7.5 and 32.0 ft) and between
0.6 and 1.9 m (2.0 and 6.4 ft). Combining the wavelength
ranges critical either for ride comfort or for pavement damage
caused by the truck tire loading yields the range from 0.5 to
9.7 m (1.6 to 32 ft), to which a profilograph should be sufficiently sensitive to produce accurate measuring results. Because the speed of a profilograph pushed over the measured
pavement surface is not higher than 5 km/hr (3.0 mph), the
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. 1 { 1 NR
P(x) = P(x) - 2 N,<i~ [P(x + B) + P(x - B)]
(2)
1.645'

£

where

NR

number of supporting wheels on the right-hand side
of profilograph; in this case, N R = 8;
NL = number of supporting wheels on the left-hand side
of profilograph; in this case, NL = 4;
Bi = distance between the jth wheel on the right-hand side
and the center of the measuring wheel, j = 1, 2,
3, .. . , NR; and
Bk = distance between the kth wheel on the left-hand side
and the center of the measuring wheel, k = 1, 2,
3, .. . , NL.

FIGURK 1 Calil"ornia profilograph:
(a) front view, (b) wheel arrangement.

=

The mathematical model of the Rainhart profilograph is

2~ L~[P(x + B;) + P(x -

P(x) = P(x) FIGURE 2 Rainhart profilograph:
(a) front view, (b) wheel
arrangement.

8;)]}

(3)

FREQUENCY RESPONSE CHARACTERISTICS
A sinusoidal transfer function of a profilograph is defined as

critical range of wavelengths generates an excitation input of
frequencies from approximately 0.1 to 2.8 Hz. In such a low
range of frequencies, the dynamics of a profilograph has negligible effects on its performance and will not be included in
the mathematical model.
In addition, the following assumptions are usually made in
developing a mathematical model of a profilograph (2):
• All structural connections are perfectly rigid ,
• All hinge joints and wheel bearings are frictionless, and
• All wheels are at a point contact with the road surface at
all times.
Under these assumptions, the generic mathematical model
of a profilograph is given by the following equation:
,

T(. ) = P(jw)
JW
P(jw)

(4)

where P(jw) and P(jw) are Fourier transforms of the measured profile P(x) and actual road profile P(x), respectively.
In order to derive an expression for T(jw) in terms of profilograph parameters, take the Laplace transform of
Equation 1:
N

L, C;P(s)e-sd;

P(s) = P(s)

(5)

1= 1

where P(s) and P(s) are Laplace transforms of P(x) and P(x),
respectively. From Equation 5, the system transfer function
in the domain of complex variable s is

N

P(x) = P(x) -

L, C;P(x

- d;)

(1)

;- 1

where

P(x) = road profile measured by the profilograph,
P(x) = true road profile,
x = longitudinal position coordinate in the direction of
travel,
N = number of supporting wheels,
d; = distance between ith supporting wheel and the center of the measuring wheel in the direction of motion, and
C; = coefficients representing the effect of the ith supporting wheel on the result of measurement.
For a 12-wheel California profilograph (shown in Figure 1),
the model equation takes the following form:

P(s)
N
T(s) = = 1 - °L,C;e -sd;
P(s)
1= 1

(6)

By substituting s = jw, the sinusoidal transfer function of a
profilograph is obtained:
N

T(jw) = 1 - °L,C;riwd;

(7)

1=1

The Euler identity can be used for the exponential term:
N

T(jw) = 1 -

L, C;(cos wd;

- j sin wd;)

(8)

;-1

Assuming that the number of supporting wheels N is even
and that they all occur in pairs of wheels equally distanced
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from the measuring wheel, one wheel in front and the other
behind the measuring wheel, Equation 8 can be further simplified to obtain
N/2

T(jw) = 1 - 2LC; cos wd;

(9)

i=l

Substituting

2'1T
A

(10)

w = -

where A is a wavelength, the sinusoidal transfer function of
a profilograph can be expressed in terms of the profile wavelength:
(11)
In general, a system sinusoidal transfer function is a complex quantity. However, the expression on the right-hand side
of Equation 11 is real. Thus, the phase of the profilograph
transfer function is zero for all wavelengths 0 :s A < oo, and
Equation 11 represents the magnitude of the transfer function
equal to the ratio of amplitudes of measured and actual sinusoidal road profiles.
The frequency response characteristics calculated using
Equation 11 for California and Rainhart profilographs are
shown in Figures 3 and 4. The magnitude of the sinusoidal
Magnitude

2 .---=-----------------~

transfer function is plotted in these figures versus normalized
wavelength, i.e., wavelength divided by the length of the main
truss of the profilograph .
It was pointed out earlier that a desired frequency response
characteristic of a profilograph would have a sufficiently high
and uniform magnitude over the range of frequencies corresponding to the range of wavelength from 0.5 to 9.7 m (1.6
to 32 ft) and zero magnitude outside this range. It can be seen
from Figures 3 and 4 that the characteristics of both profilographs are far from the ideal characteristic. Some wavelengths are measured by the profilographs correctly, some
hardly at all, and others are measured amplified. The 12-wheel
California profilograph with a 7.6-m-long (25-ft-long) main
truss provides a poor measurement at 3- to 4.6-m (10- to 15-ft)
wavelengths and then amplifies those in the 6.1- to 15.2-m
(20- to 50-ft) range by as much as two times. In general,
California profilographs have low sensitivity to wavelengths
close to half the length of their main truss and high sensitivity
to wavelengths close to the length of the main truss of the
profilograph . The Rainhart profilograph with a 4.1-m (13.5ft) main truss has a more uniform frequency response in the
range of 0.8- to 9.7-m (2.7- to 32-ft) wavelengths. However,
it slightly attenuates pavement profile components of wavelengths between 2.7 and 4.0 m (9 and 13 ft). In general, the
frequency response characteristic of the Rainhart profilograph
is much more uniform over the critical range of wavelengths
from 0.5 to 9.7 m (1.6 to 32 ft) than the characteristic of the
California profilograph, primarily because of the more uniform spacing of supporting wheels.

DESIGN CHARACTERISTICS
The most important design parameters for profilograph performance are the number and locations of the supporting
wheels and the length of the main truss . The effects of these
parameters on the performance of the California and the
Rainhart profilographs were investigated using a computer
simulation program that incorporates the mathematical model
of profilograph given by Equation l.
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FIGURE 3 Frequency response of the 12-wheel
California profilograph.
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FIGURE 4 Frequency response of the 12-wheel
Rainhart profilograph.
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First, the effect of the number of supporting wheels on the
frequency response characteristic of the California profilograph was investigated. The profilograph configurations with
2, 6, and 12 wheels are shown in Figure 5. Figures 6 and 7
show the frequency responses of the two- and six-wheel profilographs . Comparing the plots shown in Figures 3, 6, and 7
indicates that the uniformity of the frequency response characteristic improves when the number of wheels increases.
However, the improvement is only moderate, as even the 12wheel profilograph has a poor frequency response characteristic.
The effect of the number of supporting wheels was further
evaluated by comparing the roughness index (ASTM E1274)
calculated from the profile generated by the computer model
of a profilograph with the roughness index obtained directly
from the profile data used as the input to the model. The
input profile data were generated to represent a typical new
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A computer program was developed to generate a sequence
of data having specified PSD function and desired roughness
index (3). This program was used to obtain a set of data with
the PSD function given by Equation 12 and a roughness index
of 5.5 in. per mile (IPMcA) [87.4mm per kilometer (MPKcA)].
The value of the roughness index represents a good-quality
new pavement surface, and it is calculated using the 5.1-mm
(0.2-in.) blanking band procedure. This procedure is commonly used in processing data recorded by the California
profilograph and hence the subscript CA with the units of the
roughness index (ASTM E1274).
The profile data were entered in the profilograph simulation
program and the output profile was generated by the computer model of the profilograph. The values of the roughness
index of the output profile from several computer simulations
with different numbers of supporting wheels are shown in
Figure 8. All profilograph models underestimate roughness.
The measuring error is smaller for 2-, 4-, 6-, and 8-wheel
models than for 10- and 12-wheel models. Figure 9 shows the
correlation coefficient between input and output profiles versus number of supporting wheels. The correlation improves
when the number of wheels increases; however, the improvement is not significant.
In summary, the results of computer simulation indicate
that the overall performance of the profilograph with 6 or 8
supporting wheels is just as good as, or even better than in
some aspects, the performance of the 12-wheel profilograph.
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pavement. In the FHW A study Development of Procedures
for the Calibration of Profilographs (3), it was found that the
power spectral density (PSD) function of new pavement profiles can be approximated by the following equation:

sxx

= 6.66 • 10- 2 }1.2

(12)
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FIGURE 9 Effect of number of wheels on correlation
for the California profllograph.
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Next, the effects of the length of main truss and the effect
of the distance between the supporting wheels were investigated . The measuring error and the coefficient of correlation
between the input and output profiles were used again to
evaluate performance. Figures 10 and 11 show the effect of
the length of the main truss on measuring error for 6- and 12wheel profilograph models. In these figures, the measuring
error is minimal for the 9.1-m (30-ft) main truss for both
models. A shorter main truss results in an underestimation
of roughness , whereas a profilograph with a main truss longer
than 10. 7 m (35 ft) significantly overestimates profile roughness. The variation of spacing between the supporting wheels
over the range from 0.5 to 1.0 m (1.5 to 3.0 ft) was found to
have a negligible effect on the measuring error.
The effect of the length of the main truss on the correlation
between input and output profiles for 6- and 12-wheel profilograph models is shown in Figures 12and13. The coefficient
of correlation increases with an increasing length of the main
truss; however, the improvement is very small for the truss
length greater than 9 .1 m (30 ft), especially for the 12-wheel
model. The spacing between the supporting wheels had no
effect on correlation for the six-wheel model. For the 12-wheel
profilograph, the coefficient of correlation increased slightly
for larger spacing of the supporting wheels .
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0.84
0 .82

20

25

30

35

Length of Main Truss, It
-

L 1"1.5-lt

-+- L1•2.0-lt

--*- L1•2.5-ft

-e- L1•3.0-lt

FIGURE 12 Effect of length of main truss on
correlation for a six-wheel model (California).
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When the design characteristics of the Rainhart profilograph
are investigated, it has to be assumed that the basic constraints
imposed on the number and spacing of the supporting wheels
and the length of main truss of this type of profilograph are
not violated . Those constraints are
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FIGURE 10 Effect of length of main truss on
roughness measured with a six-wheel model
(California).
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•The supporting wheels are installed on tripods,
• The spacing of the supporting wheels in the direction of
motion is uniform ,
• From the first two constraints, it can be concluded that
the three design parameters-length of main truss L 0 , number
of supporting wheels N, and distance between supporting wheels
L 1 -are interrelated by the following equation:
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FIGURE 11 Effect of length of main truss on
roughness measured with a 12-wheel model
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The most important implication of the first constraint is that
the total number of supporting wheels in a profilograph model
that can be considered practical is either 6 (two tripods attached directly to two ends of the main truss) or 12 (current
design). The next smallest number of supporting wheels would
be 24, which would require additional subminor trusses to be
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attached to the ends of the minor trusses shown in Figure 2.
The 24-wheel design would be substantially heavier and more
difficult to operate than the existing 12-wheel profilograph to
be considered practical. Thus, only 6- and 12-wheel models
will be examined.
For a specified number of supporting wheels, there is only
one independent design variable-either the length of main
truss or the spacing between supporting wheels. If either one
is selected as the independent variable, the other is determined by Equation 13. In this study, the length of the main
truss was selected as the independent variable. The effect of
this variable on measured pavement roughness was investigated in the same way as described earlier for the California
profilograph. The results presenting actual and measured
roughness of the test profile as a function of length of main
truss are shown in Figure 14. The coefficient of correlation
between the actual and the measured profiles is plotted in
Figure 15.
Figure 14 indicates that the roughness measuring error
for the 12-wheel profilograph is smallest for the main truss
3.7 m (12 ft) long. This length is close to the current design
of the Rainhart profilograph, which has a 4.1-m-long (13.5ft-long) main truss. However, a high sensitivity of the profilograph accuracy to the length of the main truss represented
by a steep slope of the error curve in the vicinity of the
minimum error point is rather undesirable. A main truss of
approximately 4.6 m (15.0 ft) or longer would be much less
sensitive.
The roughness measuring error for a 6-wheel Rainhart profilograph is considerably larger for the length of main truss
15

Roughness Error, IPM-CA

e

n

s

~

n

~

~

~

m

greater than 3.7 m (12 ft) and it follows the same general
pattern as the measuring error of the 12-wheel profilograph.
The coefficient of correlation between actual and measured
pavement profiles shown in Figure 15 increases with increasing length of the main truss for both 6- and 12-wheel Rainhart
profilographs.

CONCLUSIONS
On the basis of the computer simulation results obtained in
this study, the following design specifications for road profilographs are recommended:
For the California profilograph,
• Length of the main truss: 9 .1 m (30 ft).
•Number of supporting wheels: 6.
•Spacing between supporting wheels: 0.6 to 0.9 m (2 to
3 ft).
For the Rainhart profilograph,
• Length of the main truss: 3. 7 to 4.6 m (12 to 15 ft).
• Number of supporting wheels: 12.
• Spacing between supporting wheels: calculated from
Equation 13 for the selected values of L 0 and N.
One limitation of the computer model used in this study
that may affect these design specifications is the assumption
of zero gradient of lateral pavement profile. The presence of
significant lateral gradient in the pavement profile would require a greater number of supporting wheels. However, the
lateral variation of roughness of new pavements is usually
insignificant.
The recommended designs are based primarily on predicted
accuracy of roughness measurements. It should be noted that
the recommended design of the Rainhart profilograph is much
closer to the existing design than it is for the California profilograph.
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Comparative Testing of Strategic Highway
Research Program Profilometers
WILLIAM

0.

HADLEY AND HARVEY ROPER

The comparative testing workshop conducted among the Strategic
Highway Research Program (SHRP) profilometers in Austin,
Texas, during the week of February 12 through 16, 1990, is described . The workshop involved roughness measurements of six
test sites at two different speeds by the Law profilometers from
the four SHRP regions. The rest sections were selected as representative of smooth , medium , and rough seciions. The test program consisted of five individual runs by each profilometer for
the two speeds on the six test sections. The testing revealed several data anomalies in the results from the profilometers including
random and systematic sensor separation and lost lock. The results contain information that can be useful in interpreting the
output of the Law profilometer in the development of surface
profile data and pavement roughness IRI Law values. Finally,
the experimental design used in the comparative testing, analysis
performed , results generated by the analysis , approach to consideration of data anomalies, and recommendations for furth er
studies are discussed.
Comparative testing of the four Strategic Highway Research
Program (SHRP) K. J. Law profilometers was undertaken in
a February 1990 workshop conducted in the Austin, Texas ,
area . Four profilometers representing the four SHRP regions
participated in the workshop . The testing program was structured as a statistically designed experiment so that an analysis
of the workshop results could be used to establish compatibility of the profilometer results, as well as to authenticate
those factors (i.e., speed, roughness, vehicles) that significantly influence profilometer results.

THEORY OF OPERATION
The road profilometer uses a noncontact light sensor system
to measure the distance between the vehicle frame and the
road surface. The profilometer is equipped with two sensors,
one in each wheel path. The sensor is composed of a light
source, a light receiver, and an electronic enclosure. The light
receiver uses a rotating scanning mirror assembly for detecting
signals in measuring the road profile.
The relative displacement between the vehicle and the road
measured by the noncontact light sensor is one input to the
profile equation . The other input is the vehicle motion in the
vertical direction, which is provided by a precision servo balanced accelerometer. The difference between the vehicle displacement and the relative motion between the vehicle and
the road surface provides the actual raw road profile output.

Texas Research and Development Foundation, 2602 Dellana Lane,
Austin, Tex. 78746.

TEST PROGRAM
The experimental design originally proposed for the profilometer workshop is shown in Figure 1 and includes the factors
of profilometer, test section, pavement condition, and vehicle
speed. Six 1,056-ft-long test sections were selected from the
Austin, Texas, area as representative of smooth (Sections 42
and 43), medium (Sections 31 and 36), and rough (Sections
1 and 4) pavement conditions. General information concerning these test sections is presented in Table 1.
The test program consisted of five individual runs by each
profilometer for each cell of the factorial (Figure 1). Because
of scheduling considerations, the five runs were performed in
two rounds. The first round was completed on February 12th
and 13th, the second round on February 15th. The order of
section profiling and vehicular speed was selected randomly
while all profilometers were directly along the test sections
using a left wheel path marking and a wheel path separation
of 65 in.
Before initiation of the comparative testing workshop, the
six sections were surveyed using a combination of two methods: (a) rod & level survey, and (b) dipstick. Dipstick profile
measurements were completed on all six test sections, whereas
rod & level profiles were only developed for three test sections, i.e. , Sections 4 (rough) , 36 (medium), and 42 (smooth) .
The rod and level profiles were used to confirm the capability of the dipstick in generating adequate profile results.
Both sets of data (i.e., dipstick and rod & level) were analyzed
with programs provided by the Face Corporation which produce a roughness measurement identified as the " international roughness index" (IRI) (in inches per mile). A comparison of the IRI values calculated from the results of the
dipstick and rod & level surveys for Sections 4, 36, and 42
are shown in Figure 2. Because all points fall along a line of
equality, the IRI values obtained from dipstick and rod &
level profile measurements are considered comparable. The
dipstick measurement values were subsequently used as a
control in the comparison of the IRI results developed from
the profilometer data.

BACKGROUND AND ANALYSIS LIMITATIONS
The workshop involved four profilometers with a variety of
attributes (see Table 2) . There were two types of vehicle
chassis [van and recreational vehicle (RV)] and two sensor
location spacings (65 and 54 in.) .
The application of analysis of variance techniques may be
limited for some of the desired profile indices because of these
differences in vehicles. For instance, the average IRI for the
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TABLE 1 GENERAL INFORMATIONPROFILOMETER WORKSHOP TEST SITES
Section

Relative

Designation

Roughness

Comments

smooth

up grade

42

smooth

down grade

36

medium

down grade

31

medium

upgrade to level

4

rough

upgrade

1

rough

level to upgrade

43

(R)= Random

(F)= Fixed

FIGURE 1 Proposed experimental design-Profllometer
Workshop, February 1990.

two wheelpaths (i.e., average of left and right sensors) cannot
be adequately considered in an analysis because the right
wheel path is not coincident for all profilometers because of
the variation in sensor spacing. Because all profilometer operators were instructed to line up the left wheel with the left
path markings, the indices that can be investigated fully using
the experiment design shown in Figure 1 are limited to the
IRI values related to left wheel path information.
The experiment design required the generation of profilometer output at low (35 mph) and high (50 mph) vehicle
speeds over six different road sections (i.e., Austin test sites
ATS 1, 4, 31, 36, 42, and 43) with surface roughness considered to be rough, medium, and smooth. Each of the profilometers was scheduled to traverse every road section a minimum of five times at each vehicle speed. As the workshop
activities began, it was established that the profilometers could
not traverse the rougher roadway sections (i.e., ATS 1 and
4) at 50 mph without possible damage to the larger SHRP
RVs; therefore, the high speed for these sections (ATS 1 and
4) was redefined as 45 mph.
The combination of these different factors (i.e., different
sensor spacings, speed changes, and chassis type) required
that a series of analyses be undertaken to segregate the vehicles and profilometer output into appropriate analysis groups.
The University of Texas Center for Transportation Research
personnel completed analyses of variance (ANOV A) of various forms of profilometer output for the two cases presented
in Table 3.
The first case (i.e., ANOV A I) involved an analysis of the
results for all four profilometers generated within the six test
sections; the second case (ANOVA II) was structured to include the roughness measurements for all six test sections
generated by the three essentially identical profilometers (i.e.,
profilometer Numbers 1, 2, and 3). The ANOVA results obtained for these two cases are presented in Tables 4 and 5.
The results of the analyses of variance (ANOV As) indiclltecl conflicting imcl perplexing conclusions. Jn both cases,

400
IRI Dipstick

300

200

[;] IRI Left Wheel Path

100

e

IRI Right Wheel Path

0
0

100

200

300

IRI Rod & Level

FIGURE 2 Comparison of IRI values generated by the Face dipstick and rod
& level surveys.
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TABLE 2 PROFILOMETER CHARACTERISTICS
SEPARATION
VEHICLE

BETWEEN SENSORS
(inches)

NUMBER

AGENCY

TYPE

1

SHRP - North Atlantic Region

Recreational Vehicle

65

2

SHRP-Western Region

Recreational Vehicle

65

3

SHRP-Southe rn Region

Recreational Vehicle

65

4

SHRP-North Central Re gion

54

Truck/Van

TABLE 3 SUMMARY OF THE IRI ANOVAS PERFORMED
ANALYSIS TYPE

VARIABLES

I

LIRI, RIRI

II

LIRI, RIRI

PROFILOHETERS

SECTIONS

l, 2' 3, 4

All

1, 2' 3

All

TABLE 4 SUMMARY OF THE RESULTS FOR ANOVA TYPE I
FOR ALL FOUR PROFILOMETERS
SOURCE OF

SIGNIFICANT VARIATION IN IRI

ua:

VARii!IIQli5

No

Prof

No

No

No

Yes

No

Yes

No

No

Yes

Yes

Yes

Yes

*
*

Rough
Prof

*

Rough

Prof

Veloc
Ve loc

*

Prof

*

Veloc

TABLE 5 SUMMARY OF THE RESULTS FOR ANOVA
TYPE II FOR PROFILOMETERS 1, 2, AND 3
SIGNIFI CANT VARIATION IN IRI
Llll1I

WHE~ !.

l\I!1HT

wrn.

Rough

Yes

No

Prof

No

No

No

Yes

Rough

*

Prof

!o'l!~E!.

Yes

Veloc

SOURCE OF

!!I!lllI

Rough

Rough

VARillIIQli

!ilrn~i.

Veloc

No

Yes

Rou gh x Veloc

No

Yes

Prof x Veloc

No

No

Rough x Prof x Veloc

No

No

I

the section roughness (R) was the only variable found to
significantly influence the measurement of IRI values for the
left wheel path (L WP) by the two combinations of profilometers (i.e ., all four units and three identical units) . On the
other hand, main and combined effects of profilometer, section roughness , and speed appeared to significantly affect the
measurement of right wheel path (RWP) IRI values by the
profilometers. This latter result, if accepted, could be construed as an indication that the roughness measured by the
profilometers was not only influenced by the roughness of the
section, but also by the particular profilometer and the vehicular speed at time of measurement. From these results, it
appears that the left wheel path (LWP) sensor measurements
may be more stable than those for the right wheel path (RWP).
As a consequence, these ANOV As were considered to
represent an initial evaluation of the profilometer data from
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the workshop because only raw data were investigated. In
this preliminary phase, there were no attempts to alter the
raw data on the basis of observer comments or the possible
existence of data anomalies.

SATURATION DATA ANOMALY

Distortion to the noncontact light sensor output caused by
application of an external light source to the detectors will
cause the signals to saturate. Because of this distortion, the
noncontact sensor electronics erroneously interprets the road
profile as being closer to the vehicle than the actual road
profile. This saturated noncontact signal is then combined
with the accelerometer signal and distorts the output of the
raw road profile as shown in Figure 3. This example of a
saturation spike was extracted from a profilometer run on
ATS 36.

LOST LOCK DATA ANOMALY

Another distortion of the raw road profile output is created
when the road pulse signal is lost because of the change in
road surface reflectivity. As the vehicle proceeds down the
lane and the road surface changes from a high light reflective
surface to a high light absorbing surface, the road signal pulse
is greatly attenuated. In this instance, the noncontact sensor
output then reduces to a zero or flat output and the resulting
raw road profile output would only consist of the accelerometer output. An example of this type of data anomaly was
observed during the same profilometer run on A TS 36 mentioned earlier and is shown in Figure 4. A saturation data
anomaly also developed within about 50 ft of the location of
the lost lock anomaly.

VARIABILITY IN PROFILE INDICES

The initial ANOVA results raised concerns about the relationships between the profilometer output (or roughness indices developed from profilometer output) and profilometer
type, speed, wheel path, and road roughness. The unexpected
variability in IRI values fueled the thought that random or
systematic data anomalies had been generated during some
of the profilometer runs.
Random data anomalies would be defined as those that
occur in a random fashion and whose occurrence is not related
to a particular vehicle speed, profilometer, wheel path, or
test section. An example of randomly generated data anomalies can be observed in Figure 5, which shows a particular
profilometer run completed on ATS 36. A subsequent run of
the same profilometer resulted in a profile free of data anomalies (see Figure 6).
When these two runs are plotted in the same figure, it is
obvious that the profilometer results yielded profiles with
essentially the same configuration. The major differences in
the two plots are the lost locks observed at a distance of 200
ft from the beginning of the section, the saturation spikes that
occur at the 275-ft position and those that occur within the
portion of the test section located between 400 and 600 ft.
Because the results for runs by other profilometers on the
same section (i.e., ATS 36) did not display these data anomalies, then these occurrences would therefore be considered
as random.
On the other hand, a systematic data anomaly would be
considered those lost locks or saturations that consistently
occur on each profilometer run and could be related to a
particular profilometer, speed, and location of profile irregularities. For this type of anomaly, it is important to identify
the cause for systematic data anomalies particularly if associated with profilometer problems (e.g., sensor problems, ve-
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FIGURE 3 Example of saturation data anomaly.
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FIGURE 4 Example of lost lock and saturation data anomalies.
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FIGURE 5 Example of randomly generated data anomalies in a profilometer run.

hicle speed, and calibration) so that corrections or adjustments can be completed . On the other hand, data anomaly
results created by road roughness alone can be identified and
enhanced or filtered as statistically appropriate.
In order to define the relative variability in profilometer
roughness values for the various profilometers and test sections, comparisons between dynamically measured roughness
values (i.e. , IRI values) and those roughness values generated
from static dipstick profile were undertaken . As part of this
investigation, dipstick IRI values were developed for the first

and second 500-ft sections of each of the six test sections (see
Table 6). This was undertaken because the 500-ft pavement
section lengths are comparable to the General Pavement Studies (GPS) test sections of the Strategic Highway Research
Program's (SHRP's) Long-Term Pavement Performance
(LTPP) study. This approach essentially doubles the number
of test sections to 12. For convenience, the initial 500-ft sections were designated by a suffix code of "a" added to the
test section number (la , 4a, etc.) while the second 500-ft
section was defined by a suffix code of "b" (lb, 4b, etc.).

20
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FIGURE 6 Example of profilometer run free of data anomalies.
TABLE 6 DIPSTICK IRI VALUES FOR AUSTIN TEST SECTIONS

I

ATS

1 - 500'

501 - 1000'

43

105 . 2

90.8

98 . 0

42

101.3

98.3

99. 8

36

158 . 6

120.9

139.7

31

191.0

215 . 5

203. 3

Comb i ned

1

Jl2. 2

lbY.2

24 U. I

4

218 , 2

409.4

313 8

I

From Table 6, it can be seen that the dipstick IRI values
range from a low of 90.8 for Test Section 43b (i.e., the 501to 1,000-ft section of 43) to a high of 409 .4 for Test Section
4b. Furthermore , there are four sites with IRI values of about
100 (i.e., 43b, 42b, 42a, and 43a), four with IRI values between 100 and 200 (i.e., 36b, 36a, lb, and 3la) and four with
IRI values greater than 200 (i.e ., 3lb, 4a, la, and 4b ). The
results presented in Table 6 quantify the roughness of each
of the sections and essentially replace the qualitative measures
for roughness (i.e., smooth, medium, and rough) identified
in the original experiment design (Figure 1).
Comparisons of test section dipstick and profilometer
roughness values are presented in Tables 7-9 for average IRI
values (i.e., average of left and right wheel paths), LWP IRI
values, and RWP IRI values, respectively . Table 7 indicates
that there is reasonable agreement between average IRI values for the dipstick and profilometer for 8 of the 12 sites. The
four sites with apparent differences in the profilometerdipstick comparisons are occurrences of Sections lb, 3lb, la,

I

and 4b. A possible correlation between the data anomalies
and rougher pavement sections might be inferred from the
results presented in Table 7.
However, there is no direct way to ascertain from the average IRI results whether the differences are related to problems with the LWP , RWP, or both wheel paths. Therefore ,
IRI comparisons were developed separately for the L WP (Table
8) and right wheel path (Table 9) results. In these two comparisons, it can be observed that only the results for test
Section la are significantly different for the LWP, whereas
the results for Sections lb, 31b, la, and 4b are significantly
different for the RWP measurements. The differences in IRI
values for these latter four sections range from 50 to 140
percent higher than the dipstick values.
Because good agreement between profilometer and dipstick
IRI values was obtained for 8 of the 12 test sites, it can be
surmised that there are significant, possibly systematic, concentrations of data anomalies in those four sections with
profilometer-generated IRI values significantly different from
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TABLE 7 TEST SECTION ROUGHNESS COMPARISON
OF A VERA GE IRI VALUES
~

illl

E1:S1: f i l RIJR~R[I

TABLE 9 TEST SECTION ROUGHNESS COMPARISON
OF RWP IRI VALUES
~

filil

f[2 f: 1 .l211~!ii~tl

43b

90.8

96 .1

42b

99 . 1

112.5

42b

98. 3

102. 7

43b

102 . 8

117 .6

42a

101 . 3

106. 5

42a

103 . 9

136.4

43a

105 .2

90.2

43a

117. 5

110.0

36b

120. 9

111. 2

36b

146. 3

135. 8

36a

158 .6

156.0

lb

169.2

3la

191.0

3lb

215. 5

4a

218. 2

la
4b

164. 3

>

239 . 6

36a

191.9

207 .4

3la

236. 6

289. 9

<

>

384.5

4a

243.0

328 .4

258. 2

3lb

266 . 8

312 . 2

<

>

518 . 6

la

348 . 6

<

>

630. 3

409 . 4

<

>

730.5

4b

456 . l

<

>

1092 .1

<-->

<---> represents significant difference

TABLE 8 TEST SECTION ROUGHNESS COMPARISON
OF LWP IRI VALUES
Site

<

lb

<

Profilomete r s

Jlliil.i.£k

43b

78. 8

96 .1

43a

92 . 9

70. 6

36b

95 .4

86. 8

42b

97 . 4

92 . 8

42a

98.7

76 . 5

36a

125.2

83 .1

3la

145 . 5

125. 6

31b

164 . l

143. 6

lb

174.0

170. 0

4a

193 . 3

la

275. 8

4b

362. 7

188. 0

<

>

406. 9
368 . 9

< - - - > represents significant difference

dipstick IRI values. Random data anomalies are still expected
events for any of the profilometer runs (see Figure 7).

INVESTIGATION OF WINDOWS
In order to investigate, identify, and locate concentrations of
data anomalies , the profile data and corresponding IRI value
for both profilometer and dipstick were divided into equally

>

309 .1
228. 9

<

>

625. 3

represents significant difference

sized portions designated as "windows. " For each window,
the comparisons between dynamic profilometer and static dipstick IRI values could be made and the location of possible
data anomalies more closely identified. For this investigation,
100-ft windows were selected. These identified locations could
subsequently be confirmed by comparing profilometer and
dipstick profiles.
IRI window values were generated for Sections la and lb,
which represent two of the four sections considered to be
candidate sections for concentrations of data anomalies (see
Tables 8 and 9) . The IRI values for each individual profilometer and the mean IRI value for all four profilometers are
also included in these tables. Based on dipstick IRI values,
Section lb with an average IRI of 169.2 would fall in a medium
roughness category, whereas Section la with an average IRI
value of 312.2 would be considered a rough section.
The IRI results for LWP and RWP of Section lb are presented in Tables 10 and 11, respectively. As expected for this
medium roughness category, the ATS lb LWP IRI results
(Table 10) for the dipstick and profilometer are in good agreement. In addition, the IRI values from profilometer to profilometer appear to be reasonable.
On the other hand, comparisons between dipstick and profilometer IRI values for 100 windows of the RWP of Section
lb (Table 11) reveal that there are large IRI differences for
the 201- to 300-ft window . The IRI values for the individual
profilometers within this same window indicate that measurement problems developed for all four profilometers. There
was good agreement between dipstick and profilometer IRI
values for the remaining four 100-ft windows (i.e., 1-100,
101-200, 301 - 400, and 401-500 ft).
The IRI results for the LWPs and RWPs of section la are
tabulated in Tables 12 and 13 , respectively. From Table 12,
it is apparent that there are profilometer measurement problems for only one of the windows (i.e., 101-200 ft) because

2
I.ea~(!

good run

ELEV TION (In)

~ata anomalies

0

-1
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FIGURE 7 Comparison of profilometer runs-good versus anomalied run.

TABLE 10 IRI COMPARISONS FOR SECTION lb, LWP, 100-ft
WINDOWS
IR Is from Profilometers
Average

1

2

3

4

173-8

162 . 9

177. 8

166.6

180.6

126.7

101-200

185.5

187 . 9

192.2

184.2

208 . 4

169 . 8

Window

Dipstick

1-100

201-300

184.6

187. 5

189. 2

174.5

222. 2

163.4

301-400

164.6

162 . 1

175.0

165 . 6

156.1

151. 7

401-500

161.4

149 . 6

148.8

153.6

150 . 4

145. 7 1

AVERAGE:

174.0

170 .0

176. 7

168.9

182.9

151. 5

I

I

TABLE 11 IRI COMPARISONS FOR SECTION lb, RWP, 100-ft
WINDOWS
IR Is from Prof ilometers
Window

1-100
101-200

Dipstick

Average

1

151. 5

176.4

177. 9

142. 3

149 .1

144.6

2

3

165.2

4
163. 9

198.4

I

135. 5

154. 8
929 . 5

624.4

199.7

162. 5

201-300

154 . 3

808 . 5

929. 2

751. 8

301-400

222.3

190.4

192 . 1

207.2

401-500

151. l

221. l

241.7

211. 7

AVERAGE:

164 . 3

309 . 1

337.l

294.3

I
I

240.9
344.5

161. 3

190 .1
260.1

I

I
I
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TABLE 12 IRI COMPARISONS FOR SECTION la, LWP, 100-ft
WINDOWS
IRis from Profilometers
Window

Dipstick

Average

l

2

4

3

1-100

429. 8

450.4

463 . 2

463 .8

541.8

332. 6

101-200

369 . 9

986. 5

977 . 5

667. 7

1233 _l

1067 . 8

201-300

214.0

220 . l

217 . 0

211.8

219 _3

232 . 2

238. 3

245 . 2

227 .0

251.8

229 . 3

301-400

230 . 8

401-500

134. 6

139 . 4

150 . 2

134. 3

155 _6

117 . 3

AVERAGE:

275. 8

406.9

410.6

340 . 9

480 _3

395.8

TABLE 13 IRI COMPARISONS FOR SECTION la, RWP, 100-ft
WINDOWS
IRis from Profilometers
Window

Dipstick

Average

l

2

3

4

1-100

583 . 3

1195. 2

1312 . 6

1180 . 5

1420. 6

866 . 9

101-200

564 . 3

1171.3

990.9

1167. 9

1656. 3

870. 3

201-300

148 . 1

207. 7

225.0

204. 5

199.1

202 . 2

301-400

268 .4

399. 5

446 . 0

388.4

292.7

470 . 9

401-500

1 79 . 0

178 . 0

171 . 1

164.7

176 .4

199 . 9

AVERAGE :

348 . 6

630 , 3

629 . 1

621. 2

749. 0

522 . 0

the dipstick IRI value (369.9) and average profilometer IRI
value (986.5) are so drastically different . The problem apparently developed for all four profilometers because the profilometer IRI values ranged from 667. 7 to 1,233.1 for the same
window (i .e., 101-200 ft). The data measurement problem is
apparently isolated in this section of roadway (i .e., 101-200
ft), because there is good agreement between the dipstick and
profilometer IRI values for the other four windows (i .e., 1100, 201-300 , 301-400, and 401-500 ft) .
The comparisons of RWP IRI values for Section la are
presented in Table 13. This information is representative of
the rougher sections (i.e., RWP-la has an IRI value of 348.6)
in the profilometer workshop. On the basis of the tabulated
values in this table, measurement problems (e.g., concentrated data anomalies) were obviously encountered for the
first two windows (i .e., 1-100, and 101-200 ft). The results
for the other two windows (i .e., 201-300 and 301-400 ft)
may indicate that minor measurement problems (e.g ., random
data anomalies) were encountered in other portions of the
test section. Finally, only the last window (i.e. , 401-500 ft)
yielded comparable results between dipstick and profilometer
IRI values for the R WP. There is no doubt that the greatest
differences between dipstick IRI values and profilometer IRI
values occurred in the RWP of Section la.

ROAD PROFILE CONSIDERATIONS

For test Section la it was suspected that the relative positions
of the vertical profiles along the LWPs and RWPs for certain
portions of the test sections were such that the profilometers
developed side-to-side movement (rocking) of such magnitude that sunlight could penetrate underneath the vehicle skirt,
creating light saturation of the sensors. This suspicion was
investigated by comparing the LWP and RWP profiles of the
first two windows of Section la as measured by the dipstick
(see Figure 8) .
Figure 8 shows that there is general conformance between
the two wheel path profiles. However, intermittent cross slope
reversals occur between 75 and 200 ft from the beginning of
the section and an apparent bump or upheaval of the RWP
approximately 50 ft from the start of Section la.
The profilometer dynamic wheel path profiles for the initial
200 ft of test Section la were generated and are presented in
Figures 9 and 10 for the LWPs and RWPs , respectively . Figure
9 indicates that sensor saturation developed for the LWP at
positions along the section from 20 to 50 ft and at 125 to 200
ft from the beginning of the section.
Similar results can be observed in Figure 10 for the RWP.
Saturation is apparent and extends over a large portion of the
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FIGURE 8 Comparison of LWP and RWP profiles using dipstick.
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FIGURE 9 Dynamic profile for first 200 ft of ATS la, LWP.

first 200 ft of test Section la. In this case (i.e., RWP) , the
saturation seems to be more extensive when compared with
the LWP results (Figure 9). This observation is also reflected
in the IRI values presented in Tables 12 and 13 for the first
two 100-ft windows .
The suspicion of the existence of a concentration of systematic saturation in test Section la was confirmed when the
dynamic elevation profiles were plotted. It is further confirmed from this that localized aberrations in the longitudinal
wheel path profiles (e.g., cross slope reversals, upheavals and
chuck holes) can result in measurement difficulties because
of the creation of sensor saturation.
It should also be noted that saturation spikes, more than
likely, exist in all the profilometer data at different locations

along the various test sections, as evident in the 101-200,
201-300 , and 401 - 500-ft windows for Profilometer 2 (Figure
5). A greater number of saturation spikes would be expected
in the rougher sections.
CONCLUSIONS
On the basis of the results of this comparative profilometer
study, it is concluded that
• IRI roughness measurements are more stable for the LWP
than for the RWP ;
• Data anomalies including saturation spikes and lost locks
exist in a number of the profilometer runs ;
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FIGURE IO Dynamic profile for first 200 ft of ATS la, RWP.

• Localized aberrations in the wheel path longitudinal profiles can result in development of saturation spikes;
• Run-to-run comparisons using 100-ft windows can be used
to identify random and systematic data anomalies (e.g., saturation spikes and lost locks); and
• Data enhancement or filtering is likely needed to cleanse
profilometer roughness data so that appropriate comparisons
can be made.

RECOMMENDATIONS FOR FURTHER ANALYSIS
Because the dynamic profile information is expected to be a
major indicator of pavement performance in SHRP LTPP, it
is essential that further analysis of the 1990 Profilometer
Workshop results be undertaken on some form of statistically
enhanced or cleansed profile indices. It is, therefore, recommended that
• Profilometer data be scrutinized or filtered to eliminate
effects of data anomalies and that a second analysis be undertaken.

• Regression equations be developed to relate the performance of the various profilometers on the basis of a variety
of roughness indices.
• The relationship between dipstick and profilometer profile index values be developed.
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Mathematical Model of Skid Resistance as
a Function of Speed
BoHDAN

T.

KULAKOWSKI

Skid resistance has been modeled as an exponential function of
speed ii:ivolving t:-vo parameters, zero-speed intercept and percent
normalized gradient. Several inconsistencies associated with the
percent normalized gradient are presented, and an alternative
parameter called a "speed constant," which is free of those inconsistencies, is proposed. Two methods for identifying the model
parameters are evaluated using test data collected on road sections_in_Pennsylv~nia. Both methods produce relatively accurate
pr~d1ctlons of skid number at different speeds even though the
estimates of the model parameters calculated in each method are
different. The differences between the parameter estimates obtained from the two methods clearly demonstrate that great care
m~st be exercised in relating the parameter estimates to pavement
micro- and macrotexture characteristics. The normalized texture
index, a new measure of combined micro- and macrotexture is
!n~rodu~ed. Fin~lly, the effect of speed on the model paramet~rs
1s mvest1gated first analytically and then using experimental data.
Vehicle speed is one of the dominant factors affecting tirepavement friction. The effect of speed is particularly strong
when the pavement is wet. On a wet pavement surface, water
trapped between the vehicle tire and the pavement surface
can be expelled through the channels provided by the pavement macrotexture and by the tire tread . When vehicle speed
increases, the time available for expelling water from the tirepavement interface decreases and the lubricating effect of
water becomes stronger even if the vehicle tires are new and
the pavement macrotexture is good. As a result, pavement
skid resistance decreases with increasing speed at a rate determined by the surface macrotexture. The larger the macrotexture, the smaller the rate of decline of skid resistance .
Because skid resistance depends on vehicle speed, the results of skid resistance measurements have to be adjusted
when a pavement skid number at a speed other than the test
speed is needed. Two methods have been developed for adjusting skid number to different speeds (1). The first method
requires that measurements of skid resistance with the ASTM
ribbed tire be performed at different speeds. The other method
is based on skid tests at a single speed but with two different
tires. Both methods produce estimates of two parameters,
SN0 and PNG, which are used in the mathematical model of
the relationship between skid resistance and speed proposed
by Leu and Henry (2). That model, known as the Penn State
model, has the following form:

(1)
Pennsylvania Transportation Institute, Research Building B, Pennsylvania State University, University Park, Pa. 16802.

where

v
vehicle speed,
SN 0 = skid number zero-speed intercept,
PNG = percent normalized gradient, and
SNv = skid number at speed v.
The main objectives are to reevaluate the Penn State model
with particular emphasis on the physical significance of the
model parameters SN0 and PNG, and to compare the two
methods for adjusting skid number to a different speed. Skid
resistance data collected during a recently completed study
will be used to accomplish these objectives (3).

MODIFICATION OF THE PENN STATE MODEL
The first parameter of the Penn State model, SN 0 , is related
to the pavement microtexture. The physical significance of
SNo is clear. It is the skid number for the sliding speed of the
vehicle tire equal to zero. The second parameter, PNG, is
defined by the following equation:
PNG

=

-

lOO(dSNjdv)ISNv

(2)

PNG is related to pavement macrotexture. The separation of
the effects of micro- and macrotexture between the two model
parameters is considered to be a significant advantage of the
model. More important, Equation 1 represents an exponential
relationship between skid resistance and speed, a relationship
that proved to be in excellent agreement with experimental
data (1,2 ,4).
In general, there is no doubt that the exponential form of
the Penn State model is adequate for the physical process that
the model describes. However, there are certain flaws associated with one of the model parameters, namely PNG. First,
PNG as defined by Equation 2 is obtained by multiplying the
normalized gradient of skid resistance versus speed by -100.
The negative sign is used to make PNG a positive number.
Although this may seem reasonable, in fact it is misleading
because a positive gradient implies that the dependent variable (skid resistance in this case) increases when the independent variable (speed) increases, which is not true in this case.
Second, multiplying the normalized gradient by 100 to make
its values more reasonable does not quite justify the use of
the word "percent" in PNG. The word "percent" implies that
PNG equal to 100 percent has some special and clear significance, but it has none, except that it is totally unrealistic
(typically, PNG values for existing pavements do not exceed
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3 to 4 percent). Moreover, the meaning of a particular numerical value of PNG is not clear. For instance, what does it
mean in terms of the pavement macrotexture or in terms of
pavement skid resistance if PNG is found to be equal to, say ,
1 percent? Furthermore, the use of the term " percent" is a
source of inconsistency in the PNG units because the physical
units of PNG are hours per mile or hours per kilometer and
not percent.
These problems can be resolved by replacing PNG with a
different parameter to represent the rate of reduction of skid
resistance because of speed. Before this new parameter is
introduced, first consider a mathematical function that is commonly used to describe a free response of a linear dynamic
system . That function , y(t), is given by

y(t)

=

Yoe - th

(3)

where Yo is the initial value of y(t) and ,. is the system time
constant . The significance of the time constant is shown in
Figure 1. It can be interpreted as the time necessary for y to
decrease from its initial value Yo to zero if y were decreasing
at a constant rate equal to the initial rate dyldt at time
t = 0. The system time constant is also a measure of the
system speed of response . It takes a period of time approximately equal to five time constants to change the exponential
function given by Equation 3 from its initial value to within
2 percent of a new steady-state value, zero in this case (5).
The relationship of skid number versus speed can be expressed in a form similar to that of Equation 3.
(4)
Two parameters, SN 0 and v0 , are used in this equation. SN 0
is the same zero-speed intercept used in the Penn State model.
The other parameter, v0 , is analogous to T in Equation 3 and
can be called a " speed constant" rather than a time constant.
Equation 4 is the modified Penn State model. The difference between the modified model and the original model is
the speed constant v0 that replaces PNG. The speed constant
v0 is defined as the speed at which the skid number would
reach zero if it were decreasing at a constant rate equal to
the initial rate dSN/dv at v = 0. It is expressed in units of
speed, miles per hour or kilometers per hour. Figure 2 shows
the significance of the parameters of the modified model.
From Equations 1 and 4, the relation between PNG and v0
is
Vo

100/PNG

Yo

0.37 Yo

FIGURE 1 Free response of first-order
linear system.

(5)

>

i

0.4·

Ill

0.2
0 ~0~.---~,~~.--~2.0r--~=~~o::::;...4~D--...-~~o~

vlv0
FIGURE 2 Modified model of skid
resistance as a function of speed.

The speed constant is a measure of the rate of decline of
skid number because of increasing speed , and, therefore , it
is related to the surface macrotexture. A larger macrotexture
is expected to result in a larger speed constant.
Although the proposed modification is minor (the general
exponential form of the relationship is preserved), it clarifies
the physical interpretation of the model and its parameters.

IDENTIFICATION OF MODEL PARAMETERS
In order to determine a skid number at a speed other than
the speed of a skid test, the values of the parameters used in
the skid resistance model (Equation 4) must be found. There
are two methods for identifying the model parameters.
The first method , which will be called a direct method can
be applied when the pavement skid number is measured 'with
the standard ASTM ribbed tire at two or more speeds (ASTM
E501). When skid numbers at only two speeds, v1 and v2 , are
known, the model parameters can be calculated from the
following equations :

(6)
and

(7)
or,

(8)
Better estimates of SN 0 and v0 can be obtained if skid numbers
at more than just two speeds are measured. The estimates of
the model parameters can then be found using the least squares
technique (6).
The second method of determining SN 0 and v0 , called an
indirect method , uses skid resistance measurements obtained
with a ribbed tire, SNR, and a smooth tread (blank) tire, SN 8 ,
both at 40 mph (64 km/hr) (ASTM E524). The following
statistical correlations for SN 0 and PNG have been developed
from skid data collected in several states (J):
SN0 = 35.4 - 0.682 SNB
- 12.75 (SNR) 112

+ 2.894 SNR

+ 24.7/(SNB) 112

(9)
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PNG

-0.49 - 0.01996 SN8 + 0.0106 SNR

+ U.113 (SN''-) 112 + 3.844/(SN8 ) 112

80
0

2
z

(10)

en

The speed constant can then be found using Equations 5 and
10.
In order to evaluate the accuracy of the two methods for
adjusting skid number to a different speed , results of skid
tests with the ribbed tire at 30, 40, and 50 mph ( 48, 64, and
80 km/hr) and the blank tire at 40 mph (64 km/hr) conducted
on 18 sites in Pennsylvania , including 11 bituminous and 7
concrete pavements, were used (3). The evaluation procedure
was as follows. First, using the indirect method, the values of
SNR and SN8 measured at 40 mi/hr (64 km/hr) were used to
calculate SN0 and v0 from Equations 9 and 10. Next, using
the direct method, the SNR measurements at 30 and 40 mph
(48 and 64 km/hr) were used to calculate SN 0 and v0 from
Equations 6 and 7. The estimates of SN0 and v0 obtained from
each method were then used to predict skid numbers at 50
mph (80 km/hr) , which were compared with the measured
values of SN50 • The numerical results are presented in Table
1. Figure 3 (top) shows the values of SN50 predicted using
the indirect method versus the measured values of SN 50 ; Figure 3 (bottom) presents the same information for the direct
method. The coefficient of correlation between the predicted
and measured values of skid number at 50 mph (80 km/hr) is
0.95 using the indirect method and 0.94 using the direct method .
On the basis of these results, both methods produce accurate
results and can be recommended for adjusting skid numbers
to different speeds. The accuracy of the direct method can
also potentially be much better if measurements of skid resistance are conducted at more than just two speeds.
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FIGURE 3 Predicted versus measured values of
SN 50 obtained (top) using the indirect method and
(bottom) using the direct method.

MODEL PARAMETERS AND TEXTURE
CHARACTERISTICS

As pointed out earlier, the two parameters of the skid number
versus speed model-SN 0 and PNG in the original form given
by Equation l, and SN 0 and v0 in the modified form given by
Equation 4-represent two distinctly different characteristics

TABLE 1 PREDICTIONS OF SKID NUMBER AT 50 mi/hr (80 km/hr)
PRODUCED BY DIRECT AND INDIRECT METHODS
Predicted SN 50

Site No.

Measured SN 50

Direct

Indirect

1
2
3
4
5
6
7

43 . 5
37 , 9
35.1
46 . 7
35 . 1
30 , 3
36 . 3
21. 3
34.5
50 . 6
30 . 2
39 . 1
38 .8
40 . 8
38 .4
38 . 7
63 ,5
63 . 8

44.5
38 . 3
39 . 4
43 . 7
32 . 1
31. 7
43 . 0
24 . 4
33 . 6
45 . 0
24 . 5
41.2
36 . l
34 . 4
40 . 0
44 . 4
69 . 4
71.4

'•l . 4
38 . 4
36 . 6
44 .1
34. 2
35 .9
40 . 8
27 . 2
34 . 3
52. 0
29 . 2
40 . 3
37 . 8
35 . 3
4?. . 3
40 . 6
74 . 1
77 . 6

8

9
10
11
12
13
14
15
16
17
18

Prediction Error

Direct

Indirect

l.O

5. 9
7. 6

-0 . 1
0.5
1. 5
-2 . 6
·0 . 9
5. 6
4.5
5. 9
·0 . 2
1.4
·1.0
1. 2
-1.0
- 5. 5
3. 9
1. 9
10 . 6
13 . 8

Mean absolute error

3.7

3.5

Root mean squared (RMS) error

2 .3

3.8

0.4
4 ,3
-3. 0
.). 0
1.4
6.7
3.1
· O. 9
-5.6

·5 . 7

2.1
-2 . 7
-6. 4
l. 6
5. 7
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of the pavement texture. The zero-speed intercept, SN 0 , is
related to the surface microtexture, defined as deviations from
a planar surface with an amplitude smaller than 0.02 in. (0.5
mm). The model speed constant, v0 (or the percent normalized gradient, PNG), is said to be related to the pavement
macrotexture, defined as surface irregularities with an amplitude from 0.02 to 2 in. (0.5 to 50 mm). This interpretation
of the model parameters is justified by the nature of the
processes that take place between the tire and wet pavement
surfaces. The level of skid resistance at low speeds, represented in the model by SN 0 , is affected primarily by the microscale harshness of the pavement surface. As speed increases, the role of the microtexture is gradually reduced by
the presence of a water film at the tire-pavement interface.
Water is expelled from the tire footprint through the channels
provided by tire tread and by surface macrotexture. If a standard tire is used, the rate of reduction of skid resistance because of increasing speed, represented by the model speed
constant (or percent normalized gradient), is thus determined
by the surface macrotexture.
From these considerations, it can be concluded that SN 0
and v0 (or PNG) should provide unique, quantitative measures of surface micro- and macrotexture, respectively. In
fact, Wambold et al. (1) and Leu and Henry (2), in separate
studies, developed regression equations relating SN0 to microtexture, represented by the British pendulum number
(BPN), and equations relating PNG to macrotexture, measured by the sand patch method, which yields mean texture
depth (MTD) (ASTM E965). Unfortunately, neither BPN nor
MTD tests were performed in this study. However, if SN 0
and v0 (or PNG) were indeed objective measures of surface
texture characteristics, their values determined for the same
sites with different methods would be close or, at least, would
correlate well. Therefore, the existence of the relationship
between the model parameters and the surface texture can
be indirectly verified by evaluating the agreement between
the values of SN0 and v0 obtained using the direct and indirect
methods. Figure 4 shows the values of the zero-speed intercept
calculated using the indirect and direct methods. The coefficient of correlation is 0.54. Figure 5 shows the values of the
speed constant obtained using the two methods. The coefficient of correlation for these data is 0.46. All three sets of
data collected at 30, 40, and 50 mi/hr (48, 64, and 80 km/hr)
were used with the direct method. The considerable scatter
of data and low coefficients of correlation obtained in this
analysis raise serious doubts about whether the estimates of
SN 0 and v0 obtained from the direct and indirect methods may
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FIGURE 4 Comparison of zero-speed intercepts
identified using indirect and direct methods.
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FIGURE 5 Comparison of speed constants
identified using indirect and direct methods.

indeed be treated as reliable measures of pavement microand macrotexture. The results of statistical analyses of experimental data published by others do not alleviate those
doubts completely. Leu and Henry (2) derived the following
equation relating SN 0 and BPN:
SN 0 = - 31 + 1.38BPN

(11)

It has a marginal coefficient of correlation, R = 0.75. Wambold et al. (1) found a different equation

SN 0 = 9.1

+ 0.95BPN

(12)

0.57. The numerical results obwith poor correlation, R
tained from the above two equations are drastically different,
e.g., for BPN = 50, Equation 11 produces SN0 = 38.0, whereas
Equation 12 gives SN 0 = 56.6.
Leu and Henry (2) obtained excellent correlation, R =
0.96, for the following relationship between PNG and MTD
for 20 bituminous pavements in West Virginia.
PNG = 0.45MTD- 0 · 47

(13)

The units for MTD are millimeters and those for PNG are
mph - 1 . However, in the discussion section of the same paper,
Chamberlin reported obtaining a very similar relationship from
tests on concrete pavements in New York, but with the coefficient of correlation of only 0.61.
Wambold et al. (1) developed the following relationship
between PNG and MTD:
PNG = -0.26 + 0.19/MTD

(14)

The coefficient of correlation is 0.96. However, this equation
was derived from data collected on only seven sites. The
significance of this correlation is further limited by the fact
that it can only be applied for the range of mean texture depth
from 0 to 0.53 mm (values of MTD greater than 0.53 mm
produce negative values of PNG). It was also rather discouraging to observe that corresponding values of PNG calculated
from Equations 13 and 14 differ dramatically.
It must be emphasized that, in spite of the rather negative
observations regarding correlations between the model parameters and texture characteristics, the Penn State model
has been quite accurate in predicting skid numbers at different
speeds, as demonstrated in this as well as in other studies
(1,2). Moreover, the Penn State model in the form of Equation 1 or 4 describes the relationship between skid resistance
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and speed adequately with model parameters that are related
to the micro- and macrotexture of the pavement surface.
However , what is calculated by the indirect or direct method
is just least squares estimates of actual model parameters.
Moreover, the estimates of both SN 0 and v0 are identified
simultaneously in the same process, and, as a result, they are
not mathematically independent. The essence of the least
squares technique is that it combines the effects of all of the
model parameters together to best fit the experimental data.
This is why a single-parameter estimate cannot quite stand
alone, but it may still produce good results when combined
with other parameters in the model equation.
In order to support the idea of the mutual dependence
between the estimates of SN 0 and v0 , consider an index involving both estimates, defined by the following equation:
(15)
This index will be called a texture index because its value is
proportional to both microtexture (through SN 0 ) and macrotexture (through v0 ) . In order to avoid potential problems
with measuring units, the texture index can be normalized
with respect to the values of SN0 and v0 corresponding to the
values of ribbed tire skid number SNR = 35 and blank tire
skid number SNB = 20. These values are often considered to
be the minimum acceptable values of skid resistance measured
with the standard ASTM tires although they are not and should
not, by any means, be treated as sole safety thresholds. They
are used here only as a reference for normalization. A similar
index based on laboratory measurements of microtexture and
macrotexture was proposed by Forster (7).
The reference values of SN 0 and v0 , corresponding to SNR
= 35 and SNB = 20, from Equations 5, 9, and 10 are
SNorer

=

53.3

(16a)
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FIGURE 6 Comparison of NTI values obtained
using indirect and direct methods.

IS THE PENN STATE MODEL SPEEDINV ARIANT?
It has been frequently stated that PNG is independent of
speed (2,8). Because SN0 is obviously not affected by speed,
the Penn State model is said to be speed-invariant. Of course,
PNG as the model parameter is constant, but there seems to
be no analytical nor empirical evidence to support the statement that the true normalized gradient of skid resistance with
respect to speed, represented by PNG, is independent of speed.
The objective of the discussion presented in this section is
to determine, first analytically and then using experimental
data, whether the normalized speed gradient of skid resistance
depends on speed. Note that the normalized speed gradient
of skid resistance is represented in the Penn State model either
by PNG or by v0 •
The analytical considerations will evolve from a simplified
model of the tire-wet surface interaction shown in Figure 7.
In this model, the tire sliding over the pavement surface with
velocity v, is pushing water into a chamber of the surface
macrotexture with the volumetric rate Qin· At the same time,
water is flowing out of the chamber at the rate Q
The
gauge pressure of water in the chamber is Pwa· The flow of
water is described by the following basic equation (5):
0 ""

and
Vo, 0 1

= 100 mph (80 km/hr)

(16b)

Thus, the normalized texture index, NTI, will be defined as
(17)

Using the numerical values for the reference zero-speed intercept and reference speed constant given in Equation 16b
and rounding off their product, the expression for NTI takes
the form
NTI = SN0 v0 /5,300

(18)

The values of NTI computed using the values of SN0 and
v0 obtained from the indirect and direct methods are compared graphically in Figure 6. The coefficient of correlation
is 0.85, which is considerably higher than the coefficients of
correlation obtained for parameters SN 0 and v0 separately,
0.54 and 0.46, respectively. The agreement between the NTI
values is excellent, except for the two sites with the highest
NTI values. Highway engineers are usually more concerned
about the sites with texture in the lower range of NTL

(19)

where Cr is the hydraulic capacitance of the chamber and Q,n
and Q are the flow rates of water into and out of the chamber, approximated by the following equations:
0 "'

Qin

=

(20)

A,v,

0

/f;Oou1

~In~
FIGURE 7 Simplified model of
tire-wet pavement interaction.
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Kulakowski

(21)
In these equations, A, is the tire footprint area and k is a
turbulent flow constant. Substituting Equations 20 and 21 into
Equation 19 yields the water flow equation.
(22)

If the tire velocity, v,, is constant, the maximum steady-state
pressure Pwa that can be found from Equation 22 by setting
the derivative of p wa equal to 0 is

400
SPEED CONSTANT AT 40 TO 50 Ml/H
(64 TO BO KM/H)

(23)
In order to determine the form of the relationship between
pressure Pwa and ~kid number, SN, con~der first the two
extreme cases of p wa eg_ual to zero and p wa approaching a
very high value. When Pwa = 0, the surface is dry and thus
SN = SN 0 , where SN 0 is a skid number of dry surface. Note
also that because the skid resistance of a dry surface does not
depend on speed, SN 0 = SN 0 • For the second extreme case,
when the water pressure is high, the water film separates the
tire from the pavement surface so that the resulting skid resistance is very, very small. Assuming that SN approaches zero
when Pwa increases to infinity, the relationship between skid
number and water pressure can be approximated by an exponential function of the form
(24)
where a is a constant. Combining Equations 23 and 24, the
normalized gradient of skid resistance with respect to speed,
NG, is found to be
NG

= (dSN/dv)ISN = -(2aAtlk2)v,

(25)

Hence, the percent normalized gradient is
PNG

= - lOONG = (200aAtlk 2 )v,

(26)

and the speed constant is
v0 = k 212aA?v,

(27)

On the basis of these results, the percent normalized gradient
increases with speed, and, equivalently, the speed constant
decreases with speed.
The experimental data available for validation of the analytical considerations include ribbed tire skid numbers at 30,
40, and 50 mph (48, 64, and 80 km/hr) for 16 sites in Pennsylvania. These data were used to calculate two sets of v 0
values, low-speed estimates (v 0 ) 30 _ 40 from SN 30 and SN 40 , and
high-speed estimates (v 0 ) 40 _ 50 from SN 40 and SN 50 data. The
results are plotted in Figure 8. The high-speed speed constants
are smaller than the low-speed speed constants on 12 sites, a
result that agrees with the analytical result given by Equation
27. The results for four sites do not agree with Equation 27.
Because each estimate of v 0 was calculated from just two
skid numbers, great care is required in interpreting the experimental results. Certainly, a more extensive data base is
necessary to fully validate Equation 27. Nevertheless, the

FIGURE 8 Comparison of lowand high-speed values of speed
constants for 16 sites in
Pennsylvania.

combined analytical and experimental results presented here
provide strong evidence that the speed gradient of skid resistance increases with speed. In spite of this observation, the
Penn State model is a good approximation of the tirepavement interaction, as indicated by accurate predictions of
skid resistance obtained using this model.
CONCLUSIONS
The Penn State model is an adequate representation of the
effects of vehicle speed on tire-pavement friction. However,
the model is only a mathematical approximation of a complex
dynamic process and therefore suffers from inherent approximation errors. Also, even though the model parameters are
related to certain surface characteristics, the individual least
squares estimates must not be treated as quantitative measures of the surface micro- or macrotexture. The normalized
texture index, incorporating estimates of both model parameters SN 0 and v0 (or PNG), is potentially a more significant
measure of texture characteristics than the two parameters
taken separately. More experimental data are needed to verify
the correlation between the texture index and actual surface
characteristics.
ACKNOWLEDGMENT
Part of the work reported in this paper was conducted under
the sponsorship of FHWA.
REFERENCES
1. J. C. Wambold, J. J. Henry, C. E. Antle, B. T. Kulakowski, W. E .
Meyer, A . J. Stocker, J. W. Button, and D . A . Anderson . Pavement Friction Measuremellls Normalized for Operational, Seasonal, and Weather Effects. Report FHWA-RD-88-069. FHWA,
U.S. Department of Transportation, 1987.
2. M. C. Leu and J. J. Henry. Prediction of Skid Resistance as a
Function of Speed from Pavement Texture. In Transportation Research Record 666, TRB, National Research Council, Washington,
D.C., 1978, pp. 7-13.
3. B. T. Kulakowski, D. W. Harwood, D. R. Hiltunen, J. M. Mason, W. E. Meyer, S. L. Simoneau, and J. C. Warnbold. Skid

32

Resistance Manual. Report FHWA-IP-90-013. FHWA, U.S. Department of Transportation, March 1990.
4. J. J. Henry, K. Saito , and R. Blackburn. Predictor Model for
Seasonal Variations in Skid Resistance. Report FHW A/RD-83/005.
FHWA, U.S. Department of Transportation, 1983.
5. J. L. Shearer and B. T. Kulakowski . Dynamic Modeling and Control of Engineering Systems. Macmillan, New York, 1990.
6. T. G. Beckwith, N. L. Buck, and R. D. Marangoni. Mechanical
Measurements. Addison-Wesley, Reading, Mass., 1982, pp. 28587 .

TRANSPORTATION RESEARCH RECORD 1311

7. S. W. Forster. Pavement Microtexture and Its Relation to Skid
Resistance. In Transportation Research Record 1215, TRB, National Research Council, Washington, D .C., 1989, pp. 151-164.
8. W. E . Meyer . Meyer on Texture . The Kummer Lecture. Committee E-27 on Pavement Management Technologies, ASTM,
Philadelphia, Pa., 1989.
Publication of this paper sponsored by Committee on Surface Properties- Vehicle Interaction.

TRANSPORTATION RESEARCH RECORD 1311

33

Reliability and Performance of FrictionMeasuring Equipment and Friction
Equipment Correlation
THOMAS

H.

MORROW

The FAA conducted a tire performance evaluation and friction
equipment correlation study in August 1989 at NASA Wallops
Flight Facility located at Wallops Island, Virginia. The study was
performed in response to a request by the ASTM to evaluate the
performance of tires manufactured according to specifications
ASTM E524 and ASTM E670. Some 1,650 tests were conducted
on five types of surfaces using three different brands of tires and
four different types of friction-measuring devices. Friction tests
were conducted at speeds of 40 and 60 mph (65 and 95 km/hr),
using the self-water system of the device on dry test surfaces. The
water was applied to a depth of 0.04 in. (1 mm) . The analyses
conducted involved 156 reliability and performance studies and
31 correlation comparisons. Limits of acceptability were established for the data evaluation. The McCreary tire performed best
on the runway friction tester, Saab friction tester, and the skiddometer. The Dico tire performed best on the mu meter. The
tire formulation given in the ASTM E524 specification for lockwheel trailers will be put into a new ASTM standard to describe
the characteristics of the McCreary tire . The present E670 specification will contain the specifications for the Dunlop and Dico
tires.
During 1978-1980, the FAA awarded a contract to evaluate
491 runways at 268 airports within the contiguous United
States. The National Runway Friction Measurement Program
(NRFMP) (J) used the Mark 3 mu meter, which at the time
was a mechanical-hydraulic device (precomputer technology).
The specific objectives of the program were to

One of the major findings in the study concerned the performance of the tires used on the friction-measuring devices.
When changing from one batch of tires to another batch, mu
values were noticed to vary by as much as 10 numbers . This
variance was realized by comparing the data obtained from
one batch with the data of another batch. Friction tests were
conducted on the same day over the same pavement surface
under the exact same conditions. At this point, the quality
control used by the tire manufacturer began to be suspect.
Other reports were suggested by airport managers who were
operating friction-measuring devices. They also recognized
that there were differences in tire performance between batches.
The tire performance problem was brought to the attention
of the ASTM Subcommittee E17.21.

ASTM REQUEST FOR RESEARCH
On June 17, 1988, the ASTM Subcommittee El 7 .21 chairman
requested the FAA to conduct tests to evaluate tire performance on friction measuring devices. The chairman requested
these tests to be performed by the FAA Technical Center at
the National Aeronautics and Space Administration (NASA)
Wallops Flight Facility (WFF), Wallops Island, Virginia.

PURPOSE OF THE TIRE PERFORMANCE STUDY
1. Update, expand, and disseminate improved guidance
material contained in Advisory Circular 150/5320-12b, Methods for the Design, Construction and Maintenance of Skid
Resistant Airport Pavement Surfaces (2).
2. Provide airport managers with timely input from the friction and pavement condition surveys to budget their fiscal
programs for whatever improvements were necessary as determined from the findings in those surveys.
3. Increase the effectiveness of the 1982 Airport and Airway Improvement Program (AAIP) by identifying the airport
construction methods that are most cost effective in providing
excellent drainage and friction properties.
4. Enhance safety at airports by reducing hydroplaning potential and improving pavement surface friction characteristics
by developing recommendations for improved maintenance
and maintenance monitoring practices.

Federal Aviation Administration, U.S. Department of Transportation, 800 Independence Avenue, S.W., Washington, D.C. 20591.

The purpose of the tire performance study was twofold:
1. To establish the reliability, performance, and consistency
of tires on all types of dry runway pavement surfaces, using
continuous friction-measuring devices equipped with self-water
systems (3,4).
2. To select the best performing tires that will achieve consistent correlation between the various friction-measuring devices and to develop guidelines that would be dependable and
useful to airport operators in maintaining runway pavement
surfaces for safe aircraft operations during wet weather conditions.

SELECTION OF TIRES TO BE EVALUATED IN
THE TEST PROGRAM
Three manufacturers' tires were tested in the program. They
were the Dico Tire, Inc., of Clinton, Tennessee; Dunlop Tire
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Co. in the United Kingdom; and the McCreary Tire and Rubber Co. of Indiana, Pennsylvania. The Dico and McCreary
tires are formulated according to portions of ASTM E501 ,
ASTM E524, and ASTM E670 Specifications. Each tire manufacturer provided two batches of tires with each batch containing 10 tires. Each batch was divided further into two series
of five tires each.

of the friction devices at these low mu values. A complete
description of each test segment is presented in Table 1.
Three test sites were used at the facility . One was located
on Runway 04-'22 and the other two on the taxiway parallel
to Runway 04-22. Figure 1 shows the location of the test
sites. Segments D, B, and A were selected on Runway 0422 as shown in Figure 2. The segments on the parallel taxiway
were Kand P (6) .

LOCATION OF TEST PROGRAM
The tire performance study was conducted in August 1989 at
the NASA WFF. This location was selected by FAA because
the facility offered several types of pavement surfaces that
were constructed over 25 years ago for the purpose of conducting friction tests with ground friction measuring devices
and aircraft (5). Each type of surface was carefully constructed
to ensure consistency throughout the test segment. The test
surfaces provide a wide range of mu values . An additional
surface was temporarily constructed of aluminum plates to
simulate an extremely low mu value to observe the behavior

TYPES OF FRICTION EQUIPMENT USED IN THE
PROGRAM
General Description
Four types of friction-measuring devices were used in the test
program. They were the mu meter (MUM) trailer, Saab friction tester (SFf) automobile , skiddometer (SKD) trailer, and
the runway friction tester (RFf) minivan. All were fixed-slip
devices except the mu meter, which is a side-force friction
measuring device. The fixed-slip devices use a single smooth

TABLE 1 DESCRIPTION OF PAVEMENT SEGMENTS
SURFACE

MATERIAL

A

Ungrooved
Concrete

B

Grooved
Concrete

D

Ungrooved
Concrete

K

Ungrooved
Asphalt

P

Alumin
Plates

DESCRIPTION
Surfaces A and B were subjected to a
canvas belt drag treatment . The goal was
to obtain as smooth a surface texture as
possible.
Later, 1 x 1/4 x 1/4 inch
(25 x 6 x 6 mm) transverse grooves were
cut in surface B by diamond saws.
Surface D was subjected to a longitudinal
burlap drag treatment . The goal was to
obtain a typical currently used runway
surface texture.
The skid pad was covered with liquid
Jennite, which is a coal-tar emulsion.
The usual sand and aggregate content
normally used in highway application was
omitted in the treatment of the skid pad
to obtain as smooth and slippery surface
as possible.
lates were constructed on the
to obtain near zero mu values
friction measuring devices.

"=====""====

Segments D, B, A
Segments K, P

22

04

Tower

FIGURE I Runway schematic for NASA WFF indicating locations of test sections.
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FIGURE 2 Schematic of Runway 04-22 test surfaces at NASA WFF.
tread tire that is inflated to 30 psi. The side-force device uses
two friction-measuring tires inflated to 10 psi. Table 2 presents
the test tire conditions for the four friction devices. All
friction-measuring tires are 16 x 4 size. All devices are equipped
with self-water systems and water storage tanks. The two
trailer friction devices require a tow vehicle. A computer
keyboard is available on all friction devices except the SKD.
Instruction manuals are supplied by the manufacturer with
all friction testers. FAA Advisory Circular 150/5320-12b,
Measurement, Construction, and Maintenance of Skid Resistant Airport Pavement Surfaces (2), provides guidance on the
operation of these devices.

cated in the trunk of the vehicle, mounted directly behind the
rear axle of the sedan. The friction-measuring wheel is oriented in the same direction as the four freely rolling tires on
the sedan. The friction-measuring wheel arm consists of a
chain drive connected to the vehicle's rear axle and contains
the torque gauge used to compute the braking friction values.
Depending on the pressure used in the friction-measuring tire
(30or100 psi), the fixed-slip ratio varies from 10 to 12 percent.
A vertical load of 310 lb is applied on the friction-measuring
tire. The high-pressure tire has a three-grooved tread pattern.

BV-11 SKD Trailer
Mark 4 MUM Trailer
The MUM is a three-wheel trailer. The trailer weighs approximately 540 lb and uses a vertical load of 171 lb on each
of the two friction-measuring wheels. It uses two smooth-tread
tires for measuring friction, each one in a toed-out position
of 7.5 degrees from the direction of travel, resulting in an
included angle of 15 degrees. When operated in the test mode,
the MUM produces an apparent slip ratio of 13.5 percent.
The rear wheel on the trailer, which has conventional tire
tread design and is inflated at 30 psi, measures the distance
traveled and provides stability during the course of the test
run.

The SKD trailer, which weighs about 795 lb, is a welded steel
frame supported by three-in-line wheels. The outer two wheels
are free rolling and support the weight of the frame. The
interior wheel of the trailer is the friction-measuring wheel.
The wheels are connected by roller chains and sprockets with
differing number of teeth. It has an applied vertical load of
220 lb. Depending on the pressure used in the frictionmeasuring tire (30 or 100 psi), the fixed-slip ratio varies from
15 to 17 percent. The friction-measuring wheel is oriented in
the same direction as the outer two wheels of the trailer. The
high-pressure tire has a three-grooved tread pattern.

M 6800 Runway Friction Tester
Mark 2 SFT Automobile
The SFT is a four-door sedan, equipped with front-wheel drive
and a hydraulically retractable friction-measuring wheel lo-

The M 6800 runway friction tester is a front-wheel drive minivan. The friction-measuring wheel is connected to the rear
axle by a gear drive that produces a 13.5 percent fixed-slip
ratio. The friction-measuring wheel is oriented in the same

TABLE 2 TEST TIRE CONDITIONS FOR FRICTION-MEASURING EQUIPMENT
FRICTION MEASURING
DEVICE

TEST-TIRE
MODE

TIRE
TYPE

TREAD
DESIGN

INFLATION
PRESSURE
PSI

VERTICAL
LOAD
LB

MARK 2 SAAB
FRICTION TESTER

FIXED SLIP, 10 TO 12%

RL2
AERO

SMOOTH
3-GROOVE

30
100

310

RL2

SMOOTH

30

300

RL2
AERO

SMOOTH
3-GROOVE

30
100

220

RL2

SMOOTH

10

171

M 6800 RUNWAY
FRICTION TESTER

FIXED SLIP, 13%

BV-11 SKIDDOMETER

FIXED SLIP, 15 TO 17%

MARK 4 MU METER

7.5 YAWED ROLLING
APPARENT SLIP, 13. 5%
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direction as the four freely rolling wheels of the minivan. It
uses only the smooth-tread low-pressure (30-psi) tire. The test
tire includes a two-axis force transducer, which measures the
vertical and drag forces. The friction measuring tire has an
applied vertical load of 300 lb.

Equipment Calibration and Maintenance
All friction equipment used in the program was calibrated
according to the manufacturers' instruction manuals. All personnel responsible for the operation of the friction equipment
were instructed to maintain the equipment throughout the
test program.

TEST PROCEDURES
Texture Depth Measurements of Selected Pavement
Segments

Tire Identification for Field Tests
To ensure that all tires were properly identified in the field
test program, each tire was marked according to the labels
presented in Table 3.
An example is given to explain the meaning of the label
RFT/DUN/B2Sl: Runway Friction Tester/Dunlop Tire/Batch
2, Series 1. Batch numbers for the Dunlop tire were 100/
B4C4338 and 100/E4C4338.

Texture depth measurements were made on pavement segments D, B, A, and K. The aluminum test plates were not
measured. The average texture depth was based on three
measurements taken in each segment, using the NASA greasesmear method (7).
Test Run Sequence Schedule and Data Records

Coded Tire Combinations for Statistical Analysis
Because there were 60 tires to be tested in the program, it
was imperative that they be properly coded for identification
in the statistical analyses. Seven combinations of tires were
identified and coded according to the labels presented in
Table 4.

Four test teams were assigned to complete 72 test runs per
day for an aggregate total of 288 test runs per day. The program required 6 days to complete. A total of 1,643 runs were
completed out of a possible 1,728, which represents 95 percent
completion of the planned tests. All data obtained for each
test run were logged on a data sheet provided by the program
coordinator.

TABLE 3 CATALOG WITH TEST TIRE IDENTIFICATION
BATCH

DUNLOP TIRES

DICO TIRES

RFT/DUN/BlSl
SFT/DUN/BlSl
SKD/DUN/BlSl
MUM/DUN-L/BlSl
MUM/DUN-R/BlSl

RFT/MAC/BlSl
SFT/MAC/BlSl
SKD/MAC/BlSl
MUM/MAC-L/BlSl
MUM/MAC-R/BlSl

RFT/DIK/BlSl
SFT/DIK/BlSl
SKD/DIK/BlSl
MUM/DIK-L/BlSl
MUM/DIK-R/BlSl

RFT/DUN/B1S2
SFT/DUN/B1S2
SKD/DUN/B1S2
MUM/DUN-L/B1S2
MUM/DUN-R/B1S2

RFT/MAC/B1S2
SFT/MAC/B1S2
SKD/MAC/B1S2
MUM/MAC-L/B1S2
MUM/MAC-R/B1S2

RFT/DIK/B1S2
SFT/DIK/B1S2
SKD/DIK/B1S2
MUM/DIK-L/B1S2
MUM/DIK-R/B1S2

RFT/DUN/B2Sl
SFT/DUN/B2Sl
SKD/DUN/B2Sl
MUM/DUN-L/B2Sl
MUM/DUN-R/B2Sl

RFT/MAC/B2Sl
SFT/MAC/B2Sl
SKD/MAC/B2Sl
MUM/MAC-L/B2Sl
MUM/MAC-R/B2Sl

RFT/DIK/B2Sl
SFT/DIK/B2Sl
SKD/DIK/B2Sl
MUM/DIK-L/B2Sl
MUM/DIK-R/B2Sl

RFT/DUN/B2S2
SFT/DUN/B2S2
SKD/DUN/B2S2
MUM/DUN-L/B2S2
MUM/DUN-R/B2S2

RFT/MAC/B2S2
SFT/MAC/B2S2
SKD/MAC/B2S2
MUM/MAC-L/B2S2
MUM/MAC-R/B2S2

RFT/DIK/B2S2
SFT/DIK/B2S2
SKD/DIK/B2S2
MUM/DIK-L/B2S2
MUM/DIK-R/B2S2

1

2

TABLE 4 CODED TIRE COMBINATIONS FOR STATISTICAL STUDY
TIRE
CODE
1. 2

EXPLANATION OF CODED
TIRE COMBINATIONS
Compares Batch 1 with Batch 2

11.12

compares Batch 1

21.22

Compares Batch 2

11. 21

Compares Batch 1

12.22

Compares Batch 1

11. 22

Compares Batch 1

12.21

Compares Batch 1

-

Series 1 with Batch 1

-

Series 1 with Batch 2

-

Series 1 with Batch 2
Series 2 with Batch 2
Series 1 with Batch 2
Series 2 with Batch 2

-

Series 2
Series 2
Series 1

Series 2
Series 2
Series 1
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Data Acquisition and Reduction
Three test site locations were used in the program. Six test
runs were conducted on each of the five pavement test segments for each of the two series of tires within a batch. This
setup was done at two test speeds. A total of 1,643 runs and
a total of 2,725 data points were accrued in the program.
The length of the pavement segments at WFF ranged from
200 to 350 ft. The friction devices are automatically set up to
record mu averages for each 500-ft section. This meant that
the mu averages for each test segment had to be visually
interpreted by the test personnel. When traversing from one
pavement segment to the adjacent one, it takes the recording
instruments time to adjust to the change in mu values from
one segment to another on the friction trace. The more the
difference in mu values between segments, the more time and
distance it takes to stabilize. To ensure that the friction trace
has completely stabilized within the individual pavement segment , the test personnel had to carefully review the friction
trace, selecting the mu averages from either the central 100ft portion of the segment or the distance where it becomes
obvious to the observer that the friction trace was stabilized.
Usually, it takes about the first and last 50 ft of the segment
to establish complete stabilization of the friction trace.
Data Analysis
A total of 156 regression analyses were performed to determine the reliability and performance of the tires manufactured
by Dunlop, McCreary, and Dico . Another 31 regression analyses were performed to determine correlation between the
four friction-measuring devices.
DEVELOPMENT OF LIMITS OF ACCEPTABILITY
FOR TIRE PERFORMANCE

Intercept at X = 0
The parameter for this set is ± 3 mu
numbers for one standard error of estimate.
Slope of Regression Line
A perfect correlation line is established when the slope of the regression line equals 1.000.
The parameter for the allowable variance from this line was
set at ±0.080, or the slope may range from 0.920 to 1.080.
Intercept at X = 100
The parameter for allowable variance at this intercept was set at X = ± 5 mu numbers for one
standard error of estimate.

Coefficient Set

The parameters for this set were divided into two elements:
the coefficient of correlation and the coefficient of determination.
Coefficient of Correlation
The minimum acceptable value
for the coefficient of correlation was set at 0.980.
Coefficient of Determination
The minimum acceptable value
for the coefficient of determination was set at 0.960. The
coefficient of determination was calculated by squaring the
coefficient of correlation.

Standard Error of Estimate Set

This set consists of only one element, the standard error of
estimate. The parameter for this set was ± 3 mu numbers for
one standard error of estimate.

Development of Procedure

RATIONALE FOR EVALUATION METHOD

In order to compare the performance of one tire with that of
another, parameters were set in the test program to establish
boundary conditions that would satisfy all data needs.

To emphasize the importance of the slope of the calculated
linear regression line and how it compared to the predicted
one-to-one regression line, a method was devised to determine how well each tire performed in the program. Each set
was weighted to reflect the importance to the whole. The
weighting method was set up on the basis of the author's field
experience obtained while testing friction-measuring equipment at the NASA WFF. The breakdown of the weighting
percentages was based on the author's acquired knowledge
in understanding these relationships. The slope-intercept set
was weighted at 50 percent; the coefficient set at 20 percent;
and the standard error of estimate set at 30 percent, for a
total of 100 percent for the three sets.
Each element within the set must meet the parameter for
that element; any data that fall outside of the parameter for
that element fail the entire set. If the set failed, it received
no evaluation points. Point values were assigned to each set.

Setting the Limits of Acceptability
There are three basic areas for consideration in setting the
parameters for the limits of acceptability. The first and most
critical is the slope of the regression line. When there is a
one-to-one agreement, then the relationship Y = X exists
between the two variables. The second critical element concerns the coefficients of correlation and determination and
the third is the standard error of estimate. The parameters
set forth in the following paragraphs represent the minimum
and maximum values that the calculated regression line can
vary from the predicted one-to-one relationship. The slope
of the calculated regression line must lie within these limits.
Intercept and Slope Set

The parameters for this set were divided into three elements:
intercept at X = O; slope of linear regression line; and intercept at X = 100.

Tire Combination Categories
There were two tire combination categories: Category A and
Category B.
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Category A

Evaluation Point Breakdown for Category B

In this category, one batch of tires was compared with another
batch for each of the three manufacturers. This combination
was the only tire combination for this category and was worth
50 percent of the total evaluation points.

The total evaluation points for this category was 60, distributed between six tire combinations. The total evaluation points
for any one tire combination was 10 points. The point distribution for the three sets within this category is as follows:
Point
Distribution

Set

Category B

Intercept Set
Coefficient Set
Standard Error of Estimate Set

This category compared various combinations of tire batches
and series. There were six tire combinations in this category
and the entire category was worth 50 percent of the total
evaluation points.

5
2

3

EVALUATION RESULTS OF TIRE
PERFORMANCE
Tables 5-7 indicate the results of the evaluation of tire performance on each of the four friction devices used in the study.

Evaluation Points Assigned to Each Category

The total evaluation points assigned for both categories was
120.
SUMMARY OF OVERALL TIRE PERFORMANCE
Table 8 indicates the final results of the overall tire performance and reliability evaluation. The McCreary tire, which
follows ASTM Specification E524, performs best on the nonyawed or fixed-brake slip friction devices, whereas the yawedmode or side force friction device, the mu meter, performs
best when using the Dico tire according to the ASTM Specification E670. The test results obtained in the program vindicate that the tires will perform satisfactorily when manufactured in accordance with the procedures given in the ASTM
specifications.

Evaluation Point Breakdown for Category A
The total number of evaluation points for this category was
60. The point distribution for the three sets within this category is as follows:
Point
Distribution

Set

Intercept Set
Coefficient Set
Standard Error of Estimate Set

30
12
18

TABLE 5 EVALUATION RESULTS FOR MCCREARY TIRE
PERFORMANCE
TIRE
CATEGORY

TIRE PERFORMANCE
AT 40 MPH

TIRE PERFORMANCE
AT 60 MPH

OVERALL
TIRE PERFORMANCE

ACCRUED
ACCRUED
ACCRUED
POINTS PERCENTAGE POINTS PERCENTAGE POINTS PERCENTAGE
McCREARY TIRE PERFORMANCE ON RUNWAY FRICTION TESTER

A
B
TOTAL

60

100.0000

60

100.0000

60
120

100.0000

55

91. 6667

115

95.8333

100.0000

115

95.8333

235

97. 9167

120

100.0000

McCREARY TIRE PERFORMANCE ON SAAB FRICTION TESTER
A

60

100.0000

60

100.0000

120

100.0000

B

55

91. 6667

60

100.0000

115

95.8333

115

95.8333

120

100.0000

235

97. 9167

TOTAL

McCREARY TIRE PERFORMANCE ON SKIDDOMETER
A
B
TOTAL

60

100.0000

60

100.0000

60

100.0000

55

91. 6667

115

120

100.0000

115

95.8333

235

120

McCREARY TIRE PERFORMANCE ON MU METER
50.0000

12

20.0000

42

53.3333

39

65.0000

71

51. 6667

51

42.5000

113

TABLE 6 EVALUATION RESULTS FOR DICO TIRE PERFORMANCE
TIRE PERFORMANCE
AT 40 MPH

TIRE

TIRE PERFORMANCE
AT 60 MPH

OVERALL
TIRE PERFORMANCE

ACCRUED
ACCRUED
ACCRUED
POINTS PERCENTAGE POINTS PERCENTAGE POINTS PERCENTAGE

CATEGORY

DICO TIRE PERFORMANCE ON RUNWAY FRICTION TESTER
A

0

0.0000

30

50.0000

30

25.0000

B

24

40.0000

35

58.3333

59

49.1667

TOTAL

24

20.0000

65

54.1667

89

37.0833

DICO TIRE PERFORMANCE ON SAAB FRICTION TESTER

~'

0.0000

0

0.0000

0

0.0000

1

35.0000

16

26.6667

37

30.8333

1

17.5000

16

13.3333

37

15.4167

DICO TIRE PERFORMANCE ON SKIDDOMETER
A

0

0.0000

30

50.0000

30

25.0000

B

16

26.6667

40

66.6667

56

46 . 6667

TOTAL

16

13.3333

70

58.3333

86

35.8333

DICO TIRE PERFORMANCE ON MU METER
A

100.0000

60

100.0000

120

100.0000

B

II

::

86 . 6667

60

100 .000 0

112

93 . 3333

TOTAL

11

112

93.3333

120

100.0000

232

!16.6667

TABLE 7 EVALUATION RESULTS FOR DUNLOP TIRE
PERFORMANCE
TIRE
CATEGORY

•

TIRE PERFORMANCE
AT 40 MPH

TIRE PERFORMANCE
AT 60 MPH

OVERALL
TIRE PERFORMANCE

ACCRUED
ACCRUED
ACCRUED
POINTS PERCENTAGE POINTS PERCENTAGE POINTS PERCENTAGE

DUNLOP TIRE PERFORMANCE ON RUNWAY FRICTION TESTER
Batch 2 was not completed due to accidental damage to vehicle
A

NA

*

NA

B

NA

*

NA

*
*

*
*

NA
NA

TOTAL
DUNLOP TIRE PERFORMANCE ON SAAB FRICTION TESTER
A

12

20.0000

30

50.0000

42

35.0000

B

12

20.0000

40

66.6667

52

43.3333

TOTAL

24

20.0000

70

58.3333

94

39.1667

DUNLOP TIRE PERFORMANCE ON SKIDDOMETER
A
B

12

20.0000

29

48.3333

41

34.1667

12

20.0000

24

45

75.0000

74

61.6667

57

47.5000

98

40.8333

20.0000

DUNLOP TIRE PERFORMANCE ON MU METER
A

0

0.0000

0

0.0000

0

0.0000

B

26

43.3333

27

45.0000

53

44.1667

TOTAL

26

21. 6667

27

22.5000

53

22.0833
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TABLE 8 OVERALL SUMMARY OF TIRE PERFORMANCE ON
FRICTION EQUIPMENT
TEST TIRE
FRICTION EQUIPMENT
McCREARY

DICO

DUNLOP

RUNWAY FRICTION TESTER

98%

37%

SAAB FRICTION TESTER

98%

15%

39%

98%

36%

41%

47%

97%

22%

SKIDDOMETER
MU METER

CORRELATION OF FRICTION EQUIPMENT AND
DEVELOPMENT OF CORRELATION
PARAMETERS

Background
The parameters used in this study for correlation between two
friction devices that operate in different friction modes was
established during many years of experience of testing friction
equipment at the NASA WFF. The two most important parameters for correlation are the coefficient of correlation and
the standard error of estimate. However, the slope is no longer
in the one-to-one relationship realized in the criteria developed for the tire evaluation study. Therefore, it will not apply
to the correlation analysis evaluation. The slope of the calculated regression line exhibiting correlation between the two
friction devices is shifted from the one-to-one relationship.
This shift is attributed to the physical characteristics of each
friction device. They are not designed to operate in the same
friction mode and thus record different mu numbers for the
same pavement surface conditions in portions of the friction
range. The precision of the correlation is determined by the
data scatter pattern relative to the calculated regression line
and how well the line is established throughout the friction
range.

Setting the Evaluation Parameters
Correlation between two friction devices is acceptable when
the correlation coefficient exceeds 0.9800, the coefficient of
determination exceeds 0.9604, and the standard error of estimate is less than ± 3.5 mu numbers. The slope of the regression line must be well established throughout the friction range.

Evaluation Method
This method is divided into two sets: the coefficient set and
the standard error of estimate set.

Point Breakdown for the Coefficient Set
The coefficient set includes the coefficients of correlation and
determination. The set is worth 5 points, and if either of the
parameters is not acceptable, the entire set fails and gets zero
points.

INCOMPLETE

Point Breakdown for the Standard Error of Estimate
Set
The standard error of estimate set includes only the standard
error of estimate. The set is worth 5 points.
OVERALL SUMMARY OF TIRE PERFORMANCE
Table 9 presents the overall tire performance on friction
equipment correlation. The McCreary tire, mounted on all
four friction devices, was given a 13 percent performance
rating. The combinations of the McCreary tire mounted on
the RFT, SFT, and SKD and the Dico tire mounted on the
MUM were given a performance rating of 88 percent. The
Dunlop tire, mounted on all four devices, was given a 20
percent performance rating.
SELECTION OF BEST-PERFORMING TIRES FOR
CORRELATION
The McCreary tire did not perform well on the MUM and
that is why the correlation between the MUM and the other
devices using the McCreary tire did not meet the performance
criteria. The Dunlop tire had variations between series within
the same batch as well as between batches and as a result did
not meet the performance criteria as set forth in this report.
The best-performing tire combinations were the McCreary
tire mounted on the RFT, SFT, and SKD and the Dico tire
mounted on the MUM. The tires mounted on the friction
equipment presented in Tables 10 and 11 are the recommended correlation standard for vehicle speeds of 40 and 60
mph and will be included in the next revision of Advisory
Circular 150/5320-12b (2).
DEVELOPMENT OF CORRELATION BETWEEN
FRICTION EQUIPMENT
Tests have been conducted at NASA WFF for the past 8 years.
The MUM was the first friction device used in this country
TABLE 9 OVERALL SUMMARY OF TIRE
PERFORMANCE ON FRICTION EQUIPMENT
CORRELATION
OVERALL TIRE PERFORMANCE
McCREARY TIRE
13 %

McCREARY/ DI CO TIRE
88 %

DUNLOP TIRE
20 %

Morrow
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TABLE 10 CORRELATION OF MU VALUES FOR FRICTIONMEASURING EQUIPMENT USING SELF-WATER SYSTEM AT
SPEED OF 40 mph
CODED
FRICTION
PARAMETER

MARK 4 MU
METER WITH
DICO TIRE

M 6800 RUNWAY FRICTION TESTER
BV-11 SKIDDOMETER
MARK 2 SAAB FRICTION TESTER
WITH THE McCREARY TIRE

CORRESPONDING MU VALUES
A

42

50

B

52

60

c

72

82

TABLE 11 CORRELATION OF MU VALUES FOR FRICTIONMEASURING EQUIPMENT USING SELF-WATER SYSTEM AT
SPEED OF 60 mph
CODED
FRICTION
PARAMETER

MARK 4 MU
METER WITH
DICO TIRE

M 6800 RUNWAY
FRICTION TESTER
WITH McCREARY
TIRE

MARK 2 SAAB
FRICTION TESTER,
BV-11 SKIDDOMETER
WITH McCREARY TIRE

CORRESPONDING MU VALUES
A

26

41

B

38

54

47

c

66

72

74

for many years before the other testers were introduced on
the market. As a result, an extensive data base was established, and, when the other devices were available on the
market, the MUM was used as the base for correlation between the various friction devices. Tests conducted by NASA
in the early 1970s, using a B- 727 and a MUM, established
the criteria for determining a satisfactory level of friction for
aircraft operations. The mu value of 50 that was adopted from
the study has been used up to the present time as the maintenance level for an acceptable pavement surface condition.
Tables 12 through 14 present the results of the statistical analyses; the values in the bold print exceed the evaluation parameters.
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CONCLUSIONS
It is recommended that Tables 10 and 11 be included in the
next revision of AC 150/5320-12b, Measurement, Construction, and Maintenance of Skid Resistant Airport Pavement
Surfaces (2). The coded friction parameters presented in the
tables determine the corresponding mu values for the friction
device used at the airport. It is used in conjunction with the
paragraphs concerned with friction survey measurement parameters, which provide the airport operator with guidelines
for determining whether or not corrective action may be required to improve the surface friction characteristics of a wet
runway.

TABLE 12 CORRELATION SUMMARY BETWEEN FRICTION EQUIPMENT USING MCCREARY
TIRE

I

FILENAME

(MPH)
40MUMMAC.DUN
40MUM60.MAC
40MUMRFT.MAC

*

COEFFICIENTS

I SPEED
TEST
40
40/60
40

* cc

*

*

NUMBER OF DATA
PAIRS IN
ANALYSIS

A

B

c

+3.8726

+0.0779

+0.0131

0.9810

0.9623

4.1356

111

+4.3028

-0.1120

+0.0139

0.9772

0.9549

4.0162

120

-1. 0198

+0.8186

-

0.9752

0.9510

3.6612

120

CD

SEE

60MUMRFT.MAC

60

-0.0008

+0.9653

-0.0021

0.9762

0.9529

3.4449

120

40MUMSFT.MAC

40

-9 .1162

+1.1797

-

0.9679

0.9368

6.0374

120

0.9603

4.1933

120

60MUMSFT.MAC

60

-2.6108

+0.8164

+0.0039

0.9799

40MUMSKD.MAC

40

-8.5669

+1.1586

-

0.9594

0.9204

6.7166

120

60MUMSKD.MAC

60

-1. 3518

+0.9504

+0.0022

0.9693

0.9396

5.2838

120

NOTE:

The values shown in bold print fell outside of the Limits of Acceptability.
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TABLE 13 CORRELATION SUMMARY BETWEEN FRICTION EQUIPMENT USING MCCREARY
AND DICO TIRE COMBINATION
E

TES~b

SPEE
(MPH

40DUNMUM.DIK
40MUM60.DIK

40
40/60

COEFFICIENTS

*

NUMBER OF DATA
PAIRS IN
ANALYSIS

B

c

cc

CD

-0.6210

+1.0095

-

0.9908

0.9818

2.8666

51

+2.1717

+0.0878

+0.0107

0. 9929

0.9859

2.2521

120

SEE

MUDKRFMC.40

40

+5.1043

+0.7721

-

0.9881

0.9763

2.5462

120

MUDKRFMC.60

60

+0.7518

+1. 3431

-0.0080

0.9894

0.9789

2.3055

120

MUDKSFMC.40

40

-0.6109

+1.1213

-

0.9883

0.9767

3.6674

120

MUDKSFMC.60

60

-1. 8676

+1.2369

-0.0022

0.9889

0.9779

3.1262

120

MUDKSKMC.40

40

-0.5894

+1.1136

-

0.9918

0.9837

3.0321

120

MUDKSKMC.60

60

-0.9254

+1. 4294

-0.0049

0.9830

0.9662

3.9503

120

*

NOTE:

The values shown in bold print fell outside of the Limits of Acceptability.

TABLE 14 CORRELATION SUMMARY BETWEEN FRICTION EQUIPMENT USING DUNLOP
TIRE

I

FILENJ>._ME
40MUM60.DUN
40MUMSFT.DUN

*

I

COEFFICIENTS

TEST

.~~~~f

* cc

*

. ~[

NUMBER OF DATA
PAIRS IN
ANALYSIS

A

B

c

40/60

-0.2885

+0.4105

+0.0066

0.9916

0.9832

2.5355

108

40

+0.4883

+1. 2891

-

0.9468

0.8964

9.3393

111

CD

60MUMSFT.DUN

60

-1.1043

+1. 5292

-0.0053

0.9463

0.8955

8.0194

108

40MUMSKD.DUN

40

+0.1000

+1. 2373

-

0.9575

0.9168

7. 9419

111

60MUMSKD.DUN

60

+0.5361

+1. 2123

-0.0006

0.9590

0.9197

6.7917

108

NOTE:

The values shown in bold print fell outside of the Limits of Acceptability.

It is recommended that the tire composition given in ASTM
Specification E524 for the McCreary tire be developed into
a new ASTM specification that has the same tire dimensions
given in the ASTM E670 specification. The Dico tire specification will be included in the present ASTM E670 specification.
Complete details of this study can be found in Report DOTI
FAA/AS-90-1, Reliability and Performance of Friction Measuring Tires and Friction Equipment Correlation (8).
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Limitations of Using Skid Number in
Accident Analysis and Pavement
Management
}AMES

C.

WAMBOLD AND BOHDAN

T.

KULAKOWSKI

Pavement frictional characteristics are commonly determined by
conducting skid tests in accordance with ASTM Standard E274.
The results of these tests [skid number (SN)] are used in ranking
roads to establish construction priorities and to estimate tirepavement friction in accident analysis. The role of SN in these
two applications is addressed. There are serious limitations constraining the use of SN in accident analysis as well as in pavement
management. Use of SN-based estimates of coefficient of friction
may lead to large errors in estimating the braking distance or
initial speed of a vehicle involved in an accident. In pavement
management, SN is an important factor in evaluating traffic safety;
however, other factors must also be considered, such as accident
history data, driving difficulty, road geometry, and traffic characteristics. A wet pavement index, incorporating all factors relevant for traffic safety under wet weather conditions, should be
developed to provide a basis for pavement management decisions
related to highway safety.
The role of skid resistance and its use in wet accident analysis
is addressed. Highway traffic accidents are a major concern
of all state highway and transportation departments. One of
the many causes of highway accidents is wet slippery pavements. Because all of the forces needed to control a vehicle
come from the interaction between the tires and pavement,
the frictional demand, which varies with road, tire, weather,
and traffic conditions, must be met under all driving conditions. The ability of a tire-pavement interaction to provide
adequate traction on wet roads is directly related to the safe
operation of vehicles. The importance of wet-pavement traction to safety was emphasized by the findings of the National
Transportation Safety Board, which reported that while the
pavements are exposed to precipitation less than 3.5 percent
of the time, wet-pavement accidents account for 13.5 percent
of all fatal accidents (1). Also, the National Safety Council's
1988 summary reports more than 49,000 people killed and
over 1.8 million injured and a total estimated cost of vehicle
accidents of approximately $70 billion (2). This means that
motor vehicle accidents account for almost 50 percent of all
fatalities in the United States and about 50 percent of the
cost, or that wet-weather accidents account for about 7 percent of all fatalities and their cost.
Research on pavement skid resistance is an active ongoing
effort at both the federal and state level. The standardization
of skid resistance measurement in the United States and the
routine calibration of test equipment has greatly enhanced
the reliability of these measurements (ASTM E274). Even
Pennsylvania Transportation Institute, Pennsylvania State University, Research Building B, University Park, Pa. 16802.

so, there has only been moderate success in establishing a
clear relationship between skidding accidents and pavement
condition (3-7).
First what a skid resistance is and how it is varied are
reviewed. Then the drag factor (DF), a quantity used by
accident investigators, and how it relates to accident reconstruction, are reviewed. Conditions under which skid number
(SN) and DF are and are not related are discussed. Finally,
factors other than skid resistance that affect wet pavement
safety are reviewed.
ESTIMATING FRICTION IN ACCIDENT
ANALYSIS
One of the most critical tasks in accident analysis is to find
the speed of a vehicle involved in an accident at the time or
just before the time when the accident occurred. In order to
determine that speed, an estimate of the coefficient of tirepavement friction is required. In four-wheel braking, the vehicle speed can be calculated from the following equation:

dV CoA p
mV dx +~(V+v) 2 +mgf+mg(G+R)=O

(1)

where

m = mass of the vehicle;
V = vehicle velocity;
v
component of wind velocity in direction opposite to
vehicle motion;
x = distance in forward direction of vehicle measured
from onset of braking;
g gravitational acceleration;
f = coefficient of tire-pavement friction;
Co= coefficient of air resistance;
Ar= vehicle frontal area;
p
density of ambient air;
grade, positive in upward direction; and
G
R
coefficient of rolling resistance.
Equation 1 is difficult to solve analytically, especially when f
is considered to be a function of speed, which it is under wet
conditions. However, the equation can be solved numerically
using a simple computer program . A copy of such a program
can be obtained from the Pennsylvania Transportation Institute (PTI) and is referenced in the new FHW A Skid Resistance Manual (8).
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In order to ensure that the results obtained by solving Equation 1 are meaningful and accurate for specific braking conditions, all parameters in this equation must be carefully estimated because they are seldom known accurately. The most
difficult parameter to estimate is the coefficient of friction
between the tires of the vehicle involved in the accident and
the pavement surface on which the accident occurred. The
tire-pavement friction is affected by the type and condition
of the vehicle tires, vehicle suspension, vehicle load and load
distribution, water film thickness, and pavement surface characteristics, to name just the most important factors (9,10) . In
general, tire-pavement friction has been estimated either by
DF or by SN with no knowledge of how good or bad these
estimates are. Even worse, if DF or SN is not available, a
handbook value of the coefficient of friction is used.
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Drag Factor

In the field of accident reconstruction, DF is used rather than
a coefficient of friction. This factor is obtained by conducting
a vehicle braking test with locked wheels. A correct test takes
place at the accident site and involves a similar vehicle, similar
tires, and similar weather conditions to those of the accident.
In order to be correct, the test should also be conducted at
the estimated speed of the vehicle or vehicles involved in the
accident. DF then becomes a function of many variables,
including friction, air resistance, grade, vehicle weight distribution, and weather. DF is calculated from the following
equation:

v2
DF

Skid Resistance

ASTM Committee El 7 has the following definition of skid
resistance under consideration: "The retarding force generated by the interaction between a pavement and a tire under
locked, nonrotating wheel conditions." Measurements of skid
resistance conducted in accordance with ASTM Standard E274
are reported as SN values. SN values are measured at 40 mph
and are equal to the force required to slide the locked test
tire divided by the effective wheel load and multiplied by 100.
If the skid test is performed at another speed, then the velocity
(V) must be reported, i.e., SNv. Pavement SN and its many
surrogates arc accepted worldwide as a measure of pavement
frictional characteristics; as SN increases, the pavement frictional characteristics improve. Results of skid resistance measurements provide the basis for pavement management safety
decisions.
One of the primary objectives of pavement management
systems is to provide motorists with highway surfaces that
allow them to drive safely under wet pavement conditions.
An important part of this process is the identification of sections of roads that do not provide adequate friction under wet
pavement conditions for vehicles performing braking, cornering, lane changing, and other maneuvers. Skid resistance
plays the key role in ranking roads according to their safety
under wet conditions. A number of studies have been conducted to determine the correlation between SN and wetpavement accident rate (7,11-13) .
SN represents one of the most important factors for establishing wet-pavement safety. However, other factors must also
be considered when making pavement management decisions:
road geometrics, driving conflicts, visibility, traffic characteristics (including percent of trucks), and average wet time
(average period of time during a year when the road is wet).
Several studies have recently been completed or are currently
underway to devefop an integrated approach to the problem
of evaluating the safety of wet pavements both abroad and
in the United States (14-17).
Transportation departments are able to provide pavements
with good skid resistance, and the ASTM locked-wheel skid
tester is a reliable tool to rank pavements. However, improvement is needed in applying this ranking, because SN
only ranks the pavement skid resistance, not the vehicle demand for it nor the actual friction of a particular vehicle tirepavement interaction.

(2)

30D

=

where
V = vehicle velocity before braking, mph; and
D = distance traveled after braking, ft.

Thus, using Equation 2 in the form
V = (30 x D x DF) 1' 2

(3)

yields the initial velocity for known stopping distance, D, and
known DF values, or

y2

n=- x
30

DF

(4)

yields the stopping distance for known initial velocity, V, and
DF values. Equations 2-4 are then used in place of Equation
1 and include all of the effects of Equation 1.

Skid Number
If SN is used, SN/100 becomes an estimate of the coefficient
of friction in Equation 1. SN divided by 100 can also be used
as an estimate of the relationship for friction versus speed in
the following equation (18):

f(V) = SN(V) =
100

(SNoe~V)
100

(5)

where SN0 (zero-velocity intercept) and PNG (percent normalized gradient) are the model parameters. The values of
SN0 and PNG can be estimated from locked-wheel SN values
obtained with ribbed or blank tires or by conducting several
skid tests at three or more different speeds and doing a log
regression to Equation 3 (19).
For measurements of SN in accordance with ASTM E274,
a standard ASTM E501 ribbed tire is used. This standard tire
does not represent any specific type of vehicle tire and in fact
is a belted tire, whereas presently, most passenger car tires
are radial tires. Therefore, SN can only be considered an
estimate of friction between an actual vehicle tire and road
surface, and by itself neglects all the other parameters in
Equation 1. Unfortunately, circumstances often do not allow
for such tests to be performed, and then an SN or an SN-
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based estimate of tire-pavement friction is used. For passenger
cars, an estimate of the mean effective coefficient of friction
was proposed (20):

f V;

= SN 0 (PNG/100) 2 Vf

200
x

[

PNG

(

1 - e100v 1 '

PNG

)]

--v
100 '

-]

(6)

where V; is the initial velocity of a vehicle. This estimate was
developed for new and slightly worn passenger car tires of a
similar size and construction as the ASTM ribbed tire. It tends
to overestimate friction for moderately worn tires and for all
tires when the water film thickness is more than 0.05 in.
Of even more concern is the case of using the standard SN
value at a speed of 40 mph as the estimate of the coefficient
of friction. Here the SN is not known as a function of velocity
so that not only is the tire type incorrect, but there is no
estimate of the mean effective friction. The use of SN, which
is measured in a locked-wheel test, has even more error if
the car is equipped with an antilock brake system (ABS) and
could result in errors of 100 percent or more on low-friction
surfaces where braking is near the peak coefficient rather than
at locked wheel.
Estimation of tire-pavement friction is more complicated
for trucks and buses. Data on the coefficient of friction for
various types of truck tires were reported in several studies
(21,22). Truck and bus tires are designed primarily for highwear resistance and usually have lower friction coefficients
than passenger car tires. It is generally estimated that the
locked-wheel coefficient of friction of truck tires is about 70
percent of that for passenger car tires. A procedure for predicting the braking distances of trucks operating on poor, wet
roads was developed by Olson et al. (23). The peak lockedwheel friction (JP) of a new truck tire is estimated by
fp(V)

=

l.45fs(V)

(7)

where fs is a sliding coefficient of friction. Truck drivers modulate brakes during braking to avoid wheel lock and maintain
directional control. This results in the effective truck tire friction coefficient being higher than the sliding coefficient of
friction, f,, but still lower than the peak coefficient of friction,
fp· Moreover, on the basis of experimental data, truck drivers
attained approximately 62 percent of the performance capabilities of the road-tire-vehicle system represented by the peak
coefficient of friction (23). The effective truck tire friction
can be estimated by SN, using the following equation (8,23):

there may be a considerable difference between SN and the
tire-pavement coefficient of friction for two reasons.
First, as mentioned earlier, the properties of the standard
ASTM tire used in skid tests are different from the properties
of actual automobile tires, and they are bias instead of radial.
With the variety of car and truck tires currently in use, it is
difficult to predict how their coefficients of friction will compare with those of the ASTM tire. Previous research has
shown that the ASTM E501 ribbed tire produces friction levels
lower than those produced by a comparable, new, and slightly
worn passenger car tire of similar size and construction, as
shown in Figure 1 (20). However, when water film thickness
is increased, the passenger car tire produces lower levels of
friction than the ASTM tire, as shown in Figure 2. How the
ASTM test tire and actual vehicle tires compare depends also
on the type of pavement surface (24). On polished, wet surfaces, the skid resistance of the ASTM tire was considerably
lower than that of conventional tires used on motor vehicles.
The trend is reversed on higher-friction surfaces having SN
greater than 20.
Second, tire operating conditions including load, inflation
pressure, speed, percent slip, water film thickness, and vehicle
suspension characteristics during a skid test are different from
those of a vehicle tire.
Current knowledge of the relationship between the pavement skid resistance and vehicle tire-pavement coefficient of
friction does not provide a method for calculating the error
involved in approximating the tire-pavement coefficient of
friction by SN. The following examples describing actual cases
illustrate the consequences of using an SN-based estimate for
tire-pavement friction.

Example 1
The results of a braking test performed with a Pontiac Sunbird
on a wet section of bituminous pavement were as follows:
. 70

nag
-<>- Poneniier Car
-E!IOI

-E524

:50

.40

.3

f(V)

=

0.62 x 1.45 x 0.0084SN(V)

(8)
.20

or, equivalently
f(V)

=

0.00755SN(V)

(9)

As in the case of passenger car tires, SN dependence on
speed must be known to calculate the coefficient of friction
as a function of speed, using Equation 9.
Remember that SN only provides an estimate of the coefficient of friction between an actual vehicle and the road
surface. It is generally accepted that vehicle tire-pavement
friction improves as SN increases. Quantitatively, however,

.10

16

32

48
V (km/h)

64

80

FIGURE 1 Coefficient of friction versus
speed for the ASTM tires and the passenger
car tire when new-Site 1, 1980 (1 km =
0.6 mi) (21).

TRANSPORTATION RESEARCH RECORD 1311

46

Case C:
Coefficient of Friction Estimated Using Equation
6
First, the parameters SN0 and PNG, describing the skid
resistance dependence on speed, must be determined. Because ribbed tire SN values at two different speeds are known,
SN0 and PNG can be calculated directly to be SN0 = 101.1
and PNG = 2.27. In order to calculate the average coefficient
of friction from Equation 6, an initial speed of the vehicle
must be assumed. For an assumed speed of 40 mph, the average coefficient of friction is then calculated as follows:

Ifil

-<>- Paaenger

I.

Car

-&-E501
-O-E524

.70

101.l

x

0.227 2 x 402

/ = ----200

.6

x [ 1 - e0 •0227

.50

x

40

(

1 - 0.0227 x 40) r l
(12)

= 0.54

.40+---..----..-----r-----.-----.0

~

IB

~

~

~

V (km/h)

Hence, the predicted initial speed is

FIGURE 2 Coefficient of friction versus
speed for the three tires on the braking
distance site, 1981 (1 km = 0.6 mi).

V;

5.5(d

x !) 112
(13)

5.5(34 x 0.54) 112 = 23.6 mph

•Initial speed, V; = 30 mph; and
•Braking distance, d = 34.0 ft.
The results of the skid tests conducted on the same pavement
and under the same weather conditions were as follows:
•Ribbed tire SN at 40 mph, SN 40
• Ribbed tire SN at 30 mph, SN 30

=
=

39.8; and
50.3.

Case A:
Coefficient of Friction Estimated by SN 40 /IOO
This situation is likely to occur in real life. The vehicle speed
is unknown; therefore, a standard ASTM E274 test at 40 mph
is used to estimate tire-pavement friction, f = SN 40 /100 =
0.398. Because the braking distanced is known, the estimate
of the initial speed is then calculated as follows:
V;

5.5(d

x {) 112

5.5(34 x 0.398) 112

=

20.2 mph

(10)

The actual initial speed is 30 mph; therefore, the speed prediction error is -9.8 mph, or -32.7 percent.

This value is different from the assumed value of 40 mph. In
order to improve accuracy, the process of calculating V; is
repeated, until the assumed and predicted values of V; are
the same. Repeating the calculation off and V; yields f =
0.67 and V; = 26.3. The prediction error is -3.7 mph or
-12.3 percent. The results of predicting initial speed based
on the different estimates of the tire-pavement coefficient of
friction obtained in this example are presented in Table 1.
This example demonstrates that the use of SN as an estimate
of tire-pavement friction may lead to large errors in predicting
vehicle speed. The magnitude of the error is likely to be
particularly high when the coefficient of friction is estimated
by SN/100.
Example 2

The results of several braking tests on both wet and dry surfaces of a section of the bituminous skid pad at the PTI test
track are presented in Table 2.
The results obtained with an ASTM skid trailer on the same
surfaces are presented in Table 3.
On the basis of a regression of the wet E501 (ribbed) tire
tests, the following values were calculated:
• SN0 = 80.17,
• SN 0 (peak) = 107.7,

Case B:
Coefficient of Friction Estimated by SN31,/l00
In
this case, SN measured at the actual vehicle speed is used,
which is not likely to happen in real life. The predicted initial
speed, assuming that the braking distance is known, is
V; = 5.5(d

TABLE 1 RESULTS OF PREDICTING INITIAL SPEED
FOR EXAMPLE 1
Sn 40 /100

x f) 112

= 5.5(34 x 0.503) 112 = 22.7 mph

(11)

Predicted Speed, mi/h

Absolute Error, mi/h

which gives the speed prediction error of - 7 .3 mph, or - 24.3
percent.

Relative Error, %

20.2

sn30 /100

22.7

f, eq. 6

26.3

-9.8

-7.3

-3.7

-32.7

-24.3

-12. 3
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TABLE 2 RESULTS OF BRAKING TESTS CONSIDERED IN
EXAMPLE 2
Wet/Dry

Vehicle

v,, rni/h

d, feet

DF

Pontiac Sunbird

Dry

30

34.B

. B6

Pontiac Sunbird

Wet

30

44.5

. 67

Transit Bus

Dry

26

42. 5

, 53

Transit Bus

Dry

42

112. 7

. 52

Lincoln

Dry

31

40.0

. BO

Cadillac (with ABS)

Dry

46

99 .o

. Bl

Dump Truck

Dry

30

37.6

. 79

TABLE 3 RESULTS OF SKID RESISTANCE TESTS FOR EXAMPLE 2
Tire

Speed

Condition

SN

Peak

E501 (ribbed)

Wet

29.B

51. 7

97.1

E501 (ribbed)

Wet

40.7

40.1

95.6

E501 (ribbed)

Wet

50.1

37. B

90.B

E524 (blank)

Wet

39.9

3B.l

92. 7

E501 (ribbed)

Dry

39.6

56 .4

107.0

measure of wet pavement safety either. Figure 3 shows considerable scatter of data in the ratio of wet to dry accidents
versus the SN plot obtained by Havens in 1979 (24). That
nothing has changed in respect to the relationship between
number of wet accidents and SN is demonstrated by Figure
4, obtained from the validation data set collected for the 1990
study (17).
Although the process of identification of sections that do
not provide adequate traction under wet-pavement conditions
is an important part of pavement management, it is but one
factor needed in providing motorists with highway surfaces
that allow them to drive safely. Many other factors affect
safety under wet-pavement conditions, and it is only when
these conditions demand a particular level of traction that SN
then becomes important.

• PNG = 1.563, and
• PNG (peak) = 0.325 .
Using these values, the calculations of Cases A, B, and C
in Example 1 were repeated to obtain the results presented
in Tables 4-6.

OTHER FACTORS AFFECTING WET-PAVEMENT
SAFETY

The examples presented in the previous section demonstrated
that using SN or SN-based estimates of tire-pavement friction
can lead to very large errors in calculations of speed and
stopping distance in accident analysis. SN alone is not a good

TABLE 4 RES ULTS OF PREDICTING INITIAL SPEED FOR
EXAMPLE 2, CASE A (SN4ofl00 IS USED AS f)
v, Calculated

V1 Actual

Condition

f

mi/h

mi/h

Pontiac Sunbird

Dry

' 564

24. 3

30

Vehicle

Percent
Error

·19

Pontiac Sunbird

Wet

. 37B

22. 6

30

·25

Transit Bus

Dry

. 564

26. 9

26

+ 3

Transit Bus

Dry

' 564

43.8

42

+ 4

Lincoln

Dry

. 564

26 .1

31

·16

Cadillac (ABS)

Dry

. 564

41.1

46

·11

Cadillac (ABS)

Dry

. 564

24. 5

30

-18

Dump Truck

Wet

. 378

20.7

30

·31
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TABLE 5 RESULTS OF PREDICTING INITIAL SPEED FOR
EXAMPLE 2, CASE B [SN(v) NEAREST TEST SPEED IS USED]
V1 Calculated

V1 Actual

Percent

Error

Condition

f

mi/h

mi/h

Pontiac Sunbird

\let

. 517

26.4

30

-12

Transit Bus

Dry

. 564

43.8

42

+ 4

Cadillac (ABS)

Dry

. 564

41. l

46

-11

Dump Truck

\let

. 517

24. 3

30

-19

Vehicle

TABLE 6 RESULTS OF PREDICTING INITIAL SPEED FOR
EXAMPLE 2, CASE C [SN(v) IS CALCULATED]

Vehicle

V1 Calculated

V1 Actual

Percent

f

mi/h

mi/h

Error

\let

• 595

28 . 2

30

- 6

\let

. 610

26 .2

30

-13

Condition

Pontiac Sunbird
Dump Truck

~ 0 ,7

~

8<I 0.6
~
~ 0.5
>

'if

>0::

0.4

0

~ 0 .3

~

31: 0 .2

lL

0

~ 0 .1·

~

0::

0.0+--~-~-~-~-~--~-~-~-~

I

W

~

W

~

M

~

~
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All drivers in the traffic flow can maintain directional stability of their vehicles if the friction demand exerted by their
vehicles does not exceed the available friction . The available
friction depends on the pavement skid resistance. Friction
demand is a function of vehicle speed, road geometry, traffic
characteristics (including traffic density and percentage of trucks
in the traffic flow), vehicle characteristics (including vehicle
type and its understeer), and driver skills. SN, measured on
a given section of road , represents the available friction at 40
mph. Whether or not this particular SN is sufficiently high to
prevent wet accidents cannot be determined unless the demand for friction on the section of road under consideration
is known. The effects of all important factors on friction demand must be considered in pavement management.

SKID NUMBER

FIGURE 3 Ten-point moving averages of wet-to-dry
pavement accidents for 120 test sections in Kentucky
with ADT above 2,700 versus SN.
32

!!!z

2B

0

24

llJ

u
~

l;j
31:

~
0::
llJ

z

Speed is a critical factor for the balance between friction
demand and supply because it affects both. When speed increases, friction demand also increases. For instance, centrifugal forces generated during vehicle cornering, which must
be counteracted by tire-pavement friction forces to prevent a
vehicle from skidding off the road, are proportional to the
square of vehicle speed. At the same time, the pavement skid
resistance decreases with increasing speed in an approximately exponential manner (Equation 5).
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FIGURE 4 Number of wet accidents versus SN obtained
from the validation data set.

The amount of friction required for safe driving is strongly
affected by road geometry. Friction demand on straight sections of road is low if the road is level, if vehicles travel at
constant speed, and if there are no intersections. The demand
for friction increases significantly if a grade or a curve must
be negotiated (12). Page and Butas (25) concluded that pave-
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ment accident rates are significantly higher on curves than on
any other type of geometric alignment. The effect of curvature
on wet-accident rates was found to be particularly strong on
pavements having SN values less than 25. When SN is less
than 25, wet-pavement accident rates are significantly greater
for both uphill and downhill slopes steeper than 3 percent
than for flatter terrain.
Traffic Flow

Traffic volume, in general, does not have a significant influence on wet-accident rates (26). However, under special circumstances, namely, on undivided highways having SN values
less than 25, wet-accident rates were found to increase significantly when the average daily traffic was greater than 15,000
vehicles per day (25). Traffic composition, in particular, the
percentage of trucks in the traffic flow, has a significant effect
on friction demand. This is because the stopping distances of
trucks are 1.3 to 2.8 times longer than the stopping distances
of passenger cars (26).
Driving difficulty is another important characteristic of traffic
flow. The criteria determining driving difficulty include number of access points per segment of road, presence of turn
lanes, type of surrounding land use, traffic signalization, and
the roadway cross section.
Vehicle Type

Figure 5 shows stopping distances of buses and various configurations of trucks versus the stopping distance for a typical
passenger car from 60 mph (96 km/hr) on a dry road (27).
The friction demand for buses and all types of trucks is higher
than for passenger cars if equal stopping distance is required
for all vehicles. The friction demand is also higher for vehicles
with lower degrees of understeer (20).
Driver Skills

Few drivers can operate their vehicles at 100 percent efficiency, i.e., using 100 percent of the available friction. Olson

~Cars

~

Buses

-----.L..1

RanQe for
11

Typical

11

Vehicles

0

400
Stopping Distance, ft

FIGURE 5 Stable stopping distance from 60 mph
(96 km/hr) on dry road.
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et al. (23) found that truck driver efficiencies range from 62
to 100 percent and that most drivers have little or no practice
in emergency braking situations. The concern over driver
braking skills will be alleviated when antilock brake systems
become commonly used.
In order to fully evaluate the risk of a wet-pavement accident, all factors influencing the demand for friction and
available friction must be considered. Several research studies
are currently under way in which mathematical models of
pavement safety index are being developed. These statistical
models estimate the probability of wet pavement accidents as
a function of the variables affecting the balance between friction demand and available friction.
CONCLUSION

In general, the use of SN 40 as coefficient of tire-pavement
friction would be expected to underestimate the speed or
overestimate the stopping distance. In the case of a truck or
bus, this was not true; however, if the 75.5 percent rule is
used for truck tires, then the bus velocity would have also
been underestimated. Using SN(V) at the speed of the accident is an improvement, but it still underestimates the speed.
Similarly, calculating a mean friction for SN(V) over the speed
of interest yields an even better estimate, but still underestimates the speed. This is to be expected because an ASTM
tire was found to exhibit a lower SN than a regular tire.
In the case of pavement management, ranking roads on the
basis of SN only is not wise. Certafoly a long, straight road
with an SN value of 30 and ADT of 1 is of no concern when
there are so many roads with high ADT values, curves, intersections, etc., at the same or even higher SN values, which
are thus more likely to have wet-weather accidents. Roads
with good SN values are not problems with regard to skidding,
but roads with low SN values (e.g., below 20) need to be
addressed. For cases in between, the major problem area, it
is recommended that an index that gives the probability of a
wet-weather accident should be used in ranking which road
should be repaired first on a safety basis.
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Methodology for Processing, Analyzing,
and Storing Truck Weigh-in-Motion Data
PETER

E.

SEBAALY, THOMAS CHIZEWICK, GEORGE WASS, AND

WILEY CUNIGAN
The use of high-speed weigh-in-motion (WIM) systems does eliminate the problems of high cost and slow static weight stations.
However, another problem is usually generated-because it is
easy to weigh all truck traffic with a WIM system, this type of
system generates large amounts of data that require tremendous
time and effort to convert into the appropriate formats. The work
done to develop a common methodology for analyzing, storing,
and reporting WIM data is documented. The evaluation of the
various WIM systems used to collect the data, the identification
of the needs of the various Pennsylvania Department of Transportation offices and bureaus, and the recommendations and development of five computer programs to analyze and report the
WIM data are discussed. Among the unique features of the programs are the production of tables or graphs, or both; the ability
of the user to specify time investments of hour, day, or month;
and the ability of the user to request the analysis for any individual
vehicle type or a combination of several vehicle types. In addition,
all the variables of the analyses are kept in external files that
could be modified at any time without accessing the actual programs. Finally, sample analysis for some recommendations for
the implementation of this computer package is described.
Patterns of truck traffic and vehicle weights have undergone
dramatic changes over the last 10 years. As a result, the engineers and personnel of the various offices and bureaus of
state transportation agencies are faced with a continuing challenge to keep up with these rapidly changing conditions. The
magnitudes and frequencies of truck traffic on pavements and
bridges play important roles in the design requirements, longterm performance, and geometric design of these structures.
Therefore, transportation engineers of all disciplines must be
aware of the changes to respond with appropriate design,
maintenance, construction, and weight enforcement recommendations . A major reason for the premature failure of
pavement and bridge systems is the inaccurate prediction of
traffic loads over the course of the system service life. Overloading of a bridge or pavement section beyond its design
capacity will eventually lead to its failure. On the other hand,
overcompensation on the design of a bridge or pavement
section to account for an inaccurate load prediction would be
a waste of resources.
One obvious way of keeping up with such traffic changes
is to physically count and characterize every vehicle that passes
P. E. Sebaaly, Department of Civil Engineering, University of Nevada at Reno, Reno , Nev . 89557. T. Chizewick, Pennsylvania Transportation Institute, Research Building B, Pennsylvania State University , University Park, Pa. 16802. G. Wass, Office of Research and
Special Studies, Pennsylvania Department of Transportation, Harrisburg, Pa. 17120. W. Cunigan, Texas Transportation Institute, Texas
A&M University, College Station, Tex. 77843.

over a section of bridge or highway in terms of its type, number of axles, and weight per axle. In the past, this information
was collected by static scales and manual surveys; some of
these static weight stations are still in operation. However,
these methods are time-consuming and expensive to implement as a statewide network. Often the sample size has to be
reduced to cut the actual cost, which jeopardizes the reliability
of the observations. The Pennsylvania Department of Transportation (PennDOT) is responsible for the maintenance of
more than 41,000 mi of state-owned highways. If each route
were monitored by a static weigh and survey station, the
aggregate cost would be prohibitively high. However, more
recently sophisticated high-speed weigh-in-motion (WIM) instrumentation systems have been developed that can record
the data in a traffic situation by means that are both unobtrusive and generally undetectable by drivers. Among the
advantages of such a system are its ability to measure actual
magnitudes of moving loads and a low implementation cost
resulting from the system's applicability to highway speeds.
(That is, traffic is not obstructed by trucks leaving the highway, and the trucks are weighed without any personnel requirement.)

OBJECTIVE
The objective is to discuss the research done to develop a
common methodology for extracting the needed data from
the data collected by the PennDot WIM units (1). First, various methods of storing the large volume of data were investigated. Second, the data needs were identified through a
survey questionnaire developed in this research and distributed to the various PennDOT bureaus and offices. Third,
several computer programs were developed to generate the
appropriate data summary and reports. The data storage investigations, survey questionnaire data, and characteristics of
the specific computer programs are discussed.

REVIEW OF PENNDOT WIM CAPABILITIES
In order to develop recommendations, the researchers reviewed the capabilities of the WIM systems purchased by
PennDOT. These systems can be divided into three categories
based on their use of the following technologies: (a) bending
plates; (b) hydraulic load cells; and (c) capacitive weighmats.
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Bending-Plate WIM System
The PennDOT bending-plate WIM systems are supplied by
the PAT Equipment Corporation. The weight sensor consists
of strain gauges bonded to the underside of steel plates in
such a way that the strain measured is proportional to the
load applied. The plate is sealed in rubber to reduce environmental effects. There are no moving parts, improving the
reliability of this device over some other WIM transducers.
The PAT bending-plate WIM system operates at vehicle
speeds of 2.5 to 70 mph with moderate accuracy levels (i.e.,
a random error of 8 percent for axle loads). Speeds are measured with a random error of 3 percent. The nominal load
rating for each WIM transducer is 22,000 lb. The operational
temperature range for the weight sensors is - 40°F to 175°F
( - 40°C to 80°C). The temperature range for the roadside
data collection unit is -40°F to 140°F (-40°C to 60°C).

Hydraulic Load Cell WIM System
The hydraulic load cell WIM systems purchased by PennDOT
were supplied by International Road Dynamics (IRD). The
load-bearing surface of the weight sensor is a steel platform
5 ft 4 in. wide by 21 in. long by 9 in. deep. The load is
transferred to a single oil-filled piston load cell by torsion
arms. The weight sensor assembly is environmentally sealed.
The hydraulic plate weighs 2,000 lb.
The IRD WIM system operates at 2.5 to 70 mph with accuracy levels similar to the PAT WIM system. The nominal
load rating for each WIM transducer is 20,000 lb. The temperature range for the weight sensors is - 50°F to 140°F ( - 45°C
to 60°C).
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type; vehicle length; gross vehicle weight; axle weights; axle
spacing; and total wheelbase.

WEIGH-IN-MOTION RECORDS
FHW A has requested that state highway agencies keep current data on traffic volumes, vehicle types, and truck weights
for the various classes of roads under the jurisdiction of the
state agencies. In order to keep a uniform data base among
the various traffic monitoring sites within the states, FHWA
developed the Traffic Monitoring Guide (TMG) in 1985 (2).
The TMG provides standard procedures for the collection and
analysis of traffic volume data, vehicle classification data, and
truck weight data. It consists of five sections, each of which
deals with a different part of the traffic monitoring process.
Section 5 of the TMG was of great interest to this research
because it describes the truck weighing and data collection
procedures at truck weighing sites. Chapters 6-8 of Section
5 were especially pertinent, because they described the coding
instructions for the FHWA truck weight survey, editing of
truck weight data, and truck weight data summaries (FHW A
W-tables).
The coding instructions provide details for coding the field
data in the requested FHWA format. The coded field data
can then be analyzed by the statistical computer programs
that FHWA developed to produce the FHWA W-tables. Three
different data records are required by the TMG guide; namely,
the station description record (2-card), the vehicle classification record (4-card), and the truck weight record (7-card).

SURVEY OF PENNDOT NEEDS
Data Storage Requirements

Capacitive Weighmat WIM System
Unlike the PAT and IRD WIM systems, the Golden River
WIM equipment is designed for portable applications. The
weight transducer is a capacitive weighmat. This device is 6
ft wide by 20 in. long by~ in. thick. The capacitive weighmat
weighs 80 lb. It comprises three parallel sheets of steel separated by sheets of rubber dielectric. An attached oscillator
circuit treats the weighmat as a three-plate capacitor within
a tuned circuit. Compression of the transducer by a wheel
load causes a change in the oscillating frequency of
the tuned circuit. This frequency shift is interpreted by
microprocessor-based circuitry in the WIM unit.
The Golden River WIM system operates at between 20 and
70 mph with low accuracy levels (i.e., a random error of 12
percent for axle loads). The nominal load rating for the WIM
transducer is 20,000 lb. The temperature range for the weight
transducer is 32°F to 175°F (0°C to 80°C). The temperature
range for the roadside data collection unit is - 40°F to 175°F
(-40°C to 80°C).
The PAT, IRD, and Golden River WIM systems collect
and transmit the following information for each individual
truck: vehicle sequence number; date; arrival time in hours,
minutes, seconds, and lOths of seconds; speed; TMG vehicle

The overall PennDOT WIM program consists of five permanent WIM units and three portable units. A total of 110
sites will be monitored, including 5 permanent, continuously
monitored sites and 105 sites to be monitored with portable
units for 48-hr periods. The data collected from the sites will
be transferred to PennDOT's central office in Harrisburg for
further analysis and reports generation. Figure 1 shows the
general flowchart of the sites. In view of the number of sites
and the expected levels of traffic on each site, it was clear
that a large data storage medium would be required. The
actual size of the data storage medium was established on the
basis of the following estimates:
• Each vehicle that has five or fewer axles will be represented by one 7-card data entry, and vehicles that have more
than five axles will need two 7-card entries. The maximum
storage space that one card would require is about 64 bytes
of memory.
• From the data that have been collected at the permanent
site in Clearfield, Pennsylvania, an average of 2,000 vehicles
per lane per day would be expected from the various sites.
This volume requires a storage space of 2,000 x 64 = 128,000
bytes (128 KB) per lane per day.

Sebaaly et al.
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104 Locations
see Map

I-90 Erie
PAT Syetem

I-476 Delaware
IRD System

I-70 Washington
PAT System

I-78 Lehigh
IRD System

I-80 Clearfield

I-80 Luzern

PAT system

PAT System

FIGURE 1 General flowchart of PennDOT WIM sites.

• The data from the six permanent sites will be collected
in the following directions and number of lanes:
Site Name

Direction of
Travel

Number
of Lanes

Clearfield
Erie
Fountain Hill
N. Alexander
White Haven
Swarthmore

East-west
West
West
North
West
East-west

2
2
2
2

4

4

Therefore, for the two permanent sites with four lanes, the
data will require (2 sites) x (4 lanes) x (128 KB per lane
per day) = 1,024 KB per day, and for the four permanent
sites with two lanes, the data will require (4 sites) x (2 lanes)
x (128 KB per lane per day = 1,024 KB per day. In addition,
if it is assumed that the portable units generate data equivalent
to one of the permanent sites, the data from these units will
require (3 units) x (1 lane) x (128 KB per lane per day) =
384 KB per day. A total storage space of 2,432 KB per day
(2.5 MB per day) will be required. The required storage space
for the entire year will be (2.5 MB per day) x (365 days per
year) = 913 MB per year.

disks, and direct access to the data. It was also recommended
that PennDOT personnel perform a daily backup of the data
from the various sites and a monthly backup of the hard disk.
This backup procedure would ensure that a minimum amount
(no more than 1 day) of data would be lost in the event of
any computer malfunctioning.

Development of the Questionnaire

On the basis of the WIM system evaluations, all the PennDOT
WIM systems would be capable of providing the following
data for each vehicle:
• Functional classification of weighing site,
•Weighing site number,
• Direction of travel,
• Date and time,
•Vehicle class,
• Total weight of vehicle,
•Axle weights,
• Axle spacings, and
• Overall vehicle length.

The following mass storage alternatives were investigated:
•Storing the data on 1.44-MB 3.5-in. diskettes; this procedure would require 634 diskettes per year.
•Storing the data on 30-MB tapes; this would require 30
tapes per year. In addition, the tapes can only provide sequential access to the data, which means that much operator
time would be required to locate specific sets of data.
•Store the data on 650-MB magnetooptic disk; this procedure would require 1.4 disks per year. The magnetooptic
disk drive allows direct access to any data set on the disk.
Because of the foregoing discussion, it was recommended
that a 650-MB magnetooptic disk drive be installed on the
IBM Personnel System II Model 80 computer. This procedure
would allow the storage of the entire year of data on two

With this kind of information on every vehicle, numerous
data analyses and reports can be generated that will be useful
to the various PennDOT operation units. The following data
analyses can be performed:
•Number of vehicles weighed versus number counted;
•Average gross, loaded, and cargo weights;
• ESALs by truck type;
•Twenty-year ESAL estimates;
• Distribution of gross vehicle weights; and
• Number of trucks exceeding standard load limits.
On the basis of these recommendations, a survey questionnaire was developed and distributed to the various bureaus and offices. In addition to requesting information on
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the available data , the questionnaire also asks for any data
requirements unique to a specific office or bureau. If more
than one special data requirement is needed, the user is asked
to list them in order of preference . Finally, the questionnaire
solicits any comments or suggestions that the user might have
about the use of the WIM data. The survey questionnaires
were distributed as follows:
I. Total number of copies sent: 301
• Deputy secretaries (6): 1 copy each
• Directors of bureaus and centers (15): 5 copies each
• District engineers ( 11): 20 copies each
II. Total number of responses: 67

• Data should be distributed :
Monthly
Semiannually
•Data should be broken into (user-specified):
Hours
Days
Months
• Data should be presented in tables and graphs (userspecified) .
• Data should be available in both hard copy and disk form
(user-specified).

• Number of responses specifying a need for WIM data:
39
• Number of responses specifying unique data requirements: 19
•Number of responses specifying no need for WIM data:
28

Survey Analysis and Recommendation

In order to make sound recommendations concerning the
needed data analysis and computer programs , the survey responses were analyzed and the various requests were weighed
relative to each other. The objectives were to (a) develop a
set of recommendations that satisfies the needs of the various
bureaus and offices, and (b) avoid the replication of any data
analysis programs that may be available through the FHW A
WIM program, any other state agencies, or any WIM equipment manufacturer. As a first step in this analysis, the
statistical distributions of the responses were evaluated as
follows:

The distribution of data on monthly and semiannual bases
would satisfy the needs of 97 percent of the respondents without overloading the offices with the burden of generating and
distributing daily and weekly summaries. If the data were
broken into hours, days, or months, the needs for the various
time increments would be satisfied. For example, if the weekly
summary were desired, the user would select the daily time
increment for a period of 7 days. On the other hand, if the
yearly summary were desired, the user would select the monthly
time increment for a time period of 12 months. The user can
also first look at the data for the entire year, then select the
day increment option for a given month; the data could be
further specified if, for example, a particular pattern were
observed on a specific day of the month . Computer programs
with these features would most likely satisfy the needs for the
majority of PennDOT offices and bureaus.
On the basis of the analysis of the responses to the survey
questionnaire and an investigation of the existing computer
programs provided through FHWA, PAT, IRD, and Golden
River, it was decided that the following computer programs
should be developed (2):

•How often would the respondents like to receive the data?
Percent of
R espondents

Period

28
39

Annually
Semiannually
Quarterly
Monthly
Weekly

12
12

•Average truck weights (gross, loaded, and cargo);
• ESALs by truck type;
• Nu111!J~1 uf l1uch by weight range;
•Trucks exceeding standard weight limits; and
• Cumulative fatigue damage on bridge structure.

3

• Into what time increment should the data be divided?
Periods

Percent of
Resp ondents

Months
Weeks
Days
Hours

50
10
19
21

• In what form would the respondents like to receive this
information?
A majority would like to see both graphs and tables.
A majority would like hard copy of data.
On the basis of the above distributions, the following recommendations were made:

The development of the computer programs is discussed in
the following section .

SOFTWARE DEVELOPMENT

On the basis of the recommendations of survey questionnaire
data, it was decided that a total of five computer programs
should be developed to satisfy the needs of the various offices
and bureaus of PennDOT. This task was undertaken with the
assumption that the potential users of these programs may
not have a strong background in the usage of computers and
are not familiar with the various computer programming languages. Therefore, a number of requirements were set for the
computer programs to be developed. Specifically, it was determined that the programs should be

55

Sebaaly et al.

maintenance or rehabilitation activities that could change the
corresponding pavement type, structural number, slab thickness, and so on. In addition, the population of the areas
around the sites could change, which might also affect their
classifications. In such cases, PennDOT personnel will not
have to assign multiple site numbers for the same location.

• User-friendly,
•PC-based,
• Menu-driven,
• Capable of automatic report generation,
• Able to generate both tables and graphs, and
• Able to display data by hour, day, and month.
All the computer programs were written in the Fortran 77
standard programming language. The graphics conform to the
Graphical Kernel System standard established by the International Standards Organization.
The vehicle classes used in the computer programs are based
on the PennDOT vehicle classification system, which consists
of 11 different classes as presented in Table 1. Table 1 also
indicates the equivalent FHWA vehicle classification system.
Each of the five computer programs addresses unique objectives and uses specific methods of data analysis. However,
various steps are common to all five programs, namely selection of WIM site, selection of time increment, and selection
of time interval. Therefore, these common steps are discussed
first; then the objectives and methods of data analysis particular to each program are presented.

Selection of WIM Site
As discussed earlier, the overall PennDOT WIM program
currently consists of a total of 110 monitoring sites; this number may be increased in the future. The specific characteristics
of each of the sites are compiled in a site information file.
Once the user selects the site to be analyzed, the computer
program will access the site information file and extract the
appropriate data pertaining to each specific analysis.
Currently, the site information file contains information
about each of the 110 sites while allowing for the option of
future expansion or adjustment of existing site information.
This feature is extremely helpful and necessary because the
majority of the sites will at some point be subjected to certain

TABLE 1 PENNDOT AND FHWA VEHICLE
CLASSIFICATION SYSTEMS
Type of Vehicle
Passenger Car

PennDOT

FHWA

Class

Glass

1

NA

Pickup or Panel Truck
2 Axles, 4 Tires, Single-Unit Truck
2 Axles, 6 Tires, Single-Unit Truck
3 Axles, Single-Unit Truck

4 Axles or More, Single-Unit Truck
4

4 Axles, Single-Trailer Truck
5 Axles, Single-Trailer Truck
6 or More Axles, Single-Trailer Truck

10

5 Axles, Multi-Trailer Truck

11

6 Axles, Multi-Trailer Truck

10

12

7 Axles or More, Multi-Trailer Truck

11

13

Bus

The time increment in which the data will be presented is
selected by the user and consists of one of the three options:
hour, day, or month. Each time increment must be accompanied by a time interval. The following combinations of time
increment and interval are allowed:
Time
Increment

Maximum Time
Interval

Hour
Day
Month

24-hr period
31-day period
12-month period

The time interval can spread over two consecutive days,
months, or years. The programs assume that a continuous set
of data exists between the beginning and end of the time
interval. If some data are missing, then the time interval should
not be extended to include such data. For example, if WIM
data are available for the periods from January 1 to January
10 and from January 12 to January 31, but the WIM data
from January 11 are missing, it is the responsibility of the
user to either provide a statistical estimate of the WIM data
for January 11 or break the time interval of the analysis into
two time intervals.

WIM COMPUTER PROGRAMS
The following discussion describes each program in terms of
its methods of analysis and report generation capabilities.

Average Truck Weights: Gross, Loaded, and Cargo
Weights

Motorcycle

3 Axles, Single-Trailer Truck

Selection of Time Increment and Time Interval

4

This program is intended for use with planning and highway
design activities. It provides the average gross weight for all
vehicles, the average gross weight for the loaded vehicles, and
the average cargo weight carried by the loaded vehicles. These
average weights are referred to as gross weight, loaded weight,
and cargo weight, respectively. The average gross weight is
obtained by summing the gross weights for all the weighed
vehicles and dividing the sum by the number of vehicles. The
average loaded weight is determined by first identifying the
loaded vehicles. This is accomplished by comparing the actual
gross weight for each vehicle to a set of standard empty weights
provided by the PennDOT weights enforcement office. The
software provides the option of changing the standard empty
weights on the basis of any future observations. The weights
of the identified loaded vehicles are summed and divided by
the corresponding number of loaded vehicles. The average
cargo weight is obtained by comparing each. vehicle weight to
its corresponding empty weight, and the excess weight is con-
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sidered cargo. Finally, the total cargo weight is divided by
the number of loaded vehicles to obtain the average cargo
weight. The number of weighed vehicles is also provided,
along with the sample size on which the data are based.

Equivalent Single-Axle Loads
This program generates the ESAL data to be used with pavement design, maintenance, and rehabilitation activities. It
provides ESALs for the WIM site, for standard flexible pavement, and for standard rigid pavement. The equivalency factors are based on the AASHTO Design Guide (3). The
AASHTO factors require the axle type, axle load, terminal
serviceability, pavement type, structural number (for flexible
pavements), and slab thickness (for rigid pavements). All of
the AASHTO factors have been incorporated into the program. Once these parameters for each WIM site and individual axle or axle group have been identified, the program will
access the AASHTO factors data base and assign the appropriate equivalency factor. The total equivalency factor for
each vehicle is obtained by summing the equivalencies for the
individual axles and axle groups for the entire vehicle. The
pavement data, which include pavement type, terminal serviceability, and structural number or slab thickness, are obtained from the site information file, as discussed earlier. The
unique features of this program compared with the other
available ESAL programs (FHWA, PAT, Golden River, etc.)
include its capability to both analyze each vehicle individually
(whereas the other programs combine all vehicles in weight
ranges), and provide the ESALs for individual sites on the
basis of site-specific information in addition to ESALs for
standard flexible and rigid pavements.
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exceeding standard limits; number of gross weights exceeding
standard limits; number of trucks exceeding bridge formula
limits; number of excesses below a certain prespecified percentage; and number of excesses above a certain prespecified
percentage. The number of trucks weighed includes all trucks,
whether they exceed the standard limits or not. A truck is
considered to exceed the standard limits if it has one or more
excesses. For example, if a truck exceeds the standard limits
for gross weight, single-axle weight, and the bridge formula,
this truck is only counted as having one excess, and only the
highest percentage excess is used to classify it relative to the
prespecified percentages. The standard limits were provided
by PennDOT personnel and are stored in an external parameters file; this allows the user to change the limits at any time
without having to interact with the actual program. The prespecified percentages can also be changed through the external parameter files, a unique feature of this program that
allows the user to account for the level of confidence in the
dynamic weights collected from the WIM system.

Cumulative Fatigue Damage on Bridge Structure
The objective of this program is to evaluate the cumulative
fatigue damage on bridge structures generated by a set of
WIM data. The responses of the survey questionnaire indicated that two types of tables are of primary interest: the
gross vehicle weight distribution and the cumulative damage
by truck type tables. The fatigue analysis is conducted according to the AASHTO Standard Specifications for Highway
Bridges (4) .

SAMPLE ANALYSIS
Number of Trucks by Weight Range
This program generates the distribution of gross vehicle weights.
The gross weights are divided into eight ranges from 20,000
to over 90,000 lb. The cumulative number of each vehicle
da~~ fu1 evt:ry weighl range is presented for every time Increment of the data . The distribution of these data is based
on the gross vehicle weight ;is reported by the 7-card data.
The weight data in the summary tables are expressed in terms
of pounds. This summary of data can be used with the weight
enforcement activities. Therefore, if the summary is requested
for an individual vehicle class, the standard gross weight limit
of the vehicle class is presented in the heading of the summary
table. The gross weight distribution is then compared to the
actual standard limit and any vehicles in the weight ranges
above the standard weight limit are considered to exceed the
standard limits.

Trucks Exceeding Standard Weight Limits
This program generates the summary of the vehicles that have
one or more excesses of the standard weight limits. It is intended for use with the weight enforcement activities. The
summary data consist of the number of trucks weighed; number of trucks exceeding standard limits; number of single-axle
units exceeding standard limits; number of tandem-axle units

As mentioned earlier, the computer programs are all PC based
and menu driven . The following represents typical analysis
from each of the five programs.
The report generation of the average truck weight program
involves the production of tables, graphs, or both. The type
of Information and the number of tables and graphs produced
depend on the specific user request. Figure 2 shows the graph
generated when the user requested the analysis of the WIM
data from the Clearfield site for the period between 3 a.m.
and 9 p.m. on December 1, 1989, with the hourly time increment. The information on the table also indicates that the
user requested the program to combine Classes 4, 5, and 7.
If the user had not requested the combined class arrangement,
the program would have generated a separate table for each
class requested.
The report generation of the equivalent single-axle loads
program is very similar to that of the average weights program. Each table contains data for the specific site, standard
flexible design, and standard rigid design. The standard flexible design consists of an SN value of 5.0 and a terminal
serviceability index (TSI) value of 2.5. The standard rigid
design consists of a slab thickness of 9.0 in. and a TSI of 2.5.
Figure 3 shows the graph generated when the user requested
the analysis of the WIM data from the Clearfield site for the
time period between December 20 and December 31, 1989,
with the daily time increment. In this case, the user requested
combining the ESALs generated by vehicle Classes 2 to 11.

Site No: 001

Location: Clearfield
Average Gross Weight: o

Start Time: 03:00 on 12-10-89

Average Loaded Weight: +

End Time: 21:00 on 12-10-89

Aver~ge

Classes: 4,5,7

Cargo Weight:

*

100

-

80

ti)

~

-

60

40

-

20

0
5

3
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6

9
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11
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17

18

19

20

21

Hour
FIGURE 2 Graph from the average truck weights analysis for Classes 4, S, and 7, combined .
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Site No: 001

Location: Clearfield

Start Time: 00:00 on 12-20-89

Current Site: o
Standard Flexible Pavement: +

End Time: 23:00 on 12-31-89
Classes: 2,3,4,5,6,7,8,9,10,11

Standard Rigid Pavement:

7235

5788

4341

2894

1447

0
20
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23

24
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Day
FIGURE 3 Graph from the ESAL analysis for Classes 2-11, combined.
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The report generation capabilities of the number of trucks
by weight range program involves the production of a summary table that indicates the distribution of the gross weights
for the various weight ranges as a function of time increment.
Figure 4 shows the table generated when the user requested
the analysis of the WIM data from the Clearfield site for the
time period between 12 a.m. and 12 p.m. on December 21,
Site No: 001

SR: 0080

FCC: 01

1989, with the hourly time increment. In this case, the user
requested to combine the weight ranges of Classes 4, 5, 7, 9,
and 10.
The report generation feature of the trucks exceeding standard weight limits program involves the production of tables,
graphs, or both. Figure 5 shows the graph generated when
the user requested the analysis of the WIM data from the
Segment: 1160/1161

Area Type: Rural

Dir: Both

County Name: Clearfield

Location: Clearfield

Start Time: 00:00 on 12-21-89

End Time: 23:00 on 12-21-89

Class Arangement: Combined
20,000
to
29,999

Hour
00:00
01:00
02:00
03:00
04:00
05:00
06:00
07:00
08:00
09:00
10:00
11: 00
12:00
13: 00
14:00
15:00
16:00
17: 00
18:00
19:00
20:00
21:00
22:00
23:00

30,000
to
39,999

25
19
21
16
15
16
20
17
32
34
37
49
40
49
50
59
52
68
67
45
45
47
40
35

Classes: 4,5,7,9,10
40,000
to
49,999

38
37
42
25
24
36
34
32
52
46
44
59
65
57
48
51
65
63
51
51
40
57
62
51

50,000
to
59,999

41
40
37
28
32
30
48
36
38
34
34
40
40
31
37
46
52
52
48
53
59
44
57
32

41
48
42
29
25
46
37
36
60
42
38
42
41
35
37
54
57
64
49
61
58
60
43
66

60,000
to
69,999

70,000
to
79,999

113
99
62
78
57
57
67
91
85
80
78
89
85
85
86
85
110
103
97
128
103
98
96
96

80,000
to
89,999

7
12
7
6
5
7
7
9
16
10
8
14
18
11
7
2
11
6
7
5

90,000
and

Over

0
1
1
0
0
0
0
0
0
0
3
0
0
0
1
0
1
0
0
0
0
0
1
0

4
7
5
1

0
0
0
1
0

0
0
0
1
0
1
0
0
1
1
0
0
0
0
0
0
0
0
0

FIGURE 4 Table from the number of trucks by weight range for Classes 4, 5, 7, 9,
and 10, combined.

Site No: 001

Location: Clearfield

Start Time: 00:00 on 12-20-89

Total Trucks in Excess:

End Time: 23:00 on 12-31-89

Tandem Axles in Excess: +

Classes: 5,7

0

Trucks in Excess of G.V.W: *

130

104

78

52

26

0

20

21

22

23

24
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26

27

28

29

30

31

Day
FIGURE 5 Graph from the trucks exceeding standard weight limits analysis for Classes 5 and 7, combined.
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Site No: 0 0 1

SR : 0080

Segment: 1160/1161

FCC: 01

County Name : Clearfield

Location: Cl ea rfi eld

Start Time : 0 0: 0 0 on 12 - 2 0 -89

End T ime : 23:00 on 12 - 31-89

Class Arrangement:Mixed
Gross
Vehicle
Weight
(kips )
20- 29 . 9
30- 39.9
40- 49.9
SO- 59 . 9
60- 69 . 9
70- 79 . 9
80- 89 . 9
90- 99 . 9
1 0 0-109.9
110-119 . 9
120-129.9
130-139.9
140 plus

Area Type : Rural

Dir : Both

Classes : 2 , 3 ,4,5,6,7- 1 1

Class of Vehicle

Ganuna*PhiCube
Phi

Phi Cube

2

3

4

5

6

0.347
0.486
0.625
0. 764
0.903
1. 042
1.181
1. 319
1. 458
1.597
1. 736
1.875
2.014

0 . 042
0 . 115
0 . 244
0 . 446
0. 736
1. 130
1. 645
2 .297
3 .101
4 .075
5 .233
6 .59 2
8 . 1 68

0.03851
0.00873
0.00100
0.00000
0.00000
0.00000
0 .00 0 00
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0 . 0236 2
0.03 418
0.0 3037
0.0 0399
0.00060
0.00000
0 . 00000
0.00 1 87
0.00000
0.00000
0 . 0000 0
0.0 0000
0.0 2 6 56

0.02408
0.03 3 26
0 .0 3 111
0. 00344
0.00000
0.00000
0 . 00000
0.00000
0 . 00000
0.00000
0.00000
0.00000
0 . 0 0 0 00

0 . 000 6 7
0 . 00 311
0 .02103
0. 27797
0 .1 8189
0.00000
0.00000
0.000 0 0
0.00000
0.00000
0 . 00 00 0
0 .00000
0. 00000

0 . 0176 5
0.04 2 86
0 . 03892
0 . 0 1 75 2
0.00 4 73
0 . 00000
0 . 00000
0.00000
0 .00000
0.00000
0.00000
0.00 0 00
0.00000

0 .0 0479
0.0 1 830
0. 0 36 80
0 .0 82 89
0 .25636
0 . 0 4 451
0 . 00184
0. 00041
0.00075
0.0003)
0.000 1 0
0 . 000 00
0 . 000 33

0.04824

0. 12118

0 . 0919 0

0 . 48467

0 . 121 6 9

0 . 44741

Sum of Gamrna*PhiCube
Tota l Cumulati ve Da mage :

Sum of Ganuna *PhiCube =
Sum of ( Percen t age o f Tr uck - Type )
0 .4 2 7
=

.

7 plu s

(Sum o f Gamma * PhiCube b y Tr uck-Type)

The quantity, Sum of Gamma*PhiCube, shown for each truck type
represents the cumulative fatigue damage caused by the
distribution of trucks in each truck type as a percentaqe of
that caused by like number of vehicles, all of the design gross
vehicle weight .

FIGURE 6 Table from the cumulative fatigue damage on bridge structure analysis.
Clearfield site for the time period between December 20 and
December 31, 1989, with the daily time increment. In this
case, the user has requested the analysis for the individual
Class 7 (five-axle semitrailer) .
The report generation for the cumulative fatigue damage
on bridge structure program consists of producing two tables
for the entire time period of the analysis. Figure 6 shows a
typical table generated from this analysis.

SUMMARY AND RECOMMENDATIONS
This computer package will be helpful to the various bureaus
and offices of any department of transportation agency and
should be distributed to all personnel who will be dealing with
the WIM data collected from various sites. Two ways of handling the WIM data analyses are recommended. First, the
computer package may be installed in the central office in
conjunction with the data extraction programs from the field
locations and the 7-card format conversion programs . All of
the programs must be set up in a batch operation that is
capable of conducting the following tasks at a prespecified
time of the day:
• Extraction of the data from the WIM system and convert
into 7-card,
• Analysis of the data using the five analyses,
•At the end of each month, presentation of a monthly
summary with the day and time increment for all five analyses ,
and
• Distribution of the monthly summary for the potential
users.
This batch operation would be perfect for the permanent
WIM systems that collect data for 24-hr periods year round.

However, for the portable (Golden River) system, this operation must be done interactively by the potential users . The
second approach consists of having the central office personnel extract the WIM data from the field, convert the raw data
into 7-card format, preprocess the data using the preprocessing program developed in this research, and then distribute
the preprocessed WIM data to the potential users. The users
would then produce their own summaries using the programs
developed in this research . The latter approach will relieve
some of the pressure on central office personnel; however, it
will require extensive training of the potential users so that
they can handle the production of the desired summaries.
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Pennsylvania Department of
Transportation's Weigh-in-Motion
Program
BARBARA MASON HAINES, THOMAS TENEYCK, AND
ANTHONY PIETROPOLA
The Pennsylvania Department of Transportation's weigh-inmotion program is described. The Pennsylvania program differs
from others in the country because of its base of support, which
includes top management and program managers. This support,
which was garnered in the initial months of the program, continues to guide the program and is responsible for the program's
rapid growth and acceptance throughout the department. This
support helped guide the development of customized truck size
and weight reports by the Pennsylvania Transportation Institute.
These reports analyze truck size and weight data on the basis of
Pennsylvania truck weight laws and can be produced as a series
of tables and graphs.
There is no doubt as to the importance of trucks to the nation's
economic vitality. Truck traffic is needed and encouraged. At
the same time, commercial vehicle travel within legal weight
limits must be ensured both for the prolonged life of the
infrastructure and for the safety of the citizens.
Highways and bridges are designed to withstand a specific
amount of vehicular traffic and vehicular weight throughout
their life expectancy. When traffic volumes and traffic loads
exceed these limits, the pavement life is shortened, maintenance costs increase, and highway safety is in jeopardy.
The collection, analysis, and use of information related to
commercial vehicles using Pennsylvania's highways, including
the evaluation of the automated technology being used in
Pennsylvania to weigh trucks in motion, are described.

HISTORY
Until recently, the Pennsylvania Department of Transportation (PennDOT) gathered information regarding truck volumes and weights through the use of static scales and manual
surveys. Such efforts at data collection were labor-intensive
and inefficient. Data were beneficial to the department's weight
and speed enforcement efforts, specifically in detecting trends
of where and when enforcement efforts should be focused,
thus providing more efficient use of limited resources.
The automatic, continuous weighing of vehicles additionally
permits Pennsylvania to fully participate in the Strategic Highway Research Program (SHRP), a nationally supported research effort in which all 50 states participate by monitoring
Pennsylvania Department of Transportation, Transportation and Safety
Building, Harrisburg, Pa. 17020.

select segments of highways. Pennsylvania currently monitors
21 sites.

MANAGEMENT SUPPORT
One of the unique features of the Pennsylvania weigh-inmotion program is the support of the department's top managers. This support has been a factor since the inception. In
the spring of 1988, PennDOT's Strategic Management Committee, which includes the secretary and deputy secretaries
of the department, reviewed the problems associated with the
collection of truck weight data and the potential uses of weighin-motion technology. They recommended the formation of
a committee to develop a department-wide initiative to implement this technology in Pennsylvania.
Members of the newly formed WIM steering committee
were selected on the basis of their respective areas of expertise
and their potential use of truck weight data. Members included representatives from throughout the department, including Planning; Bridge and Road Technology; Highway
Maintenance; Highway and Bridge Design; and Safety; and
from FHWA (see Figure 1).
The steering committee met on a regular basis for several
months to discuss and 1eview all aspects of WIM implementation in Pennsylvania. The committee began by establishing
the following goals:
• Improve the accuracy of planning and design data;
• Improve truck weight enforcement strategies;
• Improve posting policies for roads and bridges;
• Develop a systematic methodology to collect all needed
data; and
• Reduce delays to truckers.
Next, the committee assessed data collection needs for existing programs and identified all existing data collection sites.
The committee determined that the department's truck weight
collection needs could best be served by using a combination
of a limited number of permanent WIM locations on the
heavily traveled Interstate highway system, supplemented by
portable equipment that could be moved throughout the state
to various locations.
The committee also evaluated different WIM equipment
technologies. A review was conducted of relevant studies as
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FIGURE 1 Average ESALs.

well as experiences in other states. WIM performance specifications commissioned for the heavy-vehicle electronic license plate (HELP) project were also reviewed because Pennsylvania is a participant in the HELP project.
Because of the rapidly changing weigh-in-motion technology, the committee decided that it would be best not to be
tied to one type of WIM system. The committee agreed that
the bending plate and hydraulic load cell technologies appeared to be the most reliable for permanent pavement installations and the capacitive pad system appeared to be the
best-tested portable system.
Specifically, the committee recommended the purchase of
six permanent WIM devices (two hydraulic load cells and four
bending-plate weigh pads) and three portable capacitive weigh
mats. In December 1988, the Strategic Management Committee approved the plan as recommended .

WEIGH-IN-MOTION EQUIPMENT
All three weigh-in-motion systems consist of similar basic
components: two inductive loops, one weigh pad or axle sensor for each lane, and one roadside recorder. The inductive
loops sense the vehicle presence and determine speed and
length. The weigh pad measures the weight and spacing of
each axle. The recorder amplifies the signals, processes the
information into readable data, and stores the data until retrieved by a portable computer.
The bending-plate system consists of two individual metal
weigh pads that are mounted in frames and permanently installed in each lane that is to be monitored. The weigh pads
contain strain gauges that are bonded to the underside of the
weigh pad and act as measuring sensors. When a vehicle crosses
the steel plates, the strain is measured proportional to the
load.
The hydraulic load cell system consists of two steel platforms containing load cells permanently mounted in each lane.
The load cell is an oil-filled piston mounted in the center of,
and flush with, the top of the platform. When a vehicle crosses
the platform, the weight is transmitted through the load cell
for measurement. This is the only system that incorporates
an offscale detector to better ensure correct weight.
The portable capacitive weigh mat system is a durable
pressure-sensitive mat consisting of three sheets of steel in

parallel position. The instrumentation treats the weigh mat
as a variable three-plate capacitor within a tuned circuit.
Compression of the sensor by a wheel load causes a change
in the oscillating frequency of the tuned circuit. The frequency
shift is interpreted by microprocessor-based circuitry in the
recorder.
The installation and calibration of the two permanent systems were initially performed by the vendor. However, recalibrations of the systems, which are suggested every 6 months,
will be performed by PennDOT field staff.
Calibrations of the permanent systems are conducted with
a vehicle of known weight, preferably a five-axle semitrailer.
The load cell vendor suggests calibrating the system against
the steering axle for the best results; the bending-plate vendor
suggests calibrating against all axle weights.
The installation and calibration of the capacitive weigh mats
were the most labor-intensive for PennDOT staff. Installation
must be performed by the department's field staff at every
collection site each time that data are collected. Installation
includes securing the weigh mat and induction loops with a
rubberized asphalt mastic tape . This process takes approximately 1 hr and requires the assistance of a traffic control
team at each site.

CALIBRATION OF THE CAPACITIVE WEIGH
MATS
A factory calibration of the capacitive weigh mats, which
consisted of rolling a known weight across each mat, was
performed before delivery. However, field tests performed
by PennDOT field staff suggested an error in the calibration
setting of the mats. When conversations with users in other
states revealed similar findings, the department initiated an
effort to recalibrate the portable weigh mats before commencing a collection schedule.
PennDOT's effort to recalibrate the portable weigh mats
began with a review of published accounts of calibration methods and discussions with other states involved in similar
efforts. Published accounts included those published in the
proceedings of the Third National Conference on Weighln-Motion, St. Paul, Minnesota, October 17-21, 1988.
Discussions with other states resulted from responses to an
AASHTO Electronic Information System request for information on methods of calibration being used by other states.
After reviewing various methods of calibration, PennDOT
chose a method that was both simple and practical for calibrating the portable systems in the field. This method was
developed by the Urban Transportation Center at the University of Illinois at Chicago and presented by Richard M.
Michaels and Saleh A. Mumayiz at the TRB Annual Meeting
in January 1990. This method relied on research findings indicating that the lowest variance between static and dynamic
weight was in the second or third axle of a loaded five-axle
semitrailer.
On the basis of this assumption, static enforcement records
for Pennsylvania for the preceding 2 years were used to determine the average second-axle weight of a loaded (12,000 +
lb on the second axle), five-axle semitrailer on Pennsylvania
roadways, which proved to be 16,700 lb. Using this weight,
this method was field tested at various locations across the

62

TRANSPORTATION RESEARCH RECORD 1311

state with the calibration setting adjusted for each of the weigh
mats until a consistent average second-axle weight of 16,700
lb ( ± 1,000 lb) was achieved.
As a result of these field tests, it was found that two different
settings were needed for each portable unit to achieve the
desired second-axle weight, one setting for flexible pavement
and another setting for rigid pavement.
Comparison between the portable systems and one of the
permanent systems was made as well, resulting in a difference
of 200 lb among the systems' second-axle weights.
The calibration settings that have been established will remain unchanged throughout the initial collection season unless a consistent pattern indicating a possible miscalibration
is observed.
TRUCK WEIGHT DATA COLLECTION
PROGRAM
The following locations, as shown in Figure 2, were selected
for placement of the permanent units:
• Office of Planning
• Bridge and Roadway Technology
• Highway Maintenance

Route

Direction

County

I-78
I-476
I-80
I-70
I-90
I-80

WB (2-lane)
NB-SB (4-lane)
WB (2-lane)
EB (2-lane)
EB (2-lane)
EB-WB (4-lane)

Northampton
Delaware
Luzerne
Washington
Erie
Clearfield

Sites for the permanent WIM units were based on the
following:
• The need to concentrate pavement strategies on the Interstate system because of the substantial Interstate restoration needs;
• The desire to concentrate sites on the heaviest truck traveled Interstate highways, i.e., those carrying the largest number of equivalent single axle loads (ESALs).
• The desire to capture truck traffic at entry points into the
state;
• The relation to existing truck weight collection efforts,
specifically the department's participation in SHRP and truck
weight and safety enforcements (the intent being to avoid
duplication and serve the most purposes); and
• The relation to a scheduled restoration or construction
project (thus providing a smooth pavement to ensure the most
reliable results).

• Safety Administration
• Highway and Bridge Design
• Federal Highway Administration

FIGURE 2 WIM steering
committee.

Portable unit data collection locations, as shown in Figure
3, were selected by using a simple random sample stratified
by type of area (rural, urban, and individual urbanized area)
and functional classification. Further stratification of the sam-

.~e::. -··-~
"

FIGURE 3 WIM permanent monitoring sites.
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pie design included average annual daily traffic (AADT) and
average daily truck traffic (ADTT). A 3-year program was
developed to achieve this random sample of sites. In order
to ensure integration of the department's existing traffic monitoring programs and eliminate duplication of data collection
efforts, existing traffic monitoring sites were included in the
WIM sample.
The initial 21 sites selected for data collection with portable
WIM units coincide with existing collection sites established
as part of the department's participation in SHRP. An additional six sites are part of the national Long-Term Pavement
Monitoring (LTPM) Program. Another site being monitored
is a federally funded project demonstrating state-of-the-art
highway design and construction techniques.
Although permanent sites collect data 24 hr per day, 365
days per year, data will be collected at the portable sites in
48-hr increments. The collection frequency will depend on
the intended use of the data (Figure 4).

PROGRAM MANAGEMENT

In order to manage the various data sources and provide for
the many data users, a detailed program flow chart was developed (Figure 5).
All data collected by the WIM equipment, including the
date, time, location, vehicle class, speed, axle load, and gross
weight, are transferred to PennDOT's central office. The data
collected at the six permanent WIM sites are transferred by
telephone modem to the host personal computer every night.

The data collected at the 104 portable WIM sites are downloaded at the site from the WIM equipment to a microcomputer and mailed to PennDOT's central office where they
are loaded onto the host PC as well.
The PC-based system is used to process and store all of the
WIM data, which are reviewed daily by an operator in the
central office. Future enhancements to the program include
transferring all of the data by telephone modem to the central
office. Once the data are collected, they are available for a
variety of uses and users.

DATA REPORTING

Although all of the WIM systems include vendor-developed
software that summarizes the data, the reports generated by
the different systems are not compatible, nor do they meet
the specific data needs of the department and FHW A.
In an effort to maximize the use of the data, data users
within the department were surveyed to determine what information would be the most useful and what report format
would be the most helpful. Their responses were used to
design software that was not only user friendly, PC based,
and menu driven, but also that was based on weight restrictions specific to Pennsylvania statutes. This software generates reports automatically and displays data by hour, day,
month, or year in table and graph format.
The software generates the following tables and graphs:
•Average truck weight (gross, loaded, and cargo);

*
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FIGURE 4

WIM portable monitoring sites.
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FIGURE 5 PennDOT Weigh-In-Motion Program.

• ESALs by truck type;
•Number of trucks by weight range;
•Trucks exceeding standard weight limits; and
•Cumulative fatigue damage on bridge structure .

SPECIFIC REPORTS

The average truck weights report was developed for use by
the Office of Planning and the Office of Highway and Bridge
Design. This report provides the average gross weight for all
weighed vehicles, the average gross weight for all loaded vehicles, and the average cargo weight carried by the loaded
vehicles. The cargo weight of each vehicle identifies the amount
of goods moved throughout the state. This report can be used
to identify the amount of weight that travels the highway each
day, thus providing ample data for future highway planning,
design, and maintenance (Figure 6 and Table 1).
The ESALs report was developed for use in pavement design, maintenance, and rehabilitation activities. This report
provides the ESALs for the specific site and for standard
flexible and rigid pavements (Figure 7 and Table 2). (The
equivalent factors are based on the AASHTO Design Guide,
which requires axle type, axle load, terminal serviceability,
pavement type, structural number for flexible pavements, and
slah thickness for rigid pavements.)
The number of trucks by weight range report generates the
distribution of gross vehicle weights. This report was developed for use in truck weight enforcement and safety activities
(Table 3).
The trucks exceeding standard weight limits report was developed for use with truck weight enforcement operations. A

truck is considered to have exceeded the standard limits if it
has one or more excesses, i.e., if the truck exceeded the
standard weight limits of gross weight, single-axle, tandemaxle, or bridge formula. These weight limits are based on
Pennsylvania statutes, and can be modified as needed (Figure
8 and Table 4).
Although weigh-in-motion is not considered a valid measun:ment for an overweight violation at this time, this technology can provide reliable trend data to indicate where and
when enforcement efforts may be needed.
The cumulative fatigue damage on bridge structure reports
provide the gross vehicle weight and cumulative fatigue damage by truck type. These reports were developed for use in
the design of bridges (Tables 5 and 6).

DECISION SUPPORT

The department recently initiated truck size and weight reports for distribution to top management. These reports use
weigh-in-motion data gathered throughout the state to provide a wealth of information to the department's top decision
makers regarding the use of the state's highway system, including the following:
• The importance of various highways to the state's economy as determined by which highways are used to carry goods
through the state (Figure 9);
• Those highways most likely to need attention in the near
future because of an excessive number of equivalent singleaxle loads (Figure 10); and

Site No: 001

Location: Clearfield

Start Time: 00:00 on 09-01-90

Average Gross Weight: o

End Time: 23:00 on 09-30-90

Average Loaded Weight: +
Average Cargo Weight: *

Classes: 2,3,4,5,6,7,8,9,10,11
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FIGURE 6 Average truck weight.

TABLE 1 AVERAGE TRUCK WEIGHT
Day

Weighed

09-01-90
09-02-90
09-03-90
09-04-90
09-05-90
09-06-90
09-07-90
09-08-90
09-09-90
09-10-90
09-11-90
09-12-90
09-13-90
09-14-90
09-15-90
09-16-90
09-17 - 90
09-18-90
09-19-90
09-20-90
09-21-90
09-22-90
09-23-90
09-24-90
09-25-90
09-26-90
09-27-90
09-28-90
09-29-90
09-30-90
Site No: 001

Gross Wt.

5113
5942
8206
10448
10388
10285
8711
5203
5801
8138
10653
10581
10440
8296
5113
5942
8206
10448
10388
10285
7515
5097
5845
8138
10653
10506
10061
7515
5426
6064

58925.5
60270.9
57117.3
57536.4
57452.6
57431.9
56001.0
57818.0
60912.8
56489.0
57341.5
58478.7
58306.5
55172.1
58925.5
60270 . 9
57117.3
57536.4
57452.6
57431. 9
55096.9
58077.8
60775.4
56489.0
57341 . 5
57754.9
57238.7
55096.9
58387.9
60603.5

SR: 0080

Loaded Wt.

4606
5501
7174
9210
9129
9000
7469
4620
5423
6955
9274
9408
9207
7036
4606
5501
7174
9210
9129
9000
6411
4513
5428
6955
9274
9261
8836
6411
. 4876
5626

62475.3
63268.3
61579.9
61570.7
61622.2
61741.2
60850.1
61881. 0
63618.7
61503.8
61861.9
62322.5
62474.2
60088.5
62475.3
63268.3
61579.9
61570.7
61622.2
61741. 2
60075.7
62301.5
63597.2
61503.8
61861. 9
61784.2
61475.4
60075.7
62160.1
63579.7

FCC: 01

County Name: Clearfield
Start Time: 00:00 on 09-01-90
Class Arrangement: Combined

Loaded

Cargo Wt .
28638.5
29357.5
28282.6
27969.7
27918.6
28171. 5
27892.3
28312.8
29742.3
28104.0
28269.9
28783.4
28936.2
27348.4
28638.5
29357.5
28282.6
27969.7
27918.6
28171. 5
27222. 9
28633.3
29698.2
28104.0
28269 . 9
28261. 0
28051. 5
27222. 9
28499.2
29773.0

Area Type: Rural

Dir: Both

Location: Clearfield
End Time : 23:00 on 09-30-90

Classes: 2,3,4,5,6,7,8,9,10,11

27

29

Site No: 001

Location: Clearfield

Start Time: 00:00 on 09-01-90

Current Site: o

End Time: 23:00 on 09-30-90

Standard Flexible Pavement: +
Standard Rigid Pavement: *

Classes: 2,3,4,5,6,7,8,9,10,11
21210

16968

12726

8484

4242

0
3

5

9

11

15

13

19

17

21

23

Day
FIGURE 7

ESALs at Site 1.

TABLE 2 ESALs AT SITE 1

Day

Weighed

Site: Rigid
TSI: 3.0
SN: NA
Thick: 10"

5113
5942
8206
10448
10388
10J85
8711
5203
5801
8138
10653
10581
10440
8296
5113
5942
8206
10448
10388
10285
7515
5097
5845
8138
10653
10506
10061
7515
5426
6064

9078.1
11220.6
14967.6
18486.9
18201.7
18JJ1. 7
15911. 2
9126.5
11258.4
14299.2
19092.4
20011.7
19593.4
14497.8
9078.1
11220.6
14967.6
18486.9
18201. 7
18321.7
12963.7
8940.8
11101. 7
14299.2
19092.4
18756.7
17974.0
12963.7
9602.8
11854.8

09-01-90
09-02-90
09-03-90
09-04-90
09-05-90
011-06-110
09-07-90
09-08-90
09-09-90
09-10-90
09-11-90
09-12-90
09-13-90
09-14-90
09-15-90
09-16-90
09-17-90
09-18-90
09-19-90
09-20-90
09-21-90
09-22-90
09-23-90
09-24-90
09-25-90
09-26-90
09-27-90
09-28-90
09-29-90
09-30-90
Site No: 001

SR: 0080

Start Time: 00:00 on 09-01-90

Std. Rigid
TSI: 2.5
SN: NA
Thick: 9"

6393.9
7749.4
9877.1
12197.5
12153.5
1JJ78.6
10452.3
6515.6
7806.1
9517.8
12631.9
13319.2
13194.9
9721. 2
6393.9
7749.4
9877.1
12197.5
12153.5
12278.6
8699.6
6326.8
7706. 0
9517.8
12631. 9
12564.8
12111.4
8699.6
6783.4
8283.1

FCC: 01

County Name: Clearfield

Class Arrangement: Combined

Std. Flex
TSI: 2.5
SN: 5
Thick: NA

9614.1
11774.3
15697.6
19461. 7
19019.2
111J8J.1
16760.0
9719.4
11865. 4
15011. 3
20179.8
21208.3
20870.6
15280.1
9614.l
11774.3
15697.6
19461. 7
19019.2
19283.4
13634.7
9421.7
11607. 8
15011. 3
20179.8
19741. 4
18981. 6
13634.7
10217.6
12477.1

Area Type: Rural

Dir: Both

Location: Clearfield

End Time: 23:00 on 09-30-90
Classes: 2,3,4,5,6,7,8,9,10,11

25

27

29

TABLE 3 NUMBER OF TRUCKS BY WEIGHT RANGE
20,000
to
29,999

Day
09-01-90
09-02-90
09-03-90
09-04-90
09-05-90
09-06-90
09-07-90
09-08-90
09-09-90
09-10-90
09-11-90
09-12-90
09-13-90
09-14-90
09-15-90
09-16-90
09-17-90
09-18-90
09-19-90
09-20-90
09-21-90
09-22-90
09-23-90
09-24-90
09-25-90
09-26-90
09-27-90
09-28-90
09-29-90
09-30-90

30,000
to
39,999

40,000
to
49,999

50,000
to
59,999

60,000
to
69,999

558
481
1181
1487
1415
1464
1361
621
489
1283
1542
1426
1475
1370
558
481
1181
1487
1415
1464
1186
558
418
1283
1542
1466
1375
1186
567
458

631
725
879
1242
1290
1230
934
660
631
865
1230
1202
1185
907
631
725
879
1242
1290
1230
813
616
669
865
1230
1222
1180
813
669
666

666
722
828
1194
1207
1123
893
634
726
816
1202
1184
1125
846
666
722
828
1194
1207
1123
837
686
735
816
1202
1191
1139
837
741
728

764
879
1049
1313
1350
1276
885
729
857
946
1268
1293
1204
950
764
879
1049
1313
1350
1276
931
739
932
946
1268
1255
1219
931
776
937

211
169
553
610
606
611
706
222
142
567
710
592
614
599
211
169
553
610
606
611
527
216
187
567
710
649
623
527
234
172

Site No: 001

80,000 90,000
to
and
89,999
Over

1578
2166
2668
3311
3412
3202
2583
1469
2136
2625
3242
3198
3131
2359
1578
2166
2668
3311
3412
3202
2146
1546
2237
2625
3242
3401
3112
2146
1617
2230

473
513
672
869
671
869
859
554
553
630
990
1248
1240
768
473
513
672
869
671
869
633
447
412
630
990
874
913
633
524
562

17
19
33
38
34
36
38
24
27
27
48
45
46
42
17
19
33
38
34
36
26
16
25
27
48
32
40
26
29
22

Area Type: Rural

FCC: 01

SR: 0080

Location:Clearfield

Dir: Both

County Name: Clearfield

70,000
to
79,999

End Time: 23:00 on 09-30-90

Start Time: 00:00 on 09-01-90

Classes: 2,3,4,5,6,7,8,9,10,11

class Arrangement: Combined

Site No: 001

Location: Clearfield

Start Time: 00:00 on 09-01-90

Total Trucks in Excess: o

End Time: 23:00 on 09-30-90

Tandem Axles in Excess: +
Trucks in Excess of G.V.W: *

Classes: 2,3,4,5,6,7,8,9,10,11
2650

2120
{/)
{/)

~

~

1590

-~
j....j

j

1060

530

0
3

5

9

11

13

Day
FIGURE 8 Trucks exceeding standard weight limits.
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TABLE 4 TRUCKS EXCEEDING STANDARD WEIGHT LIMITS
Day

Total
Weighed

Total
Excess

09-01-90
09-02-90
09-03-90
09-04-90
09-05-90
09-06-90
09-07-90
09-08-90
09-09-90
09-10-90
09-11-90
09-12-90
09-13-90
09-14-90
09-15-90
09-16-90
09-17-90
09-18-90
09-19-90
09-20-90
09-21-90
09-22-90
09-23-90
09-24-90
09-25-90
09-26-90
09-27-90
09-28-90
09-29-90
09-30-90

5113
5942
8206
10448
10388
10285
8711
5203
5801
8138
10653
10581
10440
8296
5113
5942
8206
10448
10388
10285
7515
5097
5845
8138
10653
10506
10061
7515
5426
6064

928
916
1605
1941
1721
1969
1984
1001
1035
1493
2150
2444
2412
1726
928
916
1605
1941
1721
1969
1502
881
860
1493
2150
1950
2035
1502
1008
1065

Site No: 001

Single
Axle
16
13
34
21
22
26
23
23
18
20
38
26
33
26
16
13
34
21
22
26
23
6
18
20
38
33
26
23
17
32

SR: 0080

Tandem
Axle

Gross
Weight

897
846
1785
2100
1832
2129
2293
994
967
1625
2353
2647
2573
1951
897
846
1785
2100
1832
2129
1663
854
838
1625
2353
2095
2201
1663
1026
1002

494
536
824
1017
805
1032
1126
589
583
747
1161
1438
1433
935
494
536
824
1017
805
1032
776
473
438
747
1161
1005
1080
776
562
588

Bridge
Formula
283
230
534
661
494
633
642
310
271
511
702
850
882
599
283
230
534
661
494
633
509
232
210
511
702
625
654
509
307
255

768
785
1115
1449
1281
1452
1296
820
883
1094
1597
1811
1797
1197
768
785
1115
1449
1281
1452
1052
732
731
1094
1597
1442
1511
1052
821
899

Excess
>10%
160
131
490
492
440
517
688
181
152
399
553
633
615
529
160
131
490
492
440
517
450
149
129
399
553
508
524
450
187
166

Area Type: Rural

FCC: 01

County Name: Clearfield

Excess
<10%

Location: Clearfield

Dir: Both

End Time: 23:00 on 09-30-90

Start Time: 00:00 on 09-01-90
Class Arrangement: Combined

Classes: 2,3,4,5,6,7,8,9,10,11

TABLE 5 PENNSYLVANIA STATEWIDE GVW DISTRIBUTION
Gross
Vehicle
Weight
(kips)

Y%

Y%

Class of Vehicle
(Y=Gamma)
4
5
Y%
Y%

20- 29 3216 77. 74
30- 39 892 21. 56
40- 49
26 0.63
50- 59
1 0.02
60- 69
0 0.00
70- 79
2 0.05
80- 89
0 o.oo
90- 99
0 o.oo
100-109
0 0.00
110-119
0 o.oo
120-129
0 0.00
130-139
0 o.oo
140 plus
0 o.oo

4178 51.23
2665 32.68
1019 12 . 50
233 2 . 86
32 0.39
24 0.29
1 0.01
0 0.00
l
0.01
0 0.00
2 0.02
0 0.00
0 0.00

530 36.55
7 0.12
511 35.24 104 1. 83
76 1. 34
292 20.14
115 7.93 158 2.79
2 0.14 1010 17.80
0 o.oo 4253 74.97
0 o.oo
65 1.15
0 o.oo
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 o.oo
0 0.00

1933 26.64 4220 2.03
2578 35.53 26028 12.52
1693 23.33 25245 12.14
704 9.70 26607 12.80
264 3.64 30020 14.44
75 1. 03 73365 35.28
9 0.12 21519 10.35
660 0.32
0 o.oo
124 0.06
0 0.00
0.00
87 0 . 04
0
0 0.00
31 0.01
0 0.00
8 0.00
29 0.01
0 0.00

8155 100.0 1450 100.0 5673 100.0

7256 100.0207943 100.0

Sum

3

2

4137 100.0

Total Number of Vehicles

6
Y%

#

7 plus
Y%
#

234614

Percentage of Truck-Type in each class:
1. 76
Site No: 001

3.48
SR: 0080

FCC: 01

County Name: Clearfield
Start Time: 00:00 on 09-01-90
Class Arrangement: Mixed

2.42

0.62

3.09

Segment: 1160/1161

Dir: Both

88.63

Area Type: Rural

Location: Clearfield
End Time: 23:00 on 09-30-90
Classes: 2,3,4,5,6,7-11
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TABLE 6 PENNSYLVANIA STATEWIDE CUMULATIVE DAMAGE BY TRUCK
Gross
Vehicle
Weight
(kips)
20- 29.9
30- 39.9
40- 49.9
50- 59.9
60- 69.9
70- 79.9
80- 89 . 9
90- 99 . 9
100-109.9
110-119. 9
120-129.9
130-139.9
140 plus

Class of Vehicle
Gamma*PhiCube
3
4

7 plus

6

Phi

Phi Cube

2

0.347
0.486
0.625
0.764
0.903
1. 042
1.181
1. 319
1.458
1. 597
1.736
1. 875
2.014

0.042
0.115
0.244
0.446
0.736
1.130
1. 645
2.297
3.101
4.075
5.233
6.592
8.168

0.03254
0.02477
0.00153
0. 00011
0.00000
0.00055
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.02145
0.03754
0.03051
0.01274
0.00289
0.00333
0.00020
0.00000
0.00038
0.00000
0.00128
0.00000
0.00000

0.01530
0.04048
0.04916
0.03535
0.00101
0 . 00000
0.00000
0 . 00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.00005
0.00211
0.00327
0.01241
0.13099
0.84736
0.01885
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.01115
0.04081
0.05696
0.04325
0.02677
0.01168
0.00204
0.00000
0.00000
0 . 00000
0 . 00000
0.00000
0.00000

0.00085
0.01438
0.02964
0.05704
0.10622
0.39878
0.17027
0.00729
0.00185
0.00170
0.00078
0.00025
0.00114

0.05950

0.11031

0.14132

1.01505

0.19267

0.79019

sum of Gamma*PhiCube

5

Total Cumulative Damage:
Sum of Gamma*PhiCube =
Sum of (Percentage of Truck-Type) * (Sum of Gamma*PhiCube by Truck-Type)
0.737
The quantity, sum of Gamma*PhiCube, shown for each truck type
represents the cumulative fatigue damage caused by the
distribution of trucks in each truck type as a percentage of
that caused by like number of vehicles, all of the design gross
vehicle weight.
Site No: 001

SR: 0080

Area Type: Rural

FCC: 01

County Name: Clearfield

Location: Clearfield

Dir: Both

End Time: 23:00 on 09-30-90

Start Time: 00:00 on 09-01-90

Classes: 2,3,4,5,6,7-11

Class Arrangement: Mixed

TABLE 7 AVERAGE ESALs BY FUNCTIONAL CLASS
Functional Class

All Trucks

Single
Units

Semi
Trailers

Tandem
Trailers

Urban Interstate

0.7

0.3

0.8

1.7

Rural Interstate

1.4

0.4

1.4

2.6

Urban Other Principal Art.

1.6

1.8

1.4

3.3

Rural Other Principal Art.

1.0

0.5

1.2

1.4

Urban Minor Arterials

0.5

0.4

0.4

1.3

Rural Minor Arterials

0.8

0.4

1.1

0.7

Urban Collectors

1-78

1-80

1-83

1-70

1-81

1-84

INTERSTATES
FIGURE 9 Daily cargo movement.

14000

Rural Collectors

O.B

0.8

Trucks Weighed

48899

9203

Note: 1 ESAL (Equivalent Single Axle Load) • 18,000 lbs.

ESALS

0.7
36567

3129

3rd Quarter 1990

• The growth in size and weight of various truck configurations, including tandem trailer trucks (Table 7).

12000
10000

FUTURE

8000
6000
4000
2000
0

1-78

1-80

1-83

1-70

INTERSTATES
FIGURE 10 Total daily ESALs for all trucks.

1-81

1-84

Truck size and weight will continue to be a major issue into
the 1990s because of factors of economics, safety, cost allocation, and modal competition, among others. Thus, Pennsylvania will continue to monitor this activity and pursue stateof-the-art equipment and software to support and enhance
this effort.
Publication of this paper sponsored by Committee on Vehicle Counting, Classification, and Weigh-in-Motion Systems.

70

TRANSPORTATION RESEARCH RECORD 1311

Multiple-Sensor Weigh-in-Motion:
Theory and Experiments
D.

CEBON AND C.

B.

WINKLER

A theory is developed for the design of multiple-sensor weighin-motion (WIM) systems to minimize the errors caused by the
dynamic axle loads of heavy vehicles moving at highway speeds.
The theory is verified using measurements from a wheel load
measuring mat of total length 38 m, incorporating 96 capacitive
strip WIM sensors. The mat was installed on the Navistar test
track in Indiana. A total of 460 test runs was performed on six
different articulated heavy vehicles, at a range of speeds between
8 and 80 km/hr. The strip sensors were found to be reliable and
to measure the dynamic wheel loads with errors of less than 4
percent RMS. The sensor calibration is independent of speed and
temperature. The experimental results were found to agree closely
with the theoretical predictions of multiple-sensor WIM performance and it was possible, using a three-sensor array, to measure
static axle loads with approximately 6 percent RMS error, or less,
for typical highway conditions of speed and road surface roughness. A good design for multiple-sensor WIM systems is to use
three sensors, spaced evenly along the road. The sensors should
be spaced according to a simple formula that depends only on
the average traffic speed and the number of sensors.
A single weigh-in-motion (WIM) sensor measures the instantaneous dynamic force generated by each measured axle . This
force can be significantly different to the static axle load that
would be measured on a conventional static vehicle scale.
One of the main reasons for the difference is the dynamic
variation of the tire force caused by vibration of the vehicle
as it is excited by road surface roughness. These dynamic axle
loads typically have RMS amplitudes of 10 to 30 percent of
the stMi~ ;ixle lo;irls of he;ivy goods vehicles (l-4). Thus the
accuracy of a WIM system with one sensor is limited fundamentally by the dynamics of the vehicles being measured, and
typical RMS errors of existing single-sensor systems are 12 to
29 percent (5).
The advent of low-cost WIM sensors provides the possibility
of using two or more sensors along the road to compensate
for the effects of dynamic forces in the determination of static
axle loads. The main objective of the work described here is
to investigate, theoretically and experimentally, the design
and performance of multiple-sensor WIM arrays that are intended to measure the static axle loads of vehicles traveling
at highway speeds.

of the static loads. Some possibilities are described by Glover
(6), who performed numerical simulations of the outputs of
WIM arrays with 1, 2, 9, 19, and 81 sensors with a variety of
spacing arrangements, including uniform, linear, geometric,
and logarithmic. Glover achieved good results for a ninesensor, evenly spaced array, using a least squares procedure
to correct the simulated forces for the dominant Fourier component.
Evenly spaced WIM arrays are examined. It is assumed
that the outputs of the individual sensors are averaged to yield
an estimate of the static loads. The simple averaging method
requires few sensors and little computation to give comparable
accuracy to more sophisticated curve fitting methods (5 ,6).

Sinusoidal Input
It is useful to begin the analysis by calculating the output of
a multiple-sensor WIM array to a sinusoidal force p(t) defined
by

Po + P sin (wt + ct>)

p(t)

(1)

where

P0 = static tire force,
P = dynamic tire force amplitude,
w = angular frequency,
ct> = arbitrary phase angle, and
t = time.

The force is considered to move at constant speed V over
an array of n sensors that are evenly spaced a distance ll
apart, as shown in Figure 1. The sensors are assumed to be
noiseless and perfectly accurate so that the output of each
sensor is the instantaneous dynamic load applied to the sensor
by p(t). The output of the array, taken to be the aEthmetic
mean of the individual sensor outputs, is denoted P. It was
found by Glover (7) that the peak array output error i, which
occurs for the worst-case value of ct>, is given by
€(n, 8) = ;±:{2 E[e(n, 8, ct>)]2}112

THF.ORY OF MUI .TTPT .F.-SF.NSOR

112

1
2 "
;±: [- + - 2
(n - k) cos (k2'1T8) ]
n
n k- 1

WEIGH-IN-MOTION
The outputs of several sensors in a WIM array might be
processed in a variety of different ways to yield an estimate
D. Cebon, Engineering Department, Cambridge University, Trumpington Street, Cambridge, CB2 lPZ, England. C. B. Winkler, University of Michigan Transportation Research Institute, 2901 Baxter
Road, Ann Arbor, Mich. 48109.

2:

where
E[ ]

expectation operator;

k = dummy integer variable;

e = nondimensional WIM error, defined by

(2)
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mean square direct spectral density of the measurement error

~

p(t) I

s.e(w) because of the two-sided input tire force spectral density spp( w) is given by

~-!-di
__, _di_,d_j_
Sensor 1

2

3

___ ____

4

S (w) = €(n, w6.12TIV) 2 Spp(w)

n

00

FIGURE 1 Cross section of an nsensor WIM array, traversed by force
p(t) at speed V.

E(n,

o, <!>) = (P - P0)
o = nondimensional sensor spacing,

(3)

(4)

Figures 2a-d show £(n, o) for n
vations are made:

2 to 5. Three obser-

1. The error £ is unity for integer values of o, which correspond to the sample points (sensors) being spaced an integer
number of dynamic force cycles apart.
2. On each graph in Figure 2, there are (n - 1) zeros at
values of o = ok corresponding to

k = 1, 2, 3, ... , (n - 1)

(5)

Thus the range of o between the first and last zeros on each
graph increases with n: 01 = lln to on - l = (n - l)!n. This
is the region in which £ is consistently small.
3. The curves for 0 s o < 1 repeat for each integer value
of o and are symmetric about o = 0.5, 1.5, 2.5, etc. This can
be verified by plotting Equation 2 for o> 1 (7). The repetition
is a form of aliasing with a Nyquist spacing of o = 0.5. There
is no apparent benefit in using o > 1 in a WIM array.

For particular values of n, V , and 6., Equation 2 can be considered to be the transfer function of a linear filter that yields
the worst-case error for dynamic force components of frequency w. Using the standard input-output relationship for a
linear system subject to ergodic random excitation (8), the

~1 .0w

.Q<w

"'~

iii§a;e o.o - --

5

z

-1

o

-

·o.o

-----

I•

o.5

1.0

::~
o.o
.

(a)

0.5
(b)

1.0

P'.:m .::~

z

w

<

(6)

oo.

r

a(n) = { 2

IQ

£(n, w6.12TIV) 2 [H(w)]*[S.,(w)][H(w)]Tdw }

(7)

where the asterisk (*) denotes the complex conjugate and T
denotes the matrix transpose. [H(w)] can be determined easily
from the equations of motion of a vehicle model (8).
Equation 7 yields the RMS error for one random tire force
that is statistically stationary and is passing over an ensemble
of n-sensor WIM arrays. It can also be considered to be the
expected standard deviation of the static load estimation error
for many different axles, with similar dynamic characteristics,
passing over a single WIM site. This assumes that the wheel
forces are sampled from an ergodic random process, which is
reasonable under most circumstances (9). It also assumes that
the surface of the WIM array is not abnormally rough and
that the individual suspensions all generate similar tire force
spectral densities.

Measures of WIM System Performance
It is useful to define some nondimensional measures of WIM
system performance. The error coefficient of variation (ECOV)
p(n), for an n-sensor system is defined by

Stochastic Input

'i'

<

For a linearized vehicle model, SPP(w) can be found from
the road profile input displacement spectral matrix [S.,(w)]
and a vehicle transfer function matrix [H( w)], as described by
Newland (8) and Robson (9). Equation 6 can then be integrated with respect to frequency and used to obtain the RMS
array error a(n) for an n-sensor system, traversed by a linearized vehicle model:

defined by

w6.12TIV = 6.!(Vlf).

-00

0.0

0.5

1.0

Non-dimensional
sensor spacing S
(c)

0.0

0.5

1,0

Non-dimensional
sensor spacing S

p(n)

=

a(n)IP0

(8)

where P0 is the static axle load.
It is easily shown that the ECOV for a single-sensor array,
p(l), is equal to the dynamic load coefficient (DLC), which
is the ratio of the RMS dynamic load to the static load (7).
For highway conditions of road roughness and speed, DLC
values in the range 0.1 to 0.3 are typical (i .e., 10 to 30 percent
RMS single-sensor WIM error), but DLC values up to 0.4
have been measured for particularly poorly damped tandem
suspensions (1 ,4).
The proportional improvement in the estimate of static load
measurement accuracy relative to a single-sensor WIM system
is denoted here as the static accuracy coefficient (SAC), TJ(n),
which is defined by

_ p( l) - p(n)

Tl (n ) -

p(l)

DLC - p(n)
DLC

(9)

(d)

FIGURE 2 Plots of the envelope error
E from Equation 2: (a) n = 2, (b) n =
3, (c) n = 4, and (d) n = 5.

A single-sensor WIM system will yield p(l) = DLC and
TJ(l) = 0, whereas perfect WIM system performance corresponds to p(n) = 0, and hence TJ(n) = 1.
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Simulation Models

1a2~----~

4 0..-----~

~ ac

Vehicle Model
Experimental and theoretical studies (1-3 ,10) have shown
that low-frequency (1.5- to 4.5-Hz) sprung mass modes of
vehicle bounce and pitch vibration usually dominate the dynamic tire forces generated by heavy vehicles on highways.
The main exception occurs for vehicles with axle group suspensions (particularly of the walking-beam type) with poorly
damped bogie pitching modes that can generate large dynamic
forces in the 8- to 15-Hz frequency range. However, these
suspensions are only found on a small proportion of heavy
goods vehicles: approximately 15 percent of new tractors, and
less than 2 percent of trailers in the United States (11).
The simple generic ~-car vehicle model shown in Figure 3
was chosen for this study to represent the majority of truck
suspensions that generate a large low-frequency wheel force
spectral peak caused by sprung mass motion. It has a sprung
mass natural frequency of approximately 1.9 Hz. Results are
also presented by Cebon and Winkler (7) for a model that
represents those suspensions (in the minority), which generate
large dynamic wheel loads caused by unsprung mass motion.
The generic vehicle model does not contain the detailed
suspension nonlinearities and complexities of sprung mass
motion that are typical of heavy vehicles (10); however, the
wheel force spectral densities are sufficiently representative
for the purpose of this study of WIM systems.
Derivation of the equations of motion and formation of the
transfer function matrix [H( w)] and input spectral matrix [S,,( w)]
are straightforward and will not be discussed here (7).

Road Surface Profile Spectral Density
The road profile displacement spectral density S"('y), at wavenumber -y, used to generate [Su(w)] in the simulation study
was a two-index function recommended elsewhere (12):

(10)
The values used for the various constants were n 1 = 2.0,
nz = 1.5, -y 1 = 1.0 rad/m and S(-y 0 ) = 1.275 x 10- 6 m3/rad,
which corresponds to the good road surface classification (12).
This profile may be likened to a good U.S. highway surface.

Nz
6

.~

~

2C

i5l-

1C

"O

~

.!'
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:,

50

loo

1

103

FIGURE 4 Tire force spectral density

traveling at 100 km/hr over a WIM array
with n = 3 and '1 = 4 m. Solid line =
s ••(w); broken line = s•.(w).

6) for the vehicle model traveling at 100 km/hr over a threesensor WIM array with a sensor spacing of ~ = 4 m. The
same data are plotted on both linear and logarithmic scales.
On the linear graph, the area under the solid line is proportional to DLC2 and the area under the dashed lines is proportional to p(3)2. The logarithmic graph is provided to show
more clearly the attenuation of SPP(w) caused by E(n, w~I
2TIV) 2 • Because the maximum value ofE (n, o) is unity, (Figure
2), see(w) can never exceed spp(w), hence the dashed line can
never cross the solid line. This means that for perfectly accurate sensors, p(n) can never exceed the DLC value.
Performance data corresponding to this simulation were
DLC = 0.142, p = 0.051 and TJ = 0.645. Thus in this case,
the three-sensor array reduces the error coefficient of variation from 14.2 to 5.1 percent, which corresponds to a 64.5
percent improvement in performance over a single-sensor WIM
system. This averaging scheme clearly improves substantially
the accuracy of static wheel load prediction.
Figures Sa and b show the influence of the sensor spacing
~on the ECOV p and the SAC TJ, for n = 3, with the vehicle
model traveling at speeds of 60 and 100 km/hr. It is apparent
0.15· ~-------------

a. 0.10

6
l)

w

0.05
4

00

101

Frequency, rad/sec

s••(w) and WIM array error spectral
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that for each speed there is a range of spacings for which the
WIM ECOV is low, i.e., the system performs relatively
accurately.
The shape of the ECOV curves is closely related to the
magnitude of the error envelope curve jE(n = 3, B)i shown
in Figure 2b; however, because the system is subjected to an
approximately narrow-band random input (centered on the
sprung mass natural frequency of the vehicle) instead of a
single sine wave, the ECOV curve is a smoothed version of
IEI.
The properties of the E curves described earlier can be used
to understand the features of the ECOV curves. From Equation 5, the first two zeros in E(3, B) occur when Bk = B1 =
j and B2 = j. These points are expected to correspond approximately to minima in the ECOV curves. Using the definition of B from Equation 4, with V = 16.7 m/sec (60 km/
hr) and/= wl2'IT = 1.9 Hz [the dominant resonant fre~uency
in S (w)] the minima are expected to occur approximately
~
,
h
.
at d = V/3f = 2.9 m and d = 2V/3f = 5.9 m. T ~se po~nts
are labeled A and B on Figure 5. The correspondmg pomts
for V = 27.8 m/sec (100 km/hr) are labeled A' and B'. Conversely, the worst errors are expected to occur when IE(3, B)i
= 1. This happens when the dominant (resonant) frequency
component in S ( w) is sampled once every cycle (or once
pp
h
.
every two cycles), i.e., for integer values of B. T e pomts
labeled C and C' on Figure 5 correspond to BJ = 1. The
labeled points on Figure 5 are all slightly to t~e right of.the
maxima and minima of the ECOV curves at which they might
be expected to occur because SPP(w) is not symmetric about
the main spectral peak (Figure 4).

and
vmin =

vn-1

= fndl(n - 1)

n > 1

(m/sec),

(12)

A good design procedl_!!e would be to select d such that
the average traffic speed V, in m/sec, corresponds to the average of Vmin and Vmax· Thus, from Equation 12:
d

.

V

1)
= 2(n
__,__ - ___,_

fn 2.

design

n> 1

(13)

There is considerable variation in the dominant frequencies
dynamic wheel force spectra of common heavy vehicles. They are usually i!_l the range 1.5 to 4.5 Hz and a
suitable average value is f = 2.5 Hz. _It is possible that a
slightly higher average frequency (say f = 3.0 Hz) may be
more suitable for WIM systems in countries where heavyvehicle suspensions are relatively stiffer.
· Figure 6 shows a design ch~rt for multiple-sensor WIM
arrays using Equation 13 with f = 2.5 Hz and speeds of 20,
40, 60, 80, and 100 km/hr. It yields values of ddesign for arrays
with n = 2 to 10 sensors.

f in the

Sensitivity to Frequency and Speed
Substituting the design spacing ddesign from Equation 13 into
Equation 12 gives
vmax = 2(n - l)Vln

(14a)

and
WIM Array Design

n > 1

Vmin = 2 Vin

The WIM array is designed to be accurate for the widest
possible range of vehicles (frequencies) and speeds. For gi~en
values of d and f, it is possible to estimate the range of vehicle
speeds V over which the system will operate in the plateau
region of the ECOV curve, where the accuracy is consistently
high (Tl ~ 0.5).
From Equation 5, the zeros in £(n, B) occur when Bk
kin, k = 1, 2, 3, ... , (n - 1). We will ignore values of k >
n, because these represent large (often impractical) sen~or
spacings at which the wheel forces are sampled at frequencies
well below the Nyquist frequency: i.e., less than two sample
points per cycle. Using Equations 4 and 5, and assuming fixed
d and f, the zeros occur at speeds Vk given by

(14b)

If n = 2 V . = V
= V Thus a two-sensor WIM system
can only b~ d:;;ignedm~~ be ~ccur~e at one speed. If n = 3,
however, V min = ~V and V m•x = jV and a system with sensor
spacing ch~en accordpg to Equation 13 ~ill be accurate f~r
speeds of W :s V :s W. For example if V = 80 km/hr, this
would yield 53 :s V:s 107 km/hr. Simil~ly, if n = j, the range
of accurate performance is given by !V :s V :s ,V.
Figures 7a and b show the ECOV (p) and SAC ('IJ), respectively, for two-, three-, and four-sensor WIM systems
when traversed by the vehicle model. The_arrays were designed for an average speed of _?O km/hr (V = 22.2 m/sec)
according to Equation 13 with f = 1.9 Hz. Also shown in

s .---r-.---.---,,-,---,-,---,
fnd

vk = k

f

(m/sec),

k = 1, 2, 3, ... , (n - 1)

(11)

and is the frequency in Hz of the dominant spectral component in spp(w).
The plateau region of the ECOV curve will be governed
by the first and last zeros in E: k = 1 and k = n - 1. Thus
the maximum and minimum speeds for which the WIM system
will be reasonably accurate (operating in the plateau region)
are given by
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FIGURE 6 Design chart for multiplesensor WIM systems using Equation 13
with]= 2.5 Hz.
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Figure 7a is p(l) (DLC) for comparison. The following observations are made:
1. The WIM array with only two sensors provides a significant improvement in accuracy over the single-sensor system
(DLC), in the vicinity of the design speed of 80 km/hr.
2. The two-sensor system loses accuracy quickly for speeds
away from 80 km/hr, whereas the three-sensor system has an
accurate plateau region for 53 :5 V :5 107 km/hr, as expected.
The four-sensor system is accurate over an even wider speed
range.
3. In the vicinity of 80 km/hr, an increase in the number of
sensors yields only a modest increase in accuracy (TJ = 0.6
for n = 2, TJ = 0.67 for n = 4).
4. For speeds less than about 30 km/hr, the ECOV (p) and
SAC (11) curves fluctuate rapidly because of aliasing.
From Figure 7, it appears that three sensors is a good choice,
because the system is reasonably accurate and has a relatively
wide operating speed range. The four-sensor system yields a
larger speed range with only a small accuracy improvement
over the three-sensor system. The extra cost of the fourth
sensor may not be worthwhile in practice.
The range of frequencies over whic!!_ the WIM array will
be accurate for a given vehicle speed V can be found using
Equations 4 and 5 and replacing ~ by ~design from Equation
13:
/min

nfl2(n - 1)

(15a)

and
!max

n> 1

= nf/2,

(15b)

Thus, if n = 2, f min = f max = f, that is, the system can only
be tuned to perform well at one input frequency. If n = 3,
the operating frequency range (for a fixed speed) is approximately ~f :5 f :5 2f. For f = 2.5 Hz this gives 1.9 :5 f :5 3.8
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Hz. Similarly, if n = 4, the operating frequency range is ~f
:5/:5 2f, which, forf = 2.5 Hz, yields 1.7 :5/:5 5 Hz. Thus,
n = 3 is a reasonable choice, although errors may occur when
the frequency and speed take extreme values simultaneously.
The worst error is likely to occur when V = Vmin and/= fmin•
although the other extreme condition (V = Vmin and/= !max)
may also yield significant errors.

EXPERIMENTAL PROGRAM
Wheel Load Measuring Mat

The load measuring mat used in this project was developed
by Cole and Cebon (13) at Cambridge University in the United
Kingdom, in conjunction with Golden River UK Ltd. It incorporated novel WIMstrip capacitive strip sensors that are
inexpensive, reliable, and potentially more accurate than other
existing low-cost WIM sensors. The sensors had approximate
cross section of 9 x 30 mm and length 1.2 m. They were
encapsulated in stiff polyurethane tiles of dimensions 1.2 x
1.2 x 13 mm thick, with three sensors per tile, laid transverse
to the wheel path at a spacing of 400 mm between sensors.
Thirty-two tiles, containing a total of 96 sensors, were obtained for the project. The tiles were mounted end-to-end on
the test track, to provide an instrumented test section of length
38.4 m along one wheel track.
A schematic cross section of an encapsulated WIMstrip
sensor is shown in Figure 8. Tire contact pressure applied to
the top surface of the mat causes the top plate of the aluminum
extrusion to deflect and hence the air gap between the top
plate and the inner copper electrode is reduced. This results
in an increase in the capacitance of the device, which, with
appropriate processing, can be related directly to the contact
pressure change. In order to determine the instantaneous wheel
load, it is necessary to integrate the transducer output with
respect to time for the duration of the tire contact. Details of
the sensor design and some sources of error are discussed by
Cole and Cebon (13).
The mat installation used six Golden River Marksman 600
data loggers. Each sensor was attached to a data logger by a
5-m-long cable and each data logger processed the outputs of
16 sensors, performed the integration described, and stored
the results. The data loggers were connected into a network
in a daisy-chain configuration by RS232 serial data cables. An
IBM PC-AT microcomputer was connected to the network
and used to upload the raw axle load information from the
data loggers after each vehicle test run. (A load-measuring
mat of practically any length can be constructed simply by
adding more tiles and data loggers.)
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FIGURE 7 Influence of speed on the
theoretical performance of two-, three-,
and four-sensor WIM systems, designed
for an average traffic speed of 80 km/hr.
Solid line, n = 1 (DLC); dashed line, n
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coefficient of variation p, and (b) static
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FIGURE 8 Schematic cross section of a
capacitive strip wheel force sensor
encapsulated in a polyurethane tile.
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Test Site and Vehicles
The field tests were performed on the Navistar test track in
Fort Wayne, Indiana. The oval track has two lanes and is 1.9
km long. The polyurethane mat tiles were attached to the test
track with a sheet of double-sided adhesive tape and 12 masonry anchors per tile, screwed into the asphalt road surface.
A timber sheet of total length 19.5 m, width 1.2 m, and
thickness 13 mm was screwed to the test track at each end of
the mat installation. This ensured that the vehicles were nominally horizontal when passing over the mat sensors , and that
transient vibration caused by the 13-mm step was reduced
slightly.
Three 6 x 4 tractors and three tandem-axle semitrailers
were provided by Navistar for testing on the mat. The vehicles
were arranged into six different tractor and semitrailer combinations (denoted Sl to S6). Two of the tractors had tandem
four-spring suspensions and the third had a trailing-arm tandem air suspension with hydraulic dampers . Two of the trailers had four-spring tandem suspensions, whereas the third
had a pivoted-spring single-point tandem suspension. The vehicle combinations were selected to be reasonably representative of the U.S . truck fleet. Each vehicle was weighed on a
static vehicle scale immediately before or after the testing.
The weighing procedure involved driving the vehicle onto and
then off of the scale, one axle at a time, and recording the
weight of each axle combination. This procedure enabled an
estimate of the static load of each axle to be obtained as well
as the gross weight of the vehicle. [Cebon and Winkler (7)
provide detailed information about the vehicles and axle loads.]
Each articulated vehicle combination was driven over the
mat at nominal speeds of 8, 16, 32, 48, 64 , and 80 km/hr (5 ,
10, 20, 30 , 40 , 50 mph) in both directions. At least six repetitions were performed for each test condition , giving a total
of 460 test runs during 4 days of testing. The surface temperature of the mat was measured before each vehicle test.
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that the average baseline sensor error (i.e., with respect to
the true applied load) is less than 4 percent. The error can
be attributed to noise and calibration errors.

Sensitivity to Temperature
No systematic dependence of sensor output on temperature
was measurable for mat surface temperatures of 15°C to 40°C.

Sensitivity to Speed
No systematic dependence of static load errors on vehicle
speed could be detected and no evidence could be found of
fore-aft weight transfer affecting the static loads for higher
speeds. It is concluded, therefore , that the response of the
capacitive strip transducers is not affected significantly by
vehicle speed.

Reliability
Approximately 2.5 percent of all data was lost out of 460 test
runs over the 96 sensors. Almost half of the lost data (1
percent) was caused by a single sensor that failed. The remainder was caused by false triggers of the data loggers. (This
problem has subsequently been rectified.)

Drift with Time
Insufficient time was available to detect any long-term drift
in calibration . Glover and Newton (5) performed similar tests
on an installation of WIMstrip sensors mounted in slots cut
in the TRRL test track in England . They did not detect any
significant drift in sensitivity during the 7-month testing period
in 1989.

Sensor Performance
Detailed information concerning the performance of the sensors was provided by Cebon and Winkler (7) . The important
results are summarized here.

Calibration and Accuracy
Three methods were used to calibrate the sensors and test
their uniformity. The first two used purpose-built hydraulic
static calibrators (13). With this approach , the coefficient of
variation of the calibration factors measured at three points
along the length of each sensor was found to average 3.2
percent when measured on bare sensors and 4.5 percent when
measured on the same sensors after being cast into the mats.
(It is believed , but not rigorously demonstrated , that this
difference is caused mostly by experimental difficulties in the
second procedure, not to true performance differences.)
The third calibration was done at the test site by driving
each of the six vehicles over the mats at 8 km/hr (5 mph) and
comparing readings for the steer axles with the known values
of their static loads. Careful analysis of these data (7) reveals

WIM PERFORMANCE FOR SIX ARTICULATED
VEHICLES
The mat data files for the six articulated vehicles were processed to determine the ECOV (p) as a function of WIM array
design parameters (n and .:i), for each axle of each vehicle at
the six nominal testing speeds (8, 16, 32, 48, 64, 80 km/hr).
Figure 9 shows an example of the procedure, in which many
three-sensor WIM arrays (n = 3) with .:i = 1.6 m can be
obtained by averaging the outputs of appropriately spaced
groups of sensors. Averages of this type were calculated for
sensor spacings .:i = 0, 0.4, 0.8, ... , 12 m, and n = 2 to 6
sensors , i.e., 155 different WIM array configurations in all .
Because of space limitations, only a limited number of experimental results are presented here . The remaining results
are presented by Cebon and Winkler (7).
Histograms of WIM force averages are provided for vehicle
S4 traveling at a speed of 85 km/hr in Figures lOa, b, and c.
Figure lOa shows the force distribution for Axle 5 on the
trailer, calculated by considering each transducer to be a separate WIM system (i.e., by setting .:i = 0). Figure lOb shows
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the result of analyzing the same data as Figure lOa, but with
three-sensor arrays (n = 3) and A = 4.0 m. (This array spacing
was determined using equation 13 with V set to the testing
speed (24 m/sec) and[= 2.5 Hz.) Similarly, Figure lOc shows
the result of analyzing the same data with six-sensor averages
(n = 6) and A = 2.4 m . It is apparent from the figures that
the spread of the probability distribution (which is proportional to the ECOV) is reduced consiciernhly hy performing
the three-sensor averages. The ECOV (p) is reduced from
11.5 percent for the single-sensor system to 5.7 percent for
the three-sensor system and 4.2 percent for the six-sensor
system.

Comparison of Experiment and Theory

A graph of p versus A for the steering axle of Vehicle Sl at
32 km/hr (9 m/sec) is provided in Figure lla. The vertical

lines on the figure labeled n = 2 to 6 correspond to the design
spacing ~design as calculated from Equation 13 with V = 9 ml
sec and f = 2.5 Hz. Figure llb show theoretical curves that
were calculated using Equation 7 for the !-car vehicle model,
traveling at 32 km/hr. The vertical lines on the figure again
show the design spacings, calculated using Equation 13 with
V = 9 m/sec and l = 2.5 Hz. Several comments can be made
about Figures lla and b.
The general shapes and magnitudes of the experimental
and theoretical curves are similar. This appears to verify that
the !-car model used in the theoretical analysis is a reasonable
representation of the dynamics of the steering axle of Vehicle
Sl.

The main differences between the theoretical and experimental curves are the spacings at which the peaks and troughs
occur. This is because the natural frequencies of the test vehicle and the theoretical model are different. The theoretical
model had a sprung mass natural frequency of 1.9 Hz. The
natural frequency of the experimental vehicle can be deduced
from Figure lla by considering the location of the first peak,
which occurs approximately at A = 3.2 m, corresponding to
B = 1. Using Equation 4, the natural frequency of the vehicle
is given by
(16)
where 6 1 - sensor spacing corresponding to the first peak in
the curve of p versus A. From Figure lla , 6 1 = 3.2 m, and
using V = 9 m/sec, Equation 16 yields f = 9/3.2 = 2.8 Hz.
The second peak in the curves is expected to occur when 8
= 2, i.e., A = 2V/f = 6.4 m. This also conforms with Figure
lla.
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The spacings given by Equation 13 and shown by the vertical lines in Figures lla and b would be reasonable choices
for the array design spacings. The vertical line corresponding
to n = 2 falls slightly to the right of the first trough in the p
versus d curve in Figure lla because the natural frequency
of the vehicle is 2.8 Hz, which is slightly greater than the
design frequency J = 2.5 Hz. Conversely, in Figure llb , the
vertical line for n = 2 falls to the left of the first trough,
because the natural frequency of the model is 1.9 Hz.
As explained previously, arrays with three or more sensors
are more robust to frequency and speed variations because
they have relatively wide, flat-bottomed plateau regions
(troughs) as indicated by both the experimental and theoretical curves (Figures lla and b). As a result, the vertical lines
for n = 3 to 6 in both graphs lie at spacings that are appropriate choices to minimize the ECOV (p), despite the fact
that the operating frequencies are different to the design frequency J. Also, a small error in spacing of the two-sensor
system caused by, say, a different vehicle speed, would cause
a more rapid decrease in accuracy than for the systems with
three or more sensors.
A second comparison between experiment and simulation
is shown in Figures 12a and b. Figure 12a shows. a graph of
p versus d for Axle 5, on the four-spring tandem trailer suspension of Vehicle S4, traveling at 85 km/hr. From the yintercept, the DLC value is approximately 11.5 percent, which
corresponds to the ECOV value determined previously from
the histogram in Figure lOa.
The sprung mass natural frequency of the experimental
vehicle can be estimated from the first peak of Figure 12a
(corresponding too = 1) using Equation 16 (f = 23.6/6.0 =
3.9 Hz). This is significantly higher than the array design
frequency J = 2.5 Hz, but is within the expected range of 1.5
to 4.5 Hz discussed earlier. As a consequence, the design
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FIGURE 12 WIM array ECOV p versus
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V = 24 m/sec, f = 2.5 Hz. (a)
Experimental results for Vehicle S4, Axle 5
(on trailer), speed 85 km/hr; and (b)
theoretical results for quarter-car model,
speed = 85 km/hr.

spacing for n = 2, at approximately 4. 7 m in Figure 12a, is
far away from the optimum at approximately 3.0 m. The RMS
error for n = 2 at the design spacing is approximately 8.8
percent.
The design spacing for n = 3 (at approximately 4.2 m) is
just within the plateau region of the p versus d curve for n
= 3. Consequently, the RMS error for n = 3 at the design
spacing is approximately 5.7 percent, a substantial improvement over 8.8 percent, for n = 2. This illustrates the significant benefit, in terms of operating speed and frequency ranges,
that is obtained by using a WIM array with three or more
sensors. Cebon and Winkler (7) obtained many results similar
to Figures lla and 12a, with three-sensor WIM errors p(3)
usually in the range 3 to 7 percent for d d es;gn chosen according
to Equation 13 .
Figure 12b shows theoretical predictions using the !-car model,
with a speed of 85 km/hr. In this figure as in Figure llb, the
vertical line for n = 2 falls to the left of the trough in the
ECOV curve for n = 2. This is because the natural frequency
(1.9 Hz) is less than J = 2.5 Hz.

Influence of Tire Tread Pattern
The contact pressure distribution under a rolling tire depends
on the tread pattern. Off-road tires can have large local contact pressure variations in the vicinity of the individual tread
elements. When such a tire rolls over the mat, some of the
strip transducers will be loaded by high-pressure regions of
the tire contact area and others will be loaded by low-pressure
regions. The wheel force measurement involves integrating
the output of each strip sensor (which is proportional to the
local contact pressure) throughout the period of contact between tire and sensor. Thus, if some sensors experience a high
contact pressure, they will register an abnormally high load.
Conversely, some sensors will register an abnormally low load.
This problem is dependent on the construction of the tire and
the tread pattern. It is expected to occur for any type of narrow
strip WIM transducers, not just capacitive strips. Thus, it can
be considered to be a fundamental limit on the accuracy of
strip sensors. Fortunately, the majority of highway vehicles
use highway tread (rib) tires and these do not display a significant variation of local contact pressure because of the tread
elements. Thus, for most vehicles, tire tread effects are not
likely to cause serious errors with strip WIM sensors.
A graphic example of the tire tread effect can be seen in
Figure 13 for Axle 3 of Vehicle S4, which was the only test
suspension to have off-road tires . Because of the air suspension, this vehicle is expected to produce relatively small dynamic loads (1,3). However, Figure 13 shows a large value
of p(l) of approximately 16 percent at d = 0, for a speed of
11 km/hr. This was one of the largest ECOV values measured
in all of the tests. The p(l) value for Axle 3 of Vehicle S4
was found to remain approximately constant with speed , indicating that it was not influenced by the dynamics of the
vehicle. For every other suspension, there was a significant
increase in p(l) with speed.
The first peak in Figure 13 occurs at d 1 = 2.0 m. If this
peak were caused by dynamic loads, it would shift with speed.
For example, if the speed increased from 11 to 85 km/hr,
d 1 would be expected to increase to d 1 = 2.0 x 85/11 =
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7. The strip sensors were found to be inaccurate for tires
with an off-road tread pattern. This effect is a fundamental
limitation of strip WIM sensor technology and is expected for
any type of strip transducer.
8. No evidence was found of fore-aft static load transfer in
the test vehicles because of speed.
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FIGURE 13 Measured WIM array
ECOV p versus sensor spacing .:i for
Vehicle S4, Axle 3 (off-road tires),
speed = 11 km/hr.

15.5 m. This was not found to occur in the experimental result (7). In fact, the position of the first peak was found to
stay relatively constant for speeds up to 51 km/hr and then
decrease slightly with higher speeds, to Li 1 = 1.8 m at 85
km/hr.
The explanation for this behavior is related to the tire tread
pattern and is described in detail by Cebon and Winkler (7).
It transpires that five sensor spaces (2 m) correspond to a
prime number of tire tread elements and hence the maximum
contact pressure can only coincide with the location of every
fifth sensor. This is an example of undersampling or aliasing.
The sensor array cannot distinguish between tire contact pressure variation with wavelength equal to the tire tread interval,
and a force component with wavelength 2.0 m. This result is
dependent only on the tread pattern and so the aliased wavelength of 2.0 m is largely independent of speed. For high
vehicle speeds, the driving torque and hence longitudinal creep
or slip of the driven wheels becomes significant. This causes
an effective reduction in the wavelength of the contact pressure distribution along the mat and a decrease in the aliased
wavelength from 2.0 to 1.8 m.

CONCLUSIONS
1. A simple equation defining a good design spacing for the
seJ1su1s i11 a mulliµle-~enwr WIM system was derived from
theoretical considerations and verified by experiments with a
lmtrl meiisnring miit.

2. Arrays with three or more evenly spaced sensors will be
more robust to speed and frequency variations than twosensor systems.
3. A good design choice is to use three-sensor arrays that
are likely to give RMS errors of t to i of the errors for singlesensor systems. In the near future, it should be possible to
routinely estimate the static axle loads of vehicles traveling
at highway speeds with RMS errors of approximately 5 to 8
percent (compared with 12 to 29 percent for existing systems).
4. The response of the capacitive strip sensors in the load
measuring mat was found to be independent of (a) vehicle
speed in the range 8 to 80 km/hr, (b) mat surface temperature
in the range l5°C to 40°C, and (c) long-term drift.
5. The average sensor baseline error caused by noise was
found to be less than 4 percent RMS.
6. Approximately 2.5 percent of all data was lost out of 460
test runs over the 96 sensors. Almost half of the lost data
(1 percent) was caused by a single sensor that failed.
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Photoelectric Sensors for Counting and
Classifying Vehicles
JOSEPH

E.

GARNER, CLYDE

E.

LEE, AND LIREN HUANG

Modern photoelectric sensors usually consist of a light emitting
diode (LED) source and a phototransistor receiver with associated lenses and electronic signal-processing circuits. The LEDs
are operated in the infrared wavelengths for efficiency, and are
pulse modulated to overcome the adverse effects of ambient light,
slight misalignment, and partial obstruction of the beam. These
devices are packaged in small, moisture-resistant housings and
are readily available, commercially. Photoelectric sensors mounted
above, beside, or on the roadway surface can detect the presence
of vehicle bodies and tires. A pair of sensors produces the information needed for calculating vehicle speed, direction of travel,
overall vehicle length, and axle spacing. An array of three sensors
produces information for determining single or dual tires and the
lateral position of the tires in the traffic lane. The three-sensor
array also makes it possible to estimate the size of the tirepavement contact patch. Attempts to correlate these measurements with wheel loads and gross vehicle weights have not yielded
satisfactory results. However, for many traffic survey applications, reflex-type infrared sensors offer an economical and practical alternative to other types of vehicle and tire sensors, especially for short periods of time. They are commercially available,
relatively inexpensive, durable, produce output signals compatible with most traffic recording devices, and can be installed without cutting the pavement surface.
Traffic data are the fundamental basis for planning, designing,
constructing, operating, maintaining, and managing the vast
street and highway system that serves the transportation needs
of the nation. Without sufficient traffic data, none of these
functions can be performed properly. Acquiring and using
traffic data in a timely and effective manner is, therefore, an
important responsibility for the transportation profession. Basic
data needs consist of vehicle volume counts, classes of vehicles
composing the traffic stream , speed, and weight. For counting
vehicles and measuring their speed, technologies that simply
detect the presence or absence of the vehicle, or its axles, at
a point with respect to time are used. Classification is normally
accomplished by counting the number of axles per vehicle,
and sometimes criteria of single or dual tires on a wheel assembly, axle spacing, or axle group configuration are included
in the classification scheme. Vehicle weight data consist of
information about wheel loads, axle loads, axle group loads,
and gross vehicle weight. These data are obtained either by
static weighing or by weigh-in-motion (WIM) techniques.
Various types of sensors have been developed and used for
acquiring traffic data over the years. The more common types
of sensors for detecting the presence of a tire or a wheel
assembly include the pneumatic tube with a diaphragm at the
J . E. Garner and L. Huang, Center for Transportation Research,

University of Texas, Austin, Tex. 78712. C. E. Lee, Department of
Civil Engineering, University of Texas, Austin, Tex. 78712.

end, a pressure treadle, a piezoelectric cable or strip, and a
capacitance strip. Vehicle presence or passage is usually detected by a device such as an inductance loop, or ultrasonic,
magnetic, or radar detector. Loads and weight of a static
vehicle are measured by a vehicle scale, an axle-load scale, a
portable axle-load weigher, or a wheel-load weigher. WIM
sensors consist of load cell, bending-plate, or capacitance mat
tire force sensors; piezoelectric or capacitance change
pressure-sensing strips; or strain-gaged structures such as bridges
or box culverts.
Light beam ·sensing using incandescent lamps and photocells, with the associated problems of bulb burnout, sophisticated lenses, inadequate light energy, large power consumption, adverse effects of ambient light, and critical
alignment, was used with only limited success for sensing
vehicles before light emitting diodes (LEDs) were introduced
in the 1970s. Availability of efficient LEDs, phototransistors,
and digital signal-processing computers since that time has
made it possible to overcome many of these problems. Research into applying commercially available photoelectric sensors and microprocessors for counting, classifying, and weighing highway vehicles is described .

HOW PHOTOELECTRIC SENSORS WORK
Every photoelectric sensor has two basic parts-the transmitter, usually an LED, and the receiver, usually a phototransistor. An LED is a solid-state semiconductor that emits
light when electric current flows through it in the forward
direction. It can be switched on and off very rapidly (pulsemodulation), is not sensitive to vibration, can handle a wide
range of temperatures, and will last virtually forever. LEDs
that emit visible red, green, or yellow light are quite familiar
as indicator lights on electronic instruments, but other LEDs
emit in the infrared (IR) wavelengths. IR emission has wavelengths longer than about 800 nm . Visible red LEDs operate
in the range of 600 to 700 nm. IR LEDs emit at higher intensity
than visible red LEDs, have higher optical penetrating power,
and are the best spectral match to most phototransistors;
therefore, they are preferred for some applications. Both visible red and IR LEDs were used in the research. Modulating
the light emitted from the LED transmitter at a particular
pulse frequency and then tuning the phototransistor and its
amplifier to amplify only this frequency makes it possible to
eliminate the adverse effects of ambient light, partial obstruction of the light beam, and slight misalignment (1,2). This
consideration is critical in sensing vehicles operating day and
night under a wide variety of climatic conditions. Lens systems
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direct and focus the emitted light and the received light into
the most effective patterns for each particular application.
These optical systems are designed for one of three sensor
operating modes: through-beam sensing, reflex sensing, or
proximity sensing (J). In the through-beam mode, the modulated light beam from the transmitter to the directly opposed
receiver is normally uninterrupted. When the beam is interrupted by an opaque object, the output signal from the receiver changes. This mode affords the maximum sensing range
and is not affected by reflections from the surface of objects
being detected. In the reflex mode, the transmitter and receiver are set side by side, and the light beam is aimed at a
retroreflector, which sends it back to the receiver. The output
from the receiver changes when the beam is interrupted. In
this mode, there is some loss of light in the retroreflector, the
sensing range is about half that for the through-beam mode,
and reflections from objects in the path of the beam can cause
false detections. In the proximity mode, the transmitted beam
is aimed in the direction of the potential target object, as is
the receiver. When the beam is reflected from the surface of
the object and detected by the receiver, the output signal
changes. This mode depends upon the reflectivity of the object
and is generally not suited for vehicle detection.
Response time (light-to-dark or dark-to-light transition) for
photoelectric sensors is generally in the range of thousandths
to millionths of a second. This is the maximum time after the
transition occurs until the output switch from the photoelectric
sensor changes its on-or-off condition. Of course, electronic
circuits can be used to delay or extend the change time if
desired. For certain types of vehicle-sensing operations, very
short response time is important.

SENSOR POSITIONS

For counting, classifying, or weighing highway vehicles, the
infrared sensors are mounted beside or above the traffic lane
with the modulated light beam directed in such a way that
either the tires or the body of a passing vehicle will block the
beam. Different sensor positions are shown in Figure 1. Sensor SJ is a reflex type and is mounted overhead with the
transmitted light beam aimed straight down at Retroreflector
RI on the pavement surface. Sensors S2 and SJ are positioned
adjacent to the lane at heights that allow the light beam to
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FIGURE 1 Sensor, receiver, and reflector
mounting positions.

sense the presence of a vehicle body. Sensor S2 is a reflex
type working off Retroreflector R2, which is mounted at the
far edge of the lane on the pavement surface, or somewhat
above it for a single-lane roadway such as a ramp. Sensor SJ
can be either through-beam or reflex type. In the throughbeam mode, the transmitter in Sensor SJ is paired with a
separated receiver, RJ, which is usually connected with the
sensor by a hard wire. In the reflex mode, RJ represents a
retroreflector that sends the transmitted light beam back to
a receiver mounted beside the transmitter in the sensor head.
Sensors S4 and S5 are the reflex type and are used to detect
the presence of a wheel in the right-hand side of the traffic
lane. Retroreflector RI is mounted on the pavement surface
near the center of the lane with the reflective axis aligned
with the transmitted beam. Sensor S4 is mounted laterally in
a position off the edge of the lane-perhaps behind a curb
or beyond the shoulder-with the light beam aimed somewhat above the pavement surface. Sensor S5 is positioned at
the right-hand edge of the lane with the light beam very close
to the pavement surface.

Overhead Mounting

For counting vehicles, the sensor can be placed in the overhead position on a structure such as a mast arm or overpass
bridge and aimed downward, perhaps at a small angle, at a
rctrorcflcctor on the pavement surface in the center of a traffic
lane. Whenever a vehicle body breaks the beam, a signal is
sent to the counter. Trailers with long, slender tongues might
be counted as separate vehicles, particularly at slow speeds,
unless a time extension is used with the signal. Selecting an
appropriate time extension is problematic if high-speed vehicles operate at very short headways at the site.
The retroreflectors on the pavement surface must be sturdy
because tires will occasionally run over them. Hollow plastic
corner-cube retroreflectors, 3 in. in diameter-sometimes used
as delineators-secured to the pavement surface with epoxy
and surrounded by two layers of asphalt roofing shingles in
annular rings have functioned for several weeks under heavy
freeway traffic before being crushed. Similarly, reflective
sheeting (encapsulated beads and microcubes) on a thin metal
plate has performed well for a few weeks, except when a film
of water was present on the surface of the sheeting. A 6-in.diameter array of small-diameter (i to 1 in.) plastic retroreflectors attached to a thin metal plate with , and surrounded
by, epoxy is now being tested. The rationale for testing this
arrangement is that the short spans across these hollow plastic
structures will be able to resist the tire forces better without
crushing. Also, for maximum effectiveness, the size of the
reflector array can be made the same as that of the light beam
at the particular distance from the transmitting lens for each
site. The reflector assemblies are prepared for installation by
applying epoxy to the bottom of the reflector and cut-back
asphalt to the bottom surface of the surrounding roofingmaterial rings at the roadside. A short piece of duct tape is
also attached to the top surface at one edge of the assembly
with overhanging ends . The assembly can be placed in the
center of the traffic lane in about 10 sec. The duct tape prevents movement of the assembly until the epoxy and asphalt
cure within a few minutes.

Gamer et al.

Two overhead sensors, with companion retroreflectors,
mounted a fixed distance apart along the lane in the direction
of traffic flow makes it possible to count vehicles, measure
their speed and overall length, and classify them according to
speed and length. A sensor-separation distance of 2 to 3 ft
has been found to be quite adequate. Data can be obtained
for each lane of a multihtne facility.
Roadside Mounting
Sensors may be mounted beside the traffic lane with the light
beams aimed to detect the presence of a vehicle body, chassis,
or load . The size, shape, and vertical position of these vehicle
components vary widely; therefore, it is difficult-perhaps
impossible-to find a unique location for a single light beam
directed across the lane to detect every vehicle.
When the sensor is mounted beside the lane and aimed
downward toward a reflector at the far edge of the lane, as
shown by S2 and R2 in Figure 1, the light beam should have
an angle of about 35 to 45 degrees upward from the pavement
surface to detect passenger cars as well as trucks with trailer
frames 4 ft or more above the pavement. The retroreflector
must be mounted so that its reflective axis is approximately
coincident with the alignment axis of the transmitted light
beam. Two, or more, sensors at different heights can be connected (by a logical OR circuit) so th at interruption of any
light beam causes an output signal. This lane-side position
allows detection of vehicles only in the lane adjacent to the
sensor (usually the right-hand lane or the median lane on a
multilane road).
A similar sensor mounting is shown by SJ and RJ in Figure
1, but the receiver or the retroreflector is mounted at some
height above the pavement surface to accommodate a moreor-less horizontal light beam. This arrangement is best suited
for sensing vehicles in single lanes such as ramps, turning
roadways, or authorized-vehicle lanes. If the error in vehicle
count caused by simultaneously arriving vehicles interrupting
the beam.is not considered to be significant or is recognized
in data analysis, it can also be used to , count vehicles on
multilane roadways. The OR logic can also be used with multiple sensors positioned at different heights with one or more
receivers or reflectors mounted beyond the far lane edge and
above the pavement surface to enlarge the detection zone in
three-dimensional space.
A pair of sensor arrays of this type set a fixed distance apart
along the lane in the direction of traffic flow can be used to
count vehicles, to measure their speed and overall length, and
to classify them according to speed and length. The pair of
sensors also makes it feasible to detect the direction of movement for each vehicle.
Pavement Level Mounting
Sensors located at the edge of the traffic lane , on the shoulder ,
or beyond, with the light beam aimed just above the pavement
surface can detect the presence of a tire . This arrangement
is shown as S4, SS, and RI in Figure 1. For counting axles,
a single light beam at right angles to the direction of traffic
flow is adequate. Two such beams a known distance apart
longitudinally can be used to measure speed.
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Field experience has indicated that a conventional 4 x 4in. white retroreflective raised pavement marker in the center
of the lane is easy to install, has sufficient reflectance, and
functions for at least several weeks. The 4-in. width of the
reflector poses no problems for counting and measuring speed,
but a narrow beam is desirable when the time of interruption
is used to measure tire-pavement contact length and width.
Small, round reflectors (of~- to a-in. diameter)-like those
used in reflectorized letters on highway signs-reflect a narrower light beam, but when mounted vertically and recessed
about~ in. into the side of a protective, cast-aluminum housing
have exhibited drastically reduced reflectivity after 2 or 3 days
of freeway traffic because of tire marks or an accumulation
of road film on the plastic surface. Simply cleaning the surface
of the reflector has restored off-shoulder reflex sensors to
operation. This experience indicates that surface-mounted reflectors of this type are suitable for data collection sessions
involving tire sensing that last for only a few days or weeks.
Adequate reflectivity for longer periods-perhaps a few
months-can be achieved by using conventional retroreflective raised pavement markers.
Reflex sensors located just beyond the shoulder (see S4 in
Figure 1) have functioned for 8 weeks and are still operational
at the time of this writing. Protective tubes 1.5 in . in inside
diameter and 4 in. long in front of the sensor lenses deflect
rain , dust, and spatter. This location allows the sensors to
operate much longer than those on the edge line of the lane
(see S5 in Figure 1). As described earlier for the small retroreflectors, lenses of the miniature reflex sensors that were
mounted on the edge line in special cast-aluminum housings
resembling a raised pavement marker accumulated enough
road film in 2 or 3 days to make them inoperable. More
accurate measurements of tire-pavement contact area are feasible with the sensor in close proximity to a small-diameter
reflector than with the off-shoulder sensor working off a raised
pavement marker, but frequent-almost daily-cleaning of
the lenses and reflectors is required. Even with these limitations, photoelectric sensors offer certain advantages over
pneumatic tubes, tape switches, piezoelectric or inductance
strips, and pressure treadles for tire and axle detection in
certain situations.

APPLICATIONS
Photoelectric sensors can be arranged to detect the presence
or absence of a vehicle tire or of a vehicle body, chassis, or
load with respect to time and location in space. Thus, vehicles
or axles can be counted, vehicle speed can be measured, the
number of axles per vehicle can be determined, spacing between successive axles on a moving vehicle can be calculated,
single or dual tires can be distinguished, the approximate size
of the tire-pavement contact area can be estimated, and the
overall dimensions (length, width , and height) of the moving
vehicle body can be calculated.

Counting
A single modulated light beam, or an array of beams, can be
used to count the number of times that the beams are broken
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by an object. The object might be a vehicle tire or a vehicle
body, chassis, or load. Figure 2 shows a comparison between
the number of axles counted in the right-hand lane of IH-35
during five 15-min periods by three different sensing techniques: an infrared reflex sensor mounted off the shoulder
and aimed at a retroreflective raised pavement marker, a
piezoelectric cable, and three human observers. Counts by
the three human observers never agreed; therefore, a mean
value is shown. Variation in the manual counts ranged from
two to seven axles during a 15-min period. Some of this variation was probably caused by the fact that a few vehicles
changed lanes near the sensing site. In four of the five counting
periods, the piezoelectric cable gave the lowest count.

Speed

The output signals from two or more modulated light beams,
or arrays of such beams, separated by a known distance and
aimed across the path of a moving vehicle can be used to
measure the travel time of the vehicle between the beams.
The distance between the beams divided by the time is the
average speed of the vehicle. Appropriate accuracy of speed
measurements can be attained even though the spacing between the two beams is quite short, e.g., 2 or 3 ft, as the
response time of photoelectric sensors is almost instantaneous
and of similar magnitude for two sensors of the same type.
Most WIM systems measure vehicle speed and calculate
axle spacing along with wheel loads and gross vehicle weight.
A pair of photoelectric sensors mounted on the pavement
surface in advance of the instrumented structure has been
used in conjunction with a bridge research study to detect
approaching vehicles and indicate their speed, axle spacing,
and lane of operation (Jeff Schulz, unpublished data). In fact,
David Huft's use of modem photoelectric sensors in this way
for development of the South Dakota bridge WIM system
suggested this application several years ago.

Vehicle Classification

Vehicles are frequently classified according to the number of
axles per vehicle, axle spacing or arrangement (single, tandem, triple, etc.), single or dual tires, or overall vehicle length
or height. To apply any of these criteria, the presence of an
individual vehicle must first be determined. Then, measurements of the various factors pertaining to the vehicle can be
made. Photoelectric sensors can be used to determine both
vehicle presence and tire or axle presence, but a practical
combination of sensors for classification is to use an inductance loop detector for vehicle presence and photoelectric
sensors for detecting tires.
The arrangement of three pavement-level photoelectric
sensors plus an inductance loop detector shown in Figure 3
yields information for classifying vehicles according to speed,
axle spacing, single or dual tires, overall vehicle length, wheelbase, or lateral position within the lane. The time relationship
among signals from these four sensors resulting from a twoaxle, single-unit, six-tired vehicle is shown schematically in
Figure 4. Speed is calculated as the distance between SI and
S3 divided by time, tv. Axle spacing is time, ta, multiplied
by speed. Tire-pavement contact patch length is time, ti, multiplied by speed. Single or dual tires are indicated by the
relative duration, tw, of the beam interruption at Location
S2, assuming that the front tire is a single. Or, alternatively,
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overall tire width can be calculated. The length of the tirepavement contact patch is represented schematically in Figure
5 as Ls for a single-tire length and as Ld for dual tires. The
diagonal dimensions of the respective tire-contact patches of
single and dual tires are shown as DDs and DDd. The projection of these dimensions, PDDs and PDDd, are measured
as the time of interruption of S2, which is the diagonal light
beam. The overall width of the tires is calculated as a function
of tire length, projected diagonal dimension, and vehicle speed.
Overall vehicle length is determined by multiplying the time
that the loop detector is occupied times speed and subtracting
the length of the loop. Wheelbase is the total time between
the frontmost and rearmost tires on the vehicle, or vehicle
combination, crossing S2 multiplied by speed. Lateral position
within the lane is calculated as a function of the tire's travel
time, tp, between SI and S2, knowing speed.
IR light beams have been used in North Carolina, Louisiana, and Mississippi to detect overheight vehicles approaching overhead structures and warn drivers of impending danger
(4). For these applications, through-beam sensors are mounted
several feet above the road surface, and contamination of the
lens surfaces seems to cause no significant problem. Pairs of
pavement level IR beams are currently being evaluated for
classifying vehicles according to single or dual tires and the
number of axles per vehicle in conjunction with auditing toll
collection operations in Oklahoma.

Weight

The size of the tire-pavement contact patch is an indication
of the load on the tire. For any given tire, the more the load,
the larger the contact patch. Many factors affect this relationship, however. For example, tire inflation pressure, temperature, size, ply material and arrangement, tread material
and pattern, as well as vehicle speed and dynamic behavior
all interact to determine the properties of the patch. Only a
crude relationship between tire load and tire-pavement contact patch size can be expected.
In order to determine whether a useful relationship could
be developed, an array of photoelectric sensors and an inductance loop detector were arranged directly above the righthand wheel force transducer of a Radian WIM system, and
data from both systems were recorded simultaneously. The

site was at a rural location near Junction, Texas, on IH-10
where traffic was traveling at high speed. Data from 149 fiveaxle tractor-semitrailer trucks are shown in Figure 6. The
values shown are measurements of individual right-side tires
summed for the five axles on each truck. A straight line of
best fit to the data points is shown. A cluster of points near
the lower left corner of this figure representing right-side
vehicle weights less than about 15 ,000 lb (gross vehicle weights
less than about 30,000 lb) is probably associated with empty
trucks. There appears to be a trend of increasing tire length
with increasing wheel load, but the large amount of scatter
in the data makes meaningful weight estimation from measurements of tire-pavement contact patch length impracticable. No better relationship between wheel load and other tirepavement contact patch characteristics such as width or area
could be discovered. Size of the tire-pavement contact patch
alone seems to be an inadequate indicator of tire load for
mixed vehicle types.

CONCLUSION
Photoelectric sensors can be mounted above or beside a roadway and used to detect the presence of a vehicle tire, body,
chassis, or load. This information is the basis for essential
t,affic survey data concerning speed, volume, classes of vehicles in the traffic stream, and structural loading of pavements and bridges. Field studies indicate that roadside-mounted
reflex pulse-modulated IR sensors working off retroreflective
raised pavement markers in the middle of the lane can be
used successfully to sense vehicle tires for periods of several
weeks. Two or more through-beam or reflex sensors connected in a logical OR mode and aimed to intercept the vehicle
body, chassis, or load are suggested for detecting the presence
of a vehicle. Pairs of photoelectric sensors separated a known
distance produce the information needed to calculate vehicle
speed, direction of travel, overall length, and axle spacing.
A three-sensor array can additionally indicate single or dual
tires and lateral position of the wheel in the lane. In many
cases, reflex-type IR sensors offer an economical and practical
alternative to pneumatic tube, piezoelectric or inductance strip,
and pressure-treadle axle detectors, and to inductance loop,
ultrasonic, magnetic, and radar vehicle detectors, especially
for temporary traffic sensing applications. IR photoelectric
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sensors are commercially available, relatively inexpensive,
produce output signals that are compatible with most traffic
recording devices, durable, and can be installed without cutting the pavement surface.
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Development of National Highway Traffic
Monitoring Standards
DAVID ALBRIGHT
Traffic monitoring has a fundamental impact on transportation
decisions. Decisions based on the results of traffic monitoring
include the allocation of resources, identification of safety problems, and design of roadway alignment and pavement thickness.
An overview of the development of traffic monitoring, the need
for national traffic monitoring standards, and foundational principles for the development of standard practice are described.
The traffic monitoring profession developed primarily as an independent activity. Agencies, offices within agencies, and individuals within offices developed independent data collection, summarization, and analysis procedures. The emphasis has been on
application of professional judgment. This emphasis has proven
helpful when the professional was aware of specific roadway operational characteristics. Unfortunately, this emphasis has also
resulted in a lack of data consistency and comparability. There
is a need to develop national traffic monitoring standards as a
reference for appropriate use of professional judgment. Four
foundational principles are proposed for the development of national traffic monitoring standards. They are base data integrity,
measurement edits, consistent computation, and truth-in-data.
With these principles, national standards could result in directly
comparable, nationwide traffic statistics. Standard practice would
provide transportation efficiencies through more accurate and
precise assessment of traffic demand and service. Standard practice can enhance the safe transport of people and goods and the
nation's transportation competitiveness.
Effective highway traffic monitoring ensures that road construction projects are appropriately designed, traffic safety
problems accurately identified, and highway funds equitably
allocated. Decisions concerning traffic monitoring directly influence the ability of the highway system to serve the safe
and efficient movement of people and goods.
Highway traffic monitoring, the current role of individual
decisions, and the need for national standards are described.
Four foundational highway traffic monitoring standards are
identified that can provide a reference for the current traffic
monitoring practice of governmental agencies and private firms.

HIGHWAY TRAFFIC MONITORING

Highway traffic monitoring is the measurement, summarization, and reporting of vehicle characteristics. There are
measurements of vehicle quantity, type, axle load, axle group
load, and gross vehicle weight. Decisions concerning location,
type, and period of measurement impact this aspect of traffic
monitoring.
Transportation Planning Division, Research Bureau, New Mexico
State Highway and Transportation Department, P.O. Box 1149, Santa
Fe, N. Mex. 87504-1149.

Traffic statistics are summarized from vehicle measurements. Traffic summary statistics indicate typical vehicle volume, classification, and weight for a defined segment of roadway and period of time. Measurements at various locations
may also serve as a sample of vehicle characteristics on a
road network or system. This second aspect of highway traffic
monitoring is affected by decisions concerning the integrity
of measurements and the method of computing summary
statistics.
Summary statistics are reported for use in a variety of applications. Summary statistics calculated from measurement
of traffic volume are reported to evaluate operational characteristics of roadways, such as assessing accident experience
compared with exposure, the impact of roadway realignment
on local street travel, and the impact of new housing or commercial development on roadway congestion. Traffic volumes
are also reported as one basis for highway fund allocation.
Summary statistics calculated from the measurement of volume by vehicle classification are used in roadway geometric
design and intersection signalization. Summary statistics calculated from vehicle axle load measurements help determine
pavement thickness.
Decisions related to reporting of summary statistics characteristically concern whether and how to report the quality
and quantity of measurements underlying traffic summary
statistics. Alternative decisions include describing the procedures employed in measuring traffic, and estimating the
accuracy and precision of traffic summary statistics.
Decisions related to each of the three aspects of highway
traffic monitoring are made daily. The consequences of these
decisions are found in every mile of paved roadway across
the nation.
HIGHWAY TRAFFIC MONITORING PRACTICE

How are highway traffic monitoring decisions reached? The
highway traffic monitoring profession in the United States
developed with an emphasis on individual rather than standard practice. Indeed, there have been outstanding individuals who in the past have made positive contributions to
understanding traffic data. However, the exercise of individual judgment has been preserved at the expense of common,
consistent traffic monitoring practice.
To the extent that there is common traffic monitoring practice, it has been formed by federal traffic reporting requirements. Uniform samples of traffic have been recommended
to help ensure that national traffic reports represent comparable data, and that construction projects using federal
funding share common identified traffic characteristics.
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The emphasis of federal highway traffic reporting is on
system level estimates of traffic characteristics. This is reflected in the FHW A design of the Highway Performance
Monitoring System and the contents of the Traffic Monitoring
Guide (1,2).
The federal government has identified summary statistics
to be reported that represent traffic volumes, vehicle classification, and equivalent weight by vehicle classification. This
set of summary statistics for understanding traffic includes
generally accepted naming conventions. Examples are the
convention for naming the mean daily traffic volume as average daily traffic (ADT) and the federal typology of 13 vehicle classifications.
Beyond these positive contributions from the federal government, traffic monitoring decisions are currently based on
individual agency and employee judgment. Individual decisions include the number, period, and location of measurements for site-specific traffic monitoring; the type and placement of traffic measuring devices; the computational method
for deriving traffic summary statistics; and if permitted, the
imputation procedure to estimate missing measurements in a
traffic data set. In some traffic monitoring agencies, professional judgment is also involved in determining how to estimate the same conventionally named traffic summary statistics in the absence of any traffic measurements .
These individual decisions vary among agencies. As a result, the naming convention (e.g., ADT) for the summary
statistics has developed uniformly, but the measurements or
estimates underlying the summary statistics vary considerably.
The measurements or estimates underlying traffic summary
statistic reports vary from agency to agency, from office to
office within agencies, and from year to year within offices.
The various uses of highway traffic reports are commonly
made without awareness of the nature or implication of these
individual decisions. At present, there is no set of national
highway traffic monitoring standards or guidelines that can
serve as a common reference for the appropriate exercise of
individual decisions.

THE NEED FOR HIGHWAY TRAFFIC
MONITORING STANDARDS
The development of highway traffic monitoring standards can
provide a needed reference for individual agency decisions
and individual employee professional judgment. There are
advantages and limitations associated with individual decisions. However, in the absence of a standard , preferred practice limitations overshadow advantages.
An inherent advantage of decisions made by individual
agencies is apparent responsiveness to user requests. Whether
the individual agency is a governmental agency or a private
consulting firm, location of traffic count sites and conduct of
the measurements can be quickly performed. Depending on
the request, an individual agency can select the traffic to be
measured and allocate staff and field equipment. Emphasis
on individual agency decision making has been at least timeresponsive to requests for traffic summary statistics.
In the absence of standards, individual professional decisions limit the usefulness of a quickly generated traffic report.
Decisions concerning period of measurement, imputation of
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missing measurements, and estimated values without measurement affect the equivalence and comparability of the reported summary statistics. Clients and other users of traffic
reports would be justifiably concerned if they were aware of
the potential for summary statistics being based on mixed data
and uncounted estimates.
The reality is that comparisons are made each day using
reported, inconsistent traffic summary statistics. Comparisons
are most commonly made without client understanding of
current traffic monitoring limitations. On this basis, each year,
millions of dollars are allocated for transportation. Deterioration of the highway and bridge infrastructure, pavement
failures far short of their design life, and the inability to meaningfully address safety and air quality issues are , in part, consequences of the calculation, report, and use of inconsistent
traffic summary statistics. Indication of the variability of summary statistic precision and bias under current practice was
documented in the 1990 ASTM H. W. Kummer Lecture (3).
Traffic monitoring has developed to quickly generate a traffic
summary report, without ensuring the integrity of the report.
Traffic monitoring has developed as time-responsive to the
client, but not quality-responsive. In part, it is the growing
client concern for equivalent data and comparable traffic reports that motivates the development of national traffic monitoring standards.
In addition to being time-responsive, another advantage ot
emphasizing professional judgment is that over a period of
years surne inJiviJuals gain a familiarity with general traffic
characteristics on individual roads. With this knowledge,
professional judgment can be used to select the best location
on a given road segment to install a traffic recording device .
With good judgment, the installation site is representative of
the traffic characteristics sought. Moreover, mechanical errors
in measuring traffic can sometimes be quickly identified by
professionals who are familiar with the road.
There are limitations in individual professional judgment.
As trnffic ;md the understanding of traffic become more complex, there may be reduced effectiveness of personal professional judgment. Traffic may change more rapidly than individual awareness of change.
Without e11ici;inc:P., inciivici1rn ls m;iy, ;incl frP.<JllP.ntly cin, m;i lrn
erroneous assumptions in modifying traffic measurements and
summary statistics. Different individuals make conflicting
modifications. The trend of traffic summary statistics across
time, which is important for forecasting traffic when designing
pavement or bridges, may be meaningless given the data modifications made through individual judgment.
When relying on the judgment of a specific professional ,
there is another common problem. In the absence of standards
or guidance there is difficulty in passing along one person's
insight to another. The ability to transfer consistency in
professional judgment from one generation of professionals
to the next is uncertain at best. Staff turnover within each
generation of traffic monitoring professionals makes consistent professional judgment difficult. In part because of the
problems inherent in transferring judgment, inconsistencies
in traffic monitoring are found within agencies as well as
between agencies.
There will always be an important role of appropriate
professional judgment in traffic monitoring. Consistency of
data collection, summarization, and reporting, representing
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the best professional practice, would facilitate appropriate use
of professional judgment. This consistency can be provided
through national traffic monitoring standards.
THE DYNAMIC NATURE OF HIGHWAY TRAFFIC
MONITORING STANDARDS

Traffic monitoring is a dynamic endeavor. New technologies
in collecting traffic data permit increased quality and quantity
of measurements. There are also new technologies in summarizing traffic data. Computer technologies permit traffic
data to be quickly summarized and reported with the moments
of the data distribution.
The availability of more accurate and more extensive information opens the possibility to new statistical understandings of traffic data. As traffic measurements become standardized, alternative summary statistics may be analyzed to
determine if they more adequately represent the central tendency of traffic. As summary statistics are calculated and
analyzed, the potential exists to produce traffic reports with
estimates of summary statistic accuracy and precision. This
process, in turn, would help ensure informed use of reported
summary statistics.
Today, there are few standardized traffic data bases on
which to base comprehensive, detailed statistical procedures
for national traffic monitoring standards. Nevertheless, traffic
reports are acted on daily throughout the nation as though
the data were equivalent and understood. It is vital that decisions concerning the nation's highways be based on data
that are, in fact, comparable. In order to do this, standard
practice must be defined and professional guidance provided
with the clear understanding that the practice is dynamic.
FOUNDATIONAL TRAFFIC MONITORING
STANDARDS

National traffic monitoring standards should have several
characteristics. They must provide a reference for individual
agency and staff decisions. They must address the critical
decisions in each aspect of traffic monitoring, from traffic
measurement through summarization to reporting. They should
support future development, given the dynamic nature of traffic
technologies and statistical analyses.
A group of highway traffic monitoring standards may be
considered foundational. These foundational standards are
outlined in the following paragraphs.
To measure traffic for equivalent summary statistic calculation, there must be adherence to the principle of base data
integrity. Missing or inaccurate raw data should not be completed, filled in, or replaced for any type of traffic measurement, at any location, under any circumstance. What is inviolable is the distinction between a measurement and an
estimated value.
Not all measurements are accurate. Therefore, a set of
standards must be developed to screen measurements for accuracy. If the measurements are not found to be accurate,
they will be rejected for computation of summary statistics.
Other measurements must be made and used.
To provide equivalent and comparable summary statistics,
there must be a consistent method of computing the summary

statistics. The method selected should be based on measurements that are determined as being accurate. The standards
should specifically avoid computational procedures that require data imputation or estimation.
To provide useful reports, traffic monitoring standards must
incorporate the principle of truth-in-data. Persons receiving
traffic data reports need additional information to make traffic
summary statistics meaningful. The minimum requirement for
traffic monitoring standards was adopted for site-specific summary statistics by the Strategic Highway Research Program
(SHRP). The SHRP requirement is that a description of the
period and type of traffic measurement must be provided for
each reported traffic summary statistic (4). Data users will
preferably be provided with estimates of the precision and
bias of reported traffic summary statistics.
Truth-in-data should be considered the most important
principle of national traffic monitoring standards. The impact
of this principle extends beyond research activities to every
traffic data application.
Combined, these principles establish the foundation for
standards and guidance for traffic monitoring. The principles
will help ensure informed use of traffic data today, and increased understanding tomorrow.
CONCLUSION

The first highway reports in the United States were generated
in the early 1900s. Systematic measurement of highway traffic
was well underway in the 1930s, and was subsequently impacted by widespread automatic measurement of traffic in the
1940s. In over 50 years of automated traffic monitoring, no
standards of professional practice were developed and accepted for nationwide use.
The unmet need for highway traffic monitoring standards
continues to exist. Because the traffic monitoring profession
has developed independently, standards will not be easy to
implement. The identification of traffic monitoring standards
will require virtually all public agencies and private consulting
engineering firms to modify their current traffic practices.
Although defining and implementing a dynamic set of traffic
monitoring standards will be difficult, the alternative is unacceptable. The use of traffic reports is too significant, both
in economic and in human terms, to permit current inconsistent practice to continue.
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Intelligent Weigh-in-Motion Systems
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Weigh-in-motion (WIM) systems are used to automatically determine the weights of trucks passing over transducers without
requiring those vehicles to stop. Although these devices have
been in existence for more than 40 years and are now being
deployed on a significant scale, unresolved problems associated
with their installation, maintenance, and use prevent them from
attaining high levels of accuracy. These problems are directly
related to the fact that WIM systems are used to estimate static
weights on the basis of the dynamic forces produced by axles that
are oscillating continuously and in a complex manner. Existing
approaches to WIM rely on empirical methods to interpret dynamic measurements to provide equivalent static information.
The algorithms used in these methods are generally more than
10 years old. Although they usually incorporate the best technology available at the time of their development, they do not
explicitly address the vehicles, WIM transducers, pavement profile, and pavement structure as a single complex dynamic system.
Recent advances in both hardware (sensors and computers) and
software technology now allow the dynamic phenomenon of truck
axle weight fluctuations in the context of the vehicle-transducerpavement system to be identified, quantified, characterized, and
explicitly included in the interpretation of WIM sensor output
signals. The general problem of weighing trucks in motion and
its proposed solution using advanced sensor technology, signal
processing algorithms, and analytical techniques, including the
application of artificial intelligence, are addressed. The current
status of the research to accomplish these objectives is also
presented.
A WIM system is defined in the new ASTM Standard E1318,
Standard Specification for Weigh-in-Motion (WIM) Systems
with User Requirements and Test Method, as a set of sensors
and supporting instruments that measures the presence of a
moving vehicle and the related dynamic tire forces at specified
locations with respect to time; estimates tire loads, speed,
axle spacing, vehicle class according to axle arrangement, and
other parameters concerning the vehicle; and processes, displays, and stores this information.
Attempts have been made for more than 40 years to weigh
vehicles without requiring them to stop. Reliable and durable
weigh-in-motion (WIM) systems are now available and are
being deployed in every state. However, many installations
of WIM systems operate at marginally acceptable levels of
accuracy because of the following factors that are external to
the WIM system itself:

An approach to reducing the adverse effects of these factors
is offered. The next section discusses the most recent relevant
efforts to define standard specifications for accuracy.

ACCURACY STANDARDS
The purchase of WIM equipment requires the specification
of acceptable accuracy levels. This procurement process has
been aided by the products of three recent relevant research
activities, two of which have recommended levels of accuracy.
These activities include a study within the heavy-vehicle electronic license plate (HELP) program, a volunteer effort within
ASTM, and NCHRP Research Study 3-39, Evaluation and
Calibration Procedures for WIM Systems.
WIM system standards were developed in the HELP project for both permanent and portable WIM systems (1). The
HELP WIM accuracy standards were developed on the basis
of results of field tests conducted at (assumedly) typical installations of each WIM system commercially available in the
United States. This study was conducted to ensure that WIM
specifications to be used within the HELP program would be
reasonable both for vendors and for the participating states.
Although efforts were made to select a good evaluation site
for each system, it was recognized that the potential accuracy
level for each system was likely to be adversely affected by a
less-than-smooth approach pavement profile and other external factors such as those listed earlier.
WIM Standard El318, which was developed within the
consensus-building environment of ASTM, was completed
and approved on January 2, 1990. The accuracy values used
by ASTM were based on the experience of participants from
industry, state and federal agencies, and academic and research institutions. The results of previous research, including
the HELP WIM study, were considered in this process.
One of the most important elements of the ASTM document is its definition of the following four types of WIM
systems (ASTM E1318):

1. The dynamic response characteristics of the vehicle,
2. The dynamic response characteristics of the pavement
as the tires of the vehicle pass over it, and
3. The profile of the pavement approaching the WIM weight
sensor.

1. Type I, designed for permanent or semipermanent installation at traffic data collection sites.
2. Type II, designed for portable use at traffic data collection sites.
3. Type III, designed for installation at weight enforcement
stations to identify approaching vehicles suspected of weight
violations.
4. Type IV, designed for use at weight enforcement stations
to detect weight limit violations.

Texas Transportation Institute, Texas A&M University, College Station, Tex. 77843.

The ASTM standard recommends the accuracy levels presented in Table 1 for each type of WIM system.
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TABLE 1 FUNCTIONAL PERFORMANCE REQUIREMENTS FOR
WIM SYSTEMS
Probability for 95% Confonnity
Function

Type IV
Type I

Type II

Type III

Value~

(lb)

±(lb)

Wheel Load

±25 %

±20 %

5,000

Axle Load

±20 %

±30 %

±15 %

12,000

500

Axle Group Load

±15%

±20 %

±10 %

25,000

1,200

Gross Vehicle Weight

±10 %

±15 %

±6 %

60,000

2,500

Speed

±1 mph

Axle Spacing

± o.srt

The values presented in Table 1 (and in the HELP WIM
specification) are significantly greater than those defined for
static scales under Handbook 44 (2), published by the U.S.
Department of Commerce. These rather loose tolerances
(compared to Handbook 44) were selected because the attainment of higher values of accuracy is limited by the previously listed factors related to the vehicles being weighed,
pavement structural strength, and pavement profile. The ASTM
WIM specification partially addresses the potential effects of
these factors by providing standards for the profile of the
pavement both approaching and departing the WIM sensor.
NCHRP Project 3-39 is intended to develop procedures for
testing WIM systems during acceptance, calibration, and periodic verification. It is also providing data that can be used
by the ongoing ASTM review activity to revise ASTM Standard 1318.
It is proposed that the WIM transducer, supporting pavement profile, pavement structure, and vehicle be treated as
a system rather than independent interacting elements. This
view is presented and discussed in the next section.

m,

mp

= mass of pavement

FIGURE 1 Simple dynamic model
of a vehicle passing over a WIM
device.

acceleration, velocity, and displacement of each of the masses
as the vehicle passes over the WIM transducer-pavement subsystem.
The equations of motion are as follows:

WIM VEHICLE-TRANSDUCER-PAVEMENT
SYSTEM

The dynamics of the WIM vehicle-transducer-pavement system is facilitated by considering the simplified model of a
wheel passing over this system as shown in Figure 1. The mass
of the vehicle supported by the wheel is shown as m 4 in the
figure. The stiffness and damping characteristics of the vehicle's suspension system are indicated by the constants k 4
and c4 , respectively . The mass of the wheel is m 3 and its
stiffness and damping constants are k 3 and c3 , respectively .
For a WIM transducer installed in the pavement, there are
two separate components to be considered-the frame and
the active transducer element. The mass of the active transducer is indicated by m 2 with stiffness constant k 2 and damping
constant c2 . The mass of the frame is indicated by m 1 • The
mass of the pavement is indicated by mP with stiffness constant
k 1 and damping constant c 1. The displacement of the WIM
transducer is (x 2 - x 1 ). The vertical velocity of the wheel is
(x 3 - i 2 ) and the displacement of the wheel is (x 3 - x 2 ). The
vertical acceleration of the wheel is (x 3 - .X2 ).
Four simultaneous equations describing the dynamics of
Figure 1 can be written and solved to predict the vertical

250

(1)

(2)

(3)
(4)

The portion of the force imparted by a passing wheel to
the WIM transducer-pavement subsystem actually "seen" by
the transducer is the quantity of interest in interpreting WIM
data . Equation 5, which has been derived for this purpose,
yields the ratio of the measured force to the actual force
applied.
Force measured
Actual force applied

(5)

If the pavement is rigid, there is (theoretically) no vertical
acceleration, velocity, or displacement of the pavement or the
transducer frame. In that case, the term x, in the numerator
of Equation 5 is zero and all of the force applied by the wheel

TRANSPORTATION RESEARCH RECORD 1311

90

is actually seen by the WIM transducer. As x, increases from
zero (i.e., when the pavement is not rigid), the force applied
to the transducer is reduced proportionately.
A computer model based on the principles contained in the
previous discussion is included in the intelligent WIM system
being developed in this research.

1. Viewpoint of plausible and logical reasoning instead of
quantitative calculation;
2. Very knowledge-intensive;
3. Tolerance for errors and imprecise data;
4. Evolutionary design, anticipating addition and change;
5. Knowledge-based design;
6. Inference and deduction capabilities; and
7. Heuristic or approximate problem-solving approach.

Environmental Effects
When the performance of a particular WIM system varies
significantly with temperature, the vendor supplies temperature correction capabilities through use of a temperature
coefficient. However, in reality this approach can be accurately applied only to the placement of the WIM transducer
on rigid pavement. When the pavement is flexible, the temperature constant used by the vendor cannot accommodate
the change with temperature of the spring and damping constants of the pavement.
Moisture changes, not addressed by vendors, can have a
significant effect on the pavement spring and damping coefficients. The impact of temperature and moisture on the
pavement response and the ways to account for these factors
are being addressed explicitly in the intelligent WIM system
under development in this research.

Effect of Pavement Profile
It is well known that the approach pavement profile affects
the performance of WIM systems. The effects of the dynamics
of the vehicle are manifested in the complex oscillation of
both the truck axles and truck body at frequencies between
1 and 30 Hz. If accurate weighing is to be achieved, it is
necessary to monitor or predict these oscillations. The former
can be accomplished by judicious wheel load sampling
approaches.
The elimination of the dynamic effects caused by the pavement profile requires measurement of the profile of the road
surface for approximately 500 ft in advance of and 100 ft after
the location of the WIM sensor. This procedure is reqmred
because of the fact that the complex oscillation of the truck
axles and body is induced, in part, by the stimulus caused by
passing over a pavement surface that is not completely flat,
smooth, and level.
The resulting data can then be used in a computer software
program to eliminate the differences between dynamic and
static weights . This approach is being taken in the development of the intelligent WIM system in this research.
Discussion of the details of the intelligent WIM system now
under development is aided by presenting a brief overview of
artificial intelligence in the next section.

These characteristics are well suited to application to an intelligent WIM system as discussed in the next section. It is
also useful to consider the generic AI system shown in Figure
2, conceived by Schutzer (3).

INTELLIGENT WIM SYSTEM
The application of Al to WIM systems is based on the following assumptions:
1. If sufficient information could be obtained about the
characteristics of the vehicle-WIM transducer-pavement system
during the weighing of each truck, an intelligent person using
appropriate computer hardware and software could determine
the static weight of the vehicle.
2. A machine (computer hardware and software system)
could be developed to process the same information as the
intelligent person to produce the same result of determining
the static weight of the vehicle .
The first step in the development of the intelligent WIM
system was to design and test a version of the system on the
basis of the approach an intelligent person would take to
determine the static weight of a vehicle on the basis of data
acquired from the vehicle-transducer-pavement system. As
discussed previously, these measurements consist uf the following types:
1. Pavement profile,
2. Pavement deflection response characteristics,

Knowledae Base
(FaclS & Rules)

Inference Engine Program

Rule Interpreter/Cona-ol Strategy
Global
Daw Base

Current Situation

ARTIFICIAL INTELLIGENCE
Artificial intelligence (AI) is "a field of study concerned
with designing and programming machines to accomplish tasks
that people accomplish using intelligence" (3). There are
several important differences between AI and conventional
computer-based approaches, as follows (3):

ATTRIBUTES OF GENERIC Al SYSTEM

o F1exibility - Facts can be used more than one way
o Generality • any fact or rule can be encoded
o Additivity - progrwn cen evolve easily; new facts
and rules can be included; order not important
o Explanation facility · line reasoning can be
displayed (transparent reasoning)

FIGURE 2 Generic Al system (3).

o PulS thing• in knowledge ba>c
o Uses rules to draw inferences
o Applies control or search strategy
oApp lies metarules
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3. WIM transducer array output,
4. Pavement moisture content and temperature, and
5. Dynamic load oscillation pattern.
An intelligent person can determine the static load accurately if this information and an appropriate computer simulation program are available. The pavement profile data can
be obtained by either automated or manual means. The pavement deflection response characteristics can be determined
using nondestructive testing (NDT) devices. The output from
the WIM transducer array is directly available. Pavement temperature and moisture content can be measured. The dynamic
load oscillation pattern can be acquired either by using a
pattern of load sensors in advance of the WIM transducer
array or by using an array of WIM transducers.
The methodology used by an intelligent person to perform
this analysis must then be defined. This process requires the
identification and characterization of the logical decision process that is followed. By definition, this process must be flexible, general, and adaptive to changing conditions. It will be
knowledge-intensive because the algorithms required to interpret the different types of data require it. Tolerance of
errors and imprecise data is absolutely necessary because each
type of data is likely to be imperfect. Because many of the
types of data are constantly changing, the system must be

evolutionary. The research is currently at this stage. The five
types of data listed earlier are included in the process. The
pavement profile and pavement response characteristic data
are acquired at one time, whereas the WIM output, pavement
moisture and temperature, and dynamic load oscillation pattern are acquired continuously.
Once the definition of the methodology is completed, it
will be placed in a computer system that is continuously acquiring data from the sensor array. A large data base will
then be acquired and used to "train" the system to perform
its function with a minimum of errors.
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Integration of Diverse Technologies for
Pavement Sensing
CARL HAAS AND CHRIS HENDRICKSON
Recognition of the need for good pavement data has resulted in
efforts to develop noncontact automated pavement data acquisition systems. These systems collect roughness, geometric, and
distress data using a diverse range of sensing technologies. Al·
though many of these technologies are becoming well developed
and accepted, there has been a lag in the development of effective
methods to exploit the data that is produced. To do this, the
diverse technologies used for pavement sensing must be integrated. Currently, integration methods are typically ad hoc and
specialized for each application and sensor type. A general method
for such integration is described. This general method supports
diverse sensors, large datasets, and data abstraction over a wide
range, from the location of cracks of a fraction of an inch in width
to summary pavement section condition measures. Also, integration requirements are examined, issues of uncertainty are discussed, and examples are presented of pavement sensor data
combinations for two diverse application areas. One example
integrates video and laser range data to identify pavement cracks.
The second example illustrates sensor data integration for pavement condition assessment using three commercial survey systems. Data from these three commercial systems are integrated
using the same software model structure and typical summary
statistics are derived.
Good pavement data are the foundation of good pavement
management (J). Recognition of the need for good pavement
data has resulted in efforts to develop noncontact automated
pavement data acquisition systems. These systems collect
roughness, geometric, and distress data using a diverse range
of sensing technologies. Although many of these technologies
are hecoming well developeci ;mci Rr.r.eptecl, then•, hRs been a
lag in the development of effective methods to exploit the
data that is produced. To do this, the diverse technologies
used for pavement sensing must be integrated. Integration
requirements are examined , issues of uncertainty are discussed, and examples are presented of pavement sensor data
combinations for two diverse application areas.
Integration requirements include a model of the pavement
surface into which disparate sensor data can be incorporated.
Sensor data must also be registered in the coordinate system
that forms the basis of the model, and it must be aligned with
data from other sensors. The methods that can be used to
ensure good registration and alignment are discussed. Integration also requires surface characterization procedures
in which data fusion (or combination) operations perform a
key role.
Sources of uncertainty arise from instrument sensing errors,
imprecision and slippage in mechanical components, misC. Haas, Department of Civil Engineering, University of Texas, Austin, Tex. 78701. C. Hendrickson, Department of Civil Engineering,
Carnegie-Mellon University, Pittsburgh, Pa. 15213.

alignment and registration, data fusion operations, and propagation of error through the aggregation and abstraction involved in the characterization processes of the surface model.
Modeling uncertainty is a problem. Methods to reduce error
in multisensor systems are briefly discussed and then referenced.
The issues are illustrated with two examples. In one example, laser range and video data are integrated to derive
precise maps of routed pavement cracks for a robotic pavement crack filler. This example serves to illustrate the potential of integrating these two sensing technologies for pavement
characterization. In the example that follows, a method by
which sensor data from existing, commercial, multisensor
pavement surveying systems can be integrated in a common
pavement surface representation and the advantages that can
ensue are illustrated.
A particular pavement surfaces model is used for both applications (2). The model is implemented as a software library
or "tool kit" using C + +, an object-oriented language (3) .
This form of implementation promotes modularity, independence and good data management.

INTEGRATION REQUIREMENTS
Pavement Modeling

The purpose of integrating diverse sensing technologies is to
exploit the information available in order to characterize the
pavement more effectively. To do this, 1t 1s necessary to have
a standardized model of pavement surfaces into which many
disparate sources of information can be incorporated. The
model must also support different levels of data abstraction
and aggregation . It must maintain spatial relationships among
surface characteristics, it must support automated characterization, and it should support quick access to surface
information.
A simple and common model is that based on one dimensional or linear representations of roadways with characteristics indexed by milestone. However, linear models cannot
represent information that has width as well as length such
as rutting or local areas of distress. Linear representations are
therefore incapable of representing many types of scanned
data at a low level of aggregation or of maintaining twodimensional spatial relationships . Many alternative geometric
surface models exist that are based on parameterized planar
sections (4-8). With the exception of Delauney triangles (9),
none of these models easily supports multiple levels of abstraction and aggregation. None, including Delauney triangles, easily facilitates maintenance of spatial relationships be-
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tween different sources of surface characteristics. The quadtree
is an alternative that is symmetric, infinitely decomposable,
and easy to construct from pavement sensor data. Quadtrees
can also be used to maintain well-defined spatial relationships
between different sources of surface data, because the individual quadtrees can be arranged to form parallel structures.
A quadtree is a hierarchical, tree-like representation in which
a surface is repeatedly divided into square surface areas
(quadrants) with finer and finer detail.
A model defined and developed by Haas (2 ,10) makes use
of quadtrees. This model serves as a framework to discuss
issues of sensor integration. The model (Figure 1) is the combination of a surface representation and the process of developing it. The surface representation comprises characteristics at various levels of abstraction and aggregation. On the
basis of this definition, development of the representation is
termed "characterization." Characterization includes four basic
operations on data: filtering, reduction, fusion, and structuring. Characterization transforms the state of the surface representation. Common data structures support characterization
and facilitate the surface representation, and in this way unify
the elements of the model.
The model assumes that pavement surfaces are of two and
one-half dimensions so that pavement contour information
can be included. This assumption implies that pavement surfaces can be represented in a manner analogous to topographic maps without underground elements. Pavement surfaces are represented by characteristics at different levels of
aggregation and abstraction. The level of aggregation of a
characteristic refers to its spatial extent and its distance hierarchically from original sensed data. Three levels of characteristics are defined:
•Properties-measured directly or derived from other
properties,
•Features-derived from properties and other features,
and
• Regions-aggregations of sets of features and properties.

The surface representation is composed primarily of two
data structures. The first is a grid to which sensor data measurements are registered. Measurements from different sensors are referenced to common points on the grid and thereby
related to each other spatially. The grid supports sensor data
filtering and reduction, and it forms the foundation of a generalized quadtree that is used to relate characteristics in a
spatial framework useful for data fusion and structuring. The
generalized quadtree has advantages over other surface descriptions. It is compact because of its hierarchical structure
and is unified because its nodes create a useful parallelism
among surface characteristics, thus maintaining the spatial
relationships among the characteristics.
In this model, each node in the generalized quadtree is a
data structure, with slots for each surface characteristic in a
quadrant and with values for each slot. Descriptions of uniform characteristics spanning a wide area of the surface may
be contained in higher nodes and propagated down the tree
to access information at any level of detail. For example,
Figure 2 shows the quadtree's hierarchical representation of
pavement depression and cracking information. In their final
state, each quadrant encompasses an area in which the property or feature value is relatively uniform. Quadrants correspond to leaf nodes on the tree, and for any node in the tree
its slots may have four states:
•Black-the characteristic fills the area encompassed by
the slot's node,
• White-the characteristic is not extant in the area encompassed by the slot's node,
•Grey-the characteristic is to some degree extant in the
area encompassed by the slot's node, and
•Undefined-no knowledge is retained concerning the
characteristic at this node.
The state of black may have several values. For example,
rutting may exist as low, medium, and high. In most cases,
it makes sense to discretize continuous-valued properties into
a few representative ranges.

sensor data

Sensor Data Registration and Alignment

,,
surface
representation

..-

--

..._

....

characterization
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.,
surface
description
the model

,
applications

FIGURE 1 Pavement surfaces model.

Registering sensor data of the surface and aligning it spatially
is challenging. A common coordinate system is required in
which to sense and register the data and align data from
different sources. A cartesian grid can serve this purpose. The
grid is an array of points laid out in a rectangular pattern in
an xy reference plane. The plane is located above the pavement surface, and its orientation is arbitrary. The space between the points along either axis is the same, but the number
of points along either axis is variable as well as the magnitude
of the space between the points. For the generalized quadtree
model, two conditions are imposed. The first is that the number of points in each dimension must be a power of two. The
second is that the number of points in each dimension be
divisible by a common denominator equal to or one-half the
length of the smallest dimension.
The dimensions of the grid should be chosen so that all
sensor data can be associated in a one-to-one mapping with
points on the grid, which means that no two data from one
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sensor can be mapped to the same grid point. This condition
is satisfied if the data type with the highest spatial resolution
is used as a basis for the grid dimensions. The definition of
the grid ignores sensor performance in terms of spatial resolution, range resolution, scanner position accuracy, and dynamic range. Instead, these factors could be considered in a
measure of variance associated with each sensor. In practice,
sensor spatial and range resolutions should be evaluated using
good engineering judgment when configuring a sensing system
for the task at hand. The grid definition is concerned only
with the fact that sensor measurements are centered on points
and that these points can be related to a common rectangular
grid.
The grid definition also assumes that the aspect ratio of
each of the sensors in a multisensor system is identical. The
aspect ratio is the ratio of the length to the width of the area
sensed. A specialized convolution is required if it is necessary
to integrate a laser range scan datum that refers to a square
area with a video datum that refers to a 3:4 aspect ratio area.

Although the definition of the grid allows data to be registered that has been acquired via arbitrary sensor scanning
patterns, it is preferable to implement raster scan patterns.
For the generalized quadtree, the resulting arrays of data
should be square with side dimensions equal to a power of
two. The data acquired for the robotic pavement crack filler
(11) is an example. A 2- x 2-m square work area is sensed.
The video data is digitized to a resolution of 512 x 512 pixels,
and an array of 128 x 128 range values is acquired by the
range scanning mechanism; thus each layer of data corresponds to and is converted at different levels of the generalized quadtree . Registration is simple with such data, although alignment may be difficult. Calibrating and maintaining
alignment between different scanning mechanisms assuming
one or the other forms the reference coordinate system is
challenging but feasible in practice. For example, the Komatsu pavement surveying system uses a single argon laser
line illuminator that is scanned by two different receiving
mechanisms , one to develop an image from which cracking
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data are acquired automatically and one to develop a transverse profile from which rutting data are acquired automatically. Because all these mechanisms are coordinated by the
same system clock, the acquired data can theoretically be
precisely aligned and registered.
Surface Characterization

Characterization changes the state of the surface representation to produce a useful description of the surface. The four
basic operations in characterization can be defined as

1. Data filtering-linear and nonlinear transformations,
2. Data reduction-deriving a representative value from a
set of data,
3. Data fusion-combining two or more spatially concurrent datums into a new datum, and
4. Data structuring-linking and integrating data.
Computer processing and space constraints along with the
nature of the application affect how the balance of these operations are divided between the grid and the generalized
quadtree. Data filtering and reduction are performed most
effectively on grid data, and data fusion and structuring are
performed most effectively on the generalized quadtree.
As an example, suppose one wished to extract the feature
fatigue cracking using the characteristics of rutting, strength,
and cracking from a generalized quadtree model. This information can be acquired in raw form as property data using
range, deflection, and vision sensors, respectively, and reported in arrays of data mapped onto points on the grid. The
grid data are processed and then converted at appropriate
levels of aggregation to the generalized quadtree representation. Conversion is a structuring operation that places the
properties in the generalized quadtree as slot values in node
data structures. The slot values are datums that are combined
by a feature extraction algorithm composed of set operations
into datums in a new slot that represents fatigue cracking.
This process is data fusion. The structure of the generalized
quadtree relates the fatigue cracking feature spatially to the
other characteristics and to the pavement surface.
Following this example, the characterization operations can
be grouped into several practical classes. The first includes
operations on the grid to prepare raw sensor data for conversion to the generalized quadtree. The next includes operations to convert grid data to the quadtree representation.
Quadtree set operations form one class, and adjacency and
region labeling another. These classes of operations are described in the following paragraphs.
The objective of grid data processing is to prepare raw
sensor daia for conversion to a general model. It should result
in each datum indicating with as high a degree of confidence
as possible the existence or nonexistence of a characteristic
in a specific area. Aggregation is useful because the subsequent conversion operation is costly. Reduced data must be
arranged in an array format with the same row:column ratio
as the underlying grid and with dimensions equal to the grid
dimensions divided by two to a power.
Filtering is used to segment grid data and to extract features
(5,12). Thresholding and edge detection are examples. Edge
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detection has been used on video image data of pavement
surfaces to segment datums possibly located along cracks because cracks form an edge between regions in an image (13).
Skeletonizing is an operation that derives the skeletons of
blobs in a black and white image. It is one method of reducing
data. Another is to divide the grid into areas corresponding
to quadrants at some arbitrary level of aggregation and derive
a summary statistic for each area. Several distinct conversion
operations are necessary to convert grid data to the generalized quadtree representation including grafting layers of grid
data onto an existing quadtree structure. Conversion from
generalized quadtree data to raster data is also required to
display and print graphic results. The pavement surface model's software library implements all of these operations. The
model also implements two binary set operations, union and
intersection, from which more complex set operations can be
constructed (Figure 3).
Identifying and labeling regions is useful for a number of
applications. For example, indiviaual routed cracks and potholes form regions on the surface and must be identified for
automated filling operations. Areas of patching or a particular
type of degradation such as edge cracking are worth labeling
for maintenance calculations or deterioration studies. Regions
can be identified and labeled using a series of set operations
and connected component labeling. For example, the intersection of alligator cracking and severe rutting in the wheel
paths can be constructed in a target slot, then connected component labeling can be applied to the target slot to identify
contiguous areas of the cracking-rutting set. Of course, regions can be formed from a single characteristic, in which case
connected component labeling is used directly on the characteristic's slot.
The generalized quadtree can be encoded and stored in
files forming an inventory data base. The files can be managed
and accessed using a relational data base management system.
With the use of indexing and the relational data base, the
data can be accessed by pavement section, local area, surface
property, surface feature, and different levels of aggregation
and abstraction. Information from within a stored pavement
section is retrieved by first reconstructing the section. The
section is deconstructed when it is no longer needed.

D =((A
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FIGURE 3 Set operations.
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SOURCES OF UNCERTAINTY
Sources of uncertainty arise from instrument sensing errors,
imprecision and slippage in mechanical components, misalig~ment and registration, data fusion operations, and propagat10n of error through the aggregation and abstraction involved in the surface model's characterization processes. Sensing
errors can sometimes be ameliorated with more sophisticated
technology such as an infrared range finder with built-in automatic gain control. For imaging, increased precision and
reduced exposure time can be achieved with special video
cameras and lighting. In both these cases, there is a clear
trade-off between cost and quality of data. In most cases,
some error is acceptable and unavoidable.
Incorrect registration of data can occur because the scanning mechanism exhibits mechanical imprecision and position
feedback is not adequate. In a work system such as a robotic
pavement maintenance machine, there is potential for error
because of vibrations and relative shift between different sensors. Also, environmental factors such as dust wind heat
shadows, and even noise can affect sensor perf~rman~e. Ul~
trasonic range sensors are especially sensitive to many of these
factors.
Misalignment of scans results when the different sensing
systems are not rigidly connected to each other, when the
areas scanned are not precisely the same dimensions in terms
of .t~eir outer boundaries, or when there are timing irregulantles. In laboratory experiments, the first two problems can
be reduced by clearly marking the boundaries of the test scene
and adjusting scanning mechanisms to those boundaries. In
practice, the scanning systems can be engineered for alignment, but there will always be some error. Alignment error
can also be the result of cumulative round off errors in control
algorithms.
The sources of error discussed so far are impossible to
eliminate, and difficult to compensate for or to model (14,15).
The generalized quadtree and a few other geometric models
provide mechanisms for handling some types of uncertainty
m the form of their ability to work at different levels of aggregation with confidence measures associated with characteristics. There has been significant research in the areas of
modeling and reducing sensor error in robotic and automated
sensing systems. For instance, methods for reducing error
have been developed that fuse data from multiple time and
position displaced scans and from multiple sensors. There is
a large body of literature in this area (4,16-27). However, it
is probably not practical for pavement surveying and automated pavement work tasks to make multiple scans with the
same sensor of the same general surface area, because time
does not permit such redundancy in a commercial system.
Changing position will likely not create any useful new perspectives either given the generally two-dimensional nature
of the surface unless precise stereo vision processing is applied. However, modeling uncertainty within the context of
a pavement surfaces model is worthy of further investigation.
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in detail and selecting those to be filled increases the difficulty.
However, automatic crack mapping is a critical step in an
automated pavement crack filling system (11), and this system
is followed as an example in this section. In the case of routed
cracks, the identification problem is simplified by distinct visual patterns of debris and by consistent groove dimensions.
To identify the cracks, characteristic surface data are required. Applicable sensing technology includes vision, range,
and forward-looking infrared devices. In practice, all these
sensors experience noise because of the varied topological
and color conditions of the pavement surface, and because of
environmental factors such as wind and sunlight. Even with
good data, a crack identification system can be fooled. Analysis of a video image alone indicates that it is almost impossible to automatically detect the difference between a routed
crack, a filled crack, and a strip of dark oil. However, with
the corroboration of range information, the routed crack can
be distinguished from the imposters. Conversely, range data
alone are too noisy to build a good crack representation by
themselves, their sensitivity range is narrow, and they are
time consuming to collect. Instead, combining information
from multiple sources in a common surface representation
can increase the overall accuracy and speed of crack perception.
A possible first step in routed crack mapping is to acquire
a di~itized .video image of the area of pavement (Figure 4).
The image 1s segmented by binarizing it (Figure 5). This means
that pixels with a grey level value below a threshold value are
labeled black, and those with greater or equal values are
labeled white. The threshold is set automatically but manually
tuned for the local pavement section conditions. The next
~tep is to remove noise from the resulting binary image. This
1s done using a simple erosion procedure implemented using
a c?nvolution operator. The resulting image still includes many
objects that are not cracks (Figure 6).
To build a traversal plan for later crack-filling operations
of those objects that are eventually determined to be cracks,
ordered lists of coordinate pairs along their central axes must
be derived. Strings of pixels can serve as ordered lists of

EXAMPLE APPLICATION: LASER RANGE AND
VIDEO DATA COMBINATION FOR PAVEMENT
CRACK IDENTIFICATION
Identifying cracks in the road surface automatically is not an
easy problem (13,28-33). Mapping the layout of the cracks

FIGURE 4 Video data of test scene.
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FIGURE 5 Binarized video data of test scene.

FIGURE 7 Skeletonized video data of test scene.
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FIGURE 6 Filtered video data of test scene.
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coordin ates. In order to derive these strings, an algorithm
that thins image objects to something that resembles their
skeleton can be used (34,35) (Figure 7) .
The skeletonized image is still in grid data format. At this
point , it is converted to the multilayer quad tree representation
filling the raw image data slot. Because the grid data are an
array of 512 x 512 pixels , the resulting tree is up to nine
levels deep . Figure 8 shows the quadrant divisions down six
levels overlaid on the binary video data . Each image object
is then identified, labeled, and sized . Both these procedures
are implemented using the model's software library.
Figure 8 indicates that many spurious objects will still exist
in the surface representation at this point. Many of the objects

FIGURE 8 Quadrant divisions for video data of test scene.

can simply be removed on the basis of a size threshold. A
library function is used to traverse the tree and prune those
branches corresponding to objects below the threshold size
(Figure 9). The result is that both the tree size (computer
memory used) and the work required for subsequent algorithms are reduced.
One of the purposes of integrating the video data into the
multilayer quadtree first is to use it to determine areas of
interest in the scene. Areas are interesting if there are vision
objects in them. Time is saved in the overall crack-filling cycle
by range scanning only the areas of interest, because range
scanning is a time-consuming operation. It requires physical
traversal of the scene using an xy-table. The quadtree is a
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centage are retained while those below are removed from the
quadtree. The remaining objects are considered the best estimate of the existence of cracking (Figure 11). An alternate
approach to identifying routed cracks would have exec~ted a
pure intersection operation on raw vision and range mformation after both were incorporated in the multilayer quadtree. Then connected component labeling would be applied
to the result of the intersection operation. Although this could
have been done with library functions alone , the advantage
of the connectivity of the vision data might be lost. That is ,
the vision objects that do correspond to cracks represent them
well, and there is no point breaking them up with noisy range
data.
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AN EXAMPLE APPLICATION: MULTIPURPOSE
SURVEY SYSTEM DATA COMBINATION
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FIGURE 9 Video object pruning results for test scene.

useful tool for breaking down the scene into areas of interest
that should be range scanned. Traversal of the quadtree down
to a minimum level of aggregation will yield white quadrants
that should not be scanned and grey and black quadrants
that should be scanned. This pattern is passed to the rangescanning subsystem, which acquires range data for the darkened areas .
Processed range data can be grafted onto the multilayer
quadtree using the library function for that operation (Figure
10). The range information is then used to corroborate or
dismiss the vision objects. The percentage intersection of range
black quadrants with each vision object is calculated. Vision
objects with corroborating range data above a threshold per-

Several commercial, multipurpose pavement condition survey
systems have been developed in recent years. Their p~rpose
is to collect surface condition information to charactenze the
performance of pavements . To date, the data have bee.n processed in an ad hoc and narrowly focused manner. It is possible to take greater advantage of the data by integrating it
more effectively. Although no general surface representation
exists that provides an automated, common link between the
pavement condition surveying systems and r~porting system~ ,
the pavement surfaces model described earlier can act as this
link. Surface features like cracking, rutting , roughness, and
strength can be integrated in the model's surface representation and reported at any degree of aggregation and several
levels of abstraction. Further characterization of the representation results in additional useful feature and region information. The model can also be used to calculate aggregate
pavement condition indexes for whole sections of pavement.
These advantages are illustrated by integrating data from
three different pavement surface condition data acquisition
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FIGURE 10 Quadrant divisions for processed range data of
test scene.

FIGURE 11 Confirmed routed crack object for test scene.
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systems into the model's surface representation and calculating the pavement condition index (PCI) for each subsection
represented. The acquisition systems include: (a) Komatsu
Ltd.'s Automatic Pavement Distress Survey System (29),
(b) Roadman-PCES Inc.'s Pavement Distress Imager-1 (28),
and (c) PASCO USA Inc.'s RoadRecon survey system.
Komatsu's survey system (Figure 12) acquires aligned
cracking, rutting, and roughness data concurrently at up to
40 mph. The rutting and roughness data are processed in real
time. The roughness measure is based on slope differential
values derived from a linear array of three laser range sensors.
An image analysis subsystem processes image data at a rate
up to 450 m/hr or about 0.25 mph, and can process the data
on board. The imaging system uses argon laser irradiation of
a 1-mm-thick strip in front of the vehicle, 4 m wide. The strip
is scanned using a photomultiplier tube and the resulting image data are normally stored on a high-density videotape recorder device for later laboratory-based computer processing
and analysis. The processing system uses a parallel-processing
architecture to implement an algorithm that is reportedly capable of identifying width, length, and direction of cracks,
and of identifying type of cracking within 0.5-m-square sections. Compared with hand digitization of cracks on a view
screen, the system is estimated to perform at 80 percent of
the accuracy of manual identification.
The PCES Pavement Distress Imager I is an on-board, real
time pavement imaging system. It uses intense illumination
and fast-exposure CCD line cameras to acquire image data
line by line, and completely process it as the vehicle moves
down the road at speeds up to 50 to 60 mph . Possible gross
changes in surface texture and color are flagged automatically,
while manual flagging is used for other artifacts such as patching. The system covers 33 percent of a 12-ft-wide pavement
surface, thus it may not observe progressive edge cracking.
However , the system can produce an estimate of the existence
of cracking in each 1.5-in.-square section covered, on the basis
of a count of the number of black pixels left in the square
after thresholding.
The PASCO USA system acquires film of the pavement
surface with a high-speed vertically oriented camera while
traveling at highway speeds. The film is later analyzed in a
laboratory setting for surface distress conditions. Distress conditions are identified manually; however, the process is partially automated with the aid of a film motion analyzer, which
Laser Tube

Signal Processor,HDVTR

FIGURE 12 Komatsu Ltd.-Automatic Pavement Distress
Survey System.

displays and advances film on a frame-by-frame basis. Depending on the lane width, each frame is lined off in a 12- x
12-ft or 12- x 16-ft basic grid for recording purposes. Much
of the basic cracking data acquisition could be automated,
perhaps enhancing the productivity of the process described.
The PASCO USA system also acquires transverse profile data
at intervals along the pavement from which rutting information is derived. The rutting data are registered in the same
grid system as the surface distress data .
Data samples were acquired from each of the three sources.
To prepare it for incorporation in the generalized quadtree
representation, the data from each source were translated
from their original storage format to one suitable for conversion to the strip quadtree structure. Komatsu provided
cracking, rutting, and roughness data for three 4- x 100-m
subsections. The rutting data were reported for each wheel
path every 25 cm. It was averaged over 2 m for every levelone quadrant in the strip tree. Roughness was reported every
10 m. It was prepared for conversion at the first level in the
quadtree. Cracking data were reported for every 0.5- x
0.5-m quadrant and were rearranged to prepare them for
conversion at level three of the strip quadtree. The transverse
profile data from which the rutting data were derived could
potentially, with further computer analysis, yield data on the
existence and frequency of potholes.
PCES provided cracking data for an 8- x 176-ft subsection.
Each 8- x 8-ft area is digitized at a resolution of 1,024 x
1,024 pixels. Cracking data are reported for each 16- x 16pixel square or 1.5- x 1.5-in. tile. Each tile has either a black
state equal to 1 or a white state equal to 255. The data were
prepared in order to build two 8- x 64-ft sections. Although
the original pixel data would form a quadtree with 10 levels,
the data were converted at the tile aggregate level to create
a strip quadtree six levels deep.
PASCO USA provided general surface distress data for a
section of pavement 1,650 ft long and 12 ft wide. Rutting data
were reported at stations every 250 ft. A 400-ft subsection at
the beginning of the section was selected for conversion. Each
cell in the basic grid can contain several distress codes, so
each distress type was incorporated into the strip quadtree in
a separate layer including the rutting data. Certain types of
distress cannot overlap . Groups of such mutually exclusive
types can be incorporated in the quadtree using a single layer
for each group and a separate black state for each type in the
group. Longitudinal and transverse cracking might form such
a group, but it is clearly the judgment of PASCO USA that
both types of cracking might exist in a single square foot. The
concurrency of a type of cracking and patching in the PASCO
USA data indicate cracking that has been patched or filled.
With its set functions the model can make use of this information in order to indicate stripping of patching or progression of cracking since repair. Such progression may indicate
deterioration. Four columns of blank data were added to the
PASCO USA data to prepare them for conversion. This would
not be necessary for the 16-ft-wide sections. For percent-areacovered calculations, the padding described must be taken
into account. The PASCO USA source data format included
provision for severity values for distress types; however, the
data file used did not include this information.
Each layer of the PASCO USA subsection is shown in
Figure 13, including patching, alligator cracking, longitudinal
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FIGURE 14 PCES transverse cracking and patching.

CONCLUSIONS
FIGURE 13 PASCO USA quadtree layers.

cracking, transverse cracking, and rutting. Only the first 10
roots have been converted, corresponding to the first 80 ft
along the subsection. Figure 14 shows the intersection of
transverse cracking and patching for the PASCO USA subsection in the first strip and simply transverse cracking in the
second strip. Separating areas of different or overlapping distress types could be useful for pavement deterioration modeling. If accurately aligned, time-separated surveys of the same
surface could be incorporated in the model's representation
and used to graphically illustrate the process of deterioration
as well as accurately assessing its extent at each stage. The
previous section on integrating range and vision data demonstrates how the acquisition of cracking and patched cracking
data could be automated.
Calculating the PCI for the Komatsu and PASCO USA
subsections is made possible with the use of the tools the
model provides. A distinction is made in the PAVER guide
(36) between linear and spatial measures for different distress
types. For example, longitudinal and transverse cracking are
measured in linear feet while alligator cracking is measured
in square feet. Using the model's area functions for both is
generally acceptable, because cracking running through a
1-ft2 area is approximately 1 ft long. None of the cracking
data provided were classified according to severity. To include
severity information in the surface representation, each severity level can be represented as a different black state for
each layer of cracking data. This approach is used for the
rutting data in the sample subsections. To calculate the PCI,
the cracking data are assumed to be moderate in severity.
The PCI deduct values for each Komatsu subsection are
presented in Table 1. The resulting PCI. values are 40, 30,
and 19, respectively. If the average rut width is reduced to
1 ft, the PCI value for the first subsection improves to 53.
The PCI deduct values for the PASCO USA subsection are
presented in Table 2. Its PCI value is 27.

The requirements of effective sensor data integration suggest that a formal, spatial model of pavement condition would
be of considerable benefit. With a formal model, general
functions can be applied for sensor registration, alignment,
and fusion. Data combination and summary at different levels
of integration are facilitated. Integration to yield detailed maps
of surfaces at a scale of fractions of inches and data management for various kinds of sensors on large pavement sections
have been described. Because of the generality of the underlying model, these different applications used the same software.
The research suggests that an open architecture for pavement representation and management is possible. In this open
architecture, condition assessment data obtained from different commercial systems and at different points in time may
be integrated. Graphic displays similar to geographic information systems (GISs) and utilities for producing summary
reports can be provided in this system. Different management
and analysis systems such as PA VER can be integrated with
the information management system. At the heart of this open
architecture would be a data model representing the pavement
condition in an organized fashion.
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TABLE 1 KOMA TSU PCis
Subsection 1
Distress Type

Density

Severity

Deduct
Value

Longitudinal Cracking

0.11

M

0

Transverse Cracking

0.00

M

0

Rulling

16.15

L

32

Rutting

6.23

M

41

Rulling

0.16

H

22

Deduct
Value

Subsection 2
Distress Type

Density

Sever~y

Longitudinal Cracking

0.29

M

2

Transverse Cracking

0.50

M

4

Rutting

12.61

L

30

Rutting

14.34

M

50

Rutting

0.92

H

26

Subsection 3
Distress Type

Density

Severity

Deduct
Value

Longitudinal Cracking

3.76

M

19

Transverse Cracking

2.14

M

14

Rutting

7.32

L

24

Rutting

16.78

M

52

Rulling

6.10

H

51

Severity

Deduct
Value

TABLE 2 PASCO PCI
Subsection 1
Distress Type

7.
8.

9.

10.
11.

12.
13.
14.

Dens~y

All igator Cracking

1.33

M

24

Transverse Cracking

5.63

M

23

Longitudinal Cracking

6.25

M

24

Rutling

27.08

~
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Methods and Algorithms for Automated
Analysis of Pavement Images
HARIS

N.

KouTSOPOULOS AND IBRAHIM

EL

The collection and analysis of pavement distress data are a primary component of any pavement management system. Different
approaches for automatic interpretation of asphalt pavement distresses, recorded on video or photographic film, with emphasis
on segmentation and classification of digitized distress pavement
images are examined. Segmentation deals with the problem of
extracting the objects of interest from the background , whereas
classification assigns distresses to corresponding distress types.
Results from the application of the different methods on a data
set of asphalt pavement images are pre ented. Alternative segmentation and clas ification approaches and the effectiveness of
global geometrical descriptors characterizing the various distress
classes are evaluated. Issues associated with the accuracy and
validity of the proposed methods are discussed and possible sources
of error examined. Directions for further research are also identified .
The collection and analysis of pavement distress data are a
primary component of any pavement management system (1 ,2) .
Currently pavements are usually manually inspected for collection of surface distress data. This form of inspection suffers
from several drawbacks:

SANHOURI
of the systems in the latter category operate off-line. The data
are recorded by the moving vehicle and the film or tape is
brought to the laboratory for processing, for example, overnight.
Figure 1 shows the main components of an automated inspection system that is based on imaging technology. The first
two components of the system are hardware and the last two
are software related. The focus is on software aspects of automated pavement inspection systems. Experience with certain preprocessing operations and approaches for classification of pavement images into the various distress classes of
interest are described. The system under development is currently not appropriate for real time operations and requires
the calibration of various parameters using a set of sample
images from the data set to be analyzed. The discussion is
restricted to flexible asphalt pavements, which constitute the
majority of U .S. highways. Finally, conclusions on the various
aspects of the problem and recommendations for further research are provided.
PREPROCESSING

1. It is slow, labor intensive, and expensive and therefore
only a small fraction of the pavement section to be assessed
can be inspected. This low sampling rate clearly reduces the
accuracy of the process.
2. It is subjective and hence consistency between surveys
made by different inspectors on the same section may be low .
3. Repeatability may also be poor, i.e. , the assessment of
a section by a given inspector may differ between two inspections even when they are spaced so that little extra deterioration has occurred.
The implications of these drawbacks are obvious, at least
in a qualitative sense. Inaccurate condition assessment may
result in overmaintaining of pavements, or in expensive deferral of urgently needed repair .
In order to eliminate the drawbacks of manual inspection,
automation of the process is currently receiving increased
attention because of its potential to provide highway agencies
accurate and detailed data on pavement condition. Among
the various technologies, the one based on image collection
is the most popular. Various systems exist, or are under development, that record the surface of the pavement on video
tape or photographic film and subsequently analyze them either
manually at a laboratory, or automatically using image processing and pattern recognition methods (3-5). The majority
Department of Civil Engineering, Massachusetts Institute of Tech·
nology, Cambridge, Mass. 02139.

Preprocessing of digitized images involves operations such as
enhancement of the images and segmentation. The focus of
the discussion is on segmentation, the process of extracting
objects of interest (distresses) in an image from the background and obtaining a binary image (where the distresses
are indicated by black pixels and the background by white).
Segmentation is an important step in the entire process and
various general methods exist for segmenting images (6). The
effectiveness of segmentation greatly depends on the quality
of the acquired images, which is affected by the hardware
configuration used for image acquisition. For example, some
data collection systems use artificial lighting for data acquisition. Although use of artificial light is an improvement over
natural light, it may still require special preprocessing algorithms to eliminate the effects of nonuniformity of illumination. In addition, there are several intrinsic properties of flexible pavement images that make segmentation difficult:

1. The contrast between distresses and background (undistressed pavement) is frequently low, because the distribution
of intensity of distressed pixels exhibits considerable overlap
with the distribution of the background. This is because of
the texture of asphalt pavements mainly determined by the
presence of aggregates of variable color and brightness.
2. The area of a distress is small compared with the area
of the background (the number of pixels in the digitized image
representing distresses is small).
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FIGURE 1 Components of automated pavement inspection systems.

Koutsopoulos et al. (7,8) examined in detail various approaches for segmentation of pavement images and found that
a version of the relaxation method suggested by Bhanu and
Faugeras (9) and Rosenfeld and Smith (10) yielded promising
results. They also developed a simple thresholding method
for segmentation. The threshold is determined using regression analysis with the mean and the variance of the distribution of gray levels as explanatory variables. This method also
yielded promising results. These two methods (relaxation and
regression thresholding) are further evaluated using the accuracy of subsequent classification as criterion.

the systematic utility of each class is defined using the descriptors in the feature set as alternative specific variables.
The probability that an object with feature vector x belongs
to Class i is given by

where Vm is the systematic utility of Class i, defined as
n

V;

=

lAri

j=1

INTERPRETATION

The interpretation component of automated pavement inspection systems includes two tasks: (a) classification of objects into one of the classes of interest (such as undistressed
pavement, longitudinal distress, transverse cracking, alligator
cracking, and block cracking), and (b) quantification, i.e.,
measurement of the extent and severity of the corresponding
distress. The discussion focuses on dassifil.:ation, although the
methods that are described could also be extended to cover
the quantification task.
Among the various approaches to classification, statistical
methods are popular (11,12). A common component of statistical methods is the representation of the object to be classified by a feature vector. The choice of the descriptors included in the feature vector is based on their discriminatory
power, i.e., their ability to differentiate among the various
classes. If n measurements are made on each object, the resulting feature vector will be a point in an n-dimensional
feature space. The basic problem is to partition this feature
space so that there is one region for each class. Objects to be
classified are assigned to the class in whose region their feature
vector lies.
If the probability distributions of the feature vector can be
estimated (from a sample that is available), statistical methods
such as Bayesian analysis may be used for the classification.
In this case, it is common to assume that the feature vector
has a multivariate Gaussian distribution, and hence the problem is reduced to one of estimating the corresponding parameters using standard statistical techniques.
An approach that does not require the distribution of individual descriptors in the feature vector is based on the logit
model (13). The various classes constitute the alternatives and

When no assumptions are made on the underlying distributions of the feature vector, the minimum distance classifier is
a popular classification method. This approach is most effective when the class characteristic variables have clustering
properties, i.e., when points corresponding to the feature
vector of a given class tend to form clusters in n-dimensional
space. In the single prototype version of this approach, each
Class i is represented by a single prototype, assumed to be
representative of that class, with Feature Vector Z;. An object
with Feature Vector x is assigned to the ith class if D; < Di
for all j -=F- i, where the distance D; is given by

D; = llx - z;ll = (x - z;)T(x - z;)
If the data are more irregularly clustered, another classification scheme can be devised by using more than one prototype (s 1 ,s2 , • • • , sN) for each class. Then the object to be
classified is assigned to the class of the prototype that minimizes the defined distance.
In one of the few documented studies in classification of
pavement images Maser (14) uses a six-dimensional feature
vector to represent each object. The features computed are
the fraction of the image occupied by the distress, the ratio
of minimum to maximum moment of inertia, the inclination
of the axis of minimum inertia to a fixed axis, the ratio of the
area of the distress to the area of the rectangular bounding
box enclosing it, the ratio of the width over the length of the
bounding box, and an average width obtained by dividing the
area of the object by the length of the bounding box. A
minimum distance classifier was used to assign the object to
one of six classes, namely longitudinal cracking, transverse
cracking, alligator cracking, patching, bleeding, and uninter-
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esting blobs. The prototype vector for each class was defined
using some typical examples for each class. Because of the
small and rather ideal data set used for this experiment, it is
difficult to draw any conclusions on the potential of this approach. However, the feature vector used for the analysis
captures basic characteristics of the images under examination
and will be used in the investigation.

THE CLASSIFICATION STRATEGY
In addition to the usual approach, which consists of simultaneous examination of all possible classes and assignment of
the object under consideration to one of these classes, a hierarchical approach is investigated for classification of pavement distresses. This classification strategy is based on the
decision tree shown in Figure 2 and according to Dattareya
and Kanai (15) provides a more general and flexible classification framework.
The top node of the tree differentiates between images with
distresses and images without any distress. From the object
node downwards, object classification is of concern. Once a
distress has been identified, at each subsequent node a decision is made that assigns the object to a subgroup of distresses. The object node branches into one-dimensional
(1-D) and two-dimensional (2-D) distresses. The 1-D distresses consist of linear cracking, i.e., longitudinal and transverse cracking. The 2- D distresses are divided into cracking
and noncracking objects. The 2- D cracking distresses are
further divided into alligator and block cracking. The noncracking 2-D distresses are divided into patches and potholes.
It is expected that segmented distress-free images consist
of small objects that can be eliminated easily by a noisecleaning process. Distress-free images, therefore, can be identified using total area as a classification criterion (8) . The
distinction between 1-D and 2- D distresses is based on the
fact that linear cracks are more elongated than the remaining
distresses . 2-D cracking distresses (alligator and block cracking) and noncracking distresses differ in that the latter distresses are fuller or denser. Alligator and block cracking are
distresses that have different structural causes, and hence a
distinction between them needs to be made for maintenance
reasons; unfortunately the shape differences between the two

Fre e of

Distrt.ss

distresses are less obvious. In general, block cracking consists
of approximately rectangular crack patterns, although alligator cracking consists of more irregular, small polygons (16).
The distinction between patches and potholes may be based
on their density and the geometrical regularity of their shape.
This classification strategy provides several advantages because it allows the use of different classification methods and
feature vectors at different levels of the hierarchy, depending
on the complexity of the corresponding classification task.
Therefore it may result in reduction of the computational
effort required for overall classification.

CASE STUDY
The data set used for this analysis consists of 28 images, provided by PCES (17), which belong to four distress classes:
longitudinal cracking (2 images) , transverse cracking (8 images), alligator cracking (11 images), and block cracking (7
images). The images are digitized and stored as matrices of
dimension 512 x 512. Each entry of the matrix represents
the gray scale level of the corresponding pixel (with values
between 0 and 255). This data set was used to compare the
two segmentation approaches presented earlier, evaluate the
effectiveness of various descriptors in the feature vector, and
assess the overall classification approach. Unfortunately, because neither potholes nor patches are included in the data
set it was not possible to draw any conclusions concerning
these distresses.

Segmentation Results
The regression equation that was estimated for the determination of the optimal threshold corresponding to the data set
described is as follows:
T* = 18.60 + 0.79µ - 0.046a2
where µ is the mean and a 2 the variance of the histogram of
intensity of the image. The R 2 value of the regression was
0.80 and the parameters are in general statistically significant;
the t values for the coefficients are 0.60, 7 .17, and 2.66; furthermore the tests performed demonstrate that the values of
the parameters are only slightly affected by the sample size.
In Figure 3, the binary (segmented) images obtained by the
relaxation and the regression threshold for two different distress types are compared. The two methods perform similarly;
however, the most important criterion for the selection of a
segmentation method is how the segmented images affect the
accuracy of the classification process that follows.

Classification Results

FIGURE 2 Distress classification hierarchy.

The performance of classification procedures is usually eval·
uated on the basis of error rates (misclassification probabil·
ities), and various methods exist for the estimation of error
rates (17). A common and popular method is the use of the
available sample as both the training and the test set. Using
this method, error rates are easy to estimate; however, these
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angle of inclination is useful for differentiating between longitudinal and transverse cracking.
3. Inertia Ratio . The ratio of the principal moments of
inertia, i.e., the ratio of the minimum to the maximum moment of inertia, with the origin located at the center of gravity
of the object. The inertia ratio is used as a measure of the
elongation of an object. It is expected to have lower values
for linear cracking and higher values for 2-D objects.
4. Aspect Ratio. The ratio of the lengths of the two sides
of the bounding box. It is a more direct measure of the elongation of an object than the inertia ratio. However, because
the aspect ratio is directly related to the bounding box, the
measure is sensitive to existence of noise in the object .
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FIGURE 3 Examples of segmentation of pavement images: (a)
alligator cracking, (b) block cracking, (c) segmentation by
relaxation, (d) segmentation by relaxation, (e) segmentation by
regression, and (f) segmentation by regression.

estimates are optimistic (they underestimate the true error
rates). Better estimates may be obtained by splitting the sample into two sets, the training and test set. The training set is
used for the calibration of the classification function and the
test set for evaluation. This method, although it overcomes
the bias problem, suffers from two major drawbacks that limit
its use: (a) it requires large samples, and (b) the classification
function that is estimated and subsequently evaluated does
not use all the available information. A third approach which
is computationally more involved, but provides almost unbiased estimates of the error and does not require large samples, is Lachenbruch's holdout procedure. In the following
analysis, the first method was used (the conclusions subsequently drawn are not affected by the potential bias in the
estimation of the error rates).
The feature vector used for the classification of the images
into the four classes mentioned earlier consists of the following
gt:omt:trical mt:asurt:s:
1. Density. The area of object divided by the area of the
bounding box; the bounding box is defined as the smallest
rectangle with sides parallel to the image coordinate axes that
fully encloses the object; area is the number of pixels that
constitute the object under consideration. The density of an
object is expected to have lower values for 2-D cracking and
higher values for contiguous 2-D distresses such as potholes.
2. Angle. The angle of inclination of the object's axis of
minimum inertia (or axis of elongation) to the horizontal. The

Simultaneous Classification

For each distress class, the mean value for the descriptors in
the feature vector over all members of the class in the data
set was estimated. A single prototype was determined for each
class using the mean values as the representative feature vector. Table 1 presents these values for each class for both the
relaxation and regression segmented images.
Table 2 presents the classification of the images to the various classes according to the minimum distance classifier (for
both the relaxation and the regression segmented images). In
both cases, the same overall classification accuracy of 75 percent is obtained. Clearly most of the misclassifications occur
between alligator and block cracking.
From the set of the various descriptors considered, the
feature vector consisting of angle, aspect ratio, and density
was the most successful in classifying the distresses. The inertia ratio did not perform particularly well. Inclusion of this
descriptor in place of the aspect ratio caused even more misclassifications; more alligator images were classified as block
cracking, whereas block cracking images were misclassified
as alligator and longitudinal cracking.

TABLE 1 FEATURE VECTOR FOR RELAXATIONREGRESSION SEGMENTED IMAGES
DISTRESS
TYPE

INERTIA RATIO

DENSITY

ASPECT
RATIO

ANGLE0

Relax.

Re gr.

Relax .

Regr.

Relax.

Re gr.

Relax .

Regr.

Alligator

0.378

0.388

0.0272

0.0212

0.87

0 .87

56.7

51.7

Block

O. I5I

0.202

0 .0262

0.02I6

0.76

0.76

28.6

29.2

Transverse

0.0I4

0.0I4

00698

0.0476

0.2 1

0.21

7.4

2.4

Longitudinal

0.050

0.043

0.1463

0.075

0.25

0 .25

85.4

85. 1

TABLE 2 SIMULTANEOUS CLASSIFICATION RESULTS,
RELAXATION AND REGRESSION (PERCENT
CORRECTLY CLASSIFIED IN PARENTHESES)
as

Distress

Tmal

Type

Number

Alligator

Block

Longitudinal

Alligator

11

8 (73%)

3

0

Classified

Transverse
0

Block

7

2

4 (57%)

0

I

Longitudinal

2

0

0

2 (100%)

0

Transverse

8

0

0

0

8 (I00%)
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Table 3 presents the results of the estimation of the logit
model with alligator cracking used as the base alternative.
The parameters are in general statistically significant. Tables
4 and 5 present the classification of the various distresses as
suggested by the logit model. The overall classification accuracy (a measure not usually recommended for evaluating
model performance) is 78 and 82 percent for relaxation- and
regression-based segmentation, respectively. An important
difference from the results obtained using the minimum distance classifier is the types of misclassification that occur.
Images with alligator cracking are classified with very high
accuracy; however, only 28 percent of block cracking is correctly classified, with the majority of the images (57 percent)
classified as alligator cracking. Another difference between
the two approaches is that the use of inertia ratio performed
as well as the aspect ratio when used in the logit model. This
difference is interesting given the sensitivity of measuring the
aspect ratio especially in the presence of noise.

Hierarchical Classification

The minimum distance classifier was used as the main classification method . Table 6 presents the mean values of the
descriptors as they apply at each node of the decision tree.
These values are used to represent the prototypes from each
class. The aspect ratio was used to discriminate between
1-D and 2-D distresses, the angle to classify 1-D distresses
TABLE 3 ESTIMATION OF LOGIT MODEL PARAMETERS
(I-STATISTICS IN PARENTHESES) : p2 = 0.59 , p2 = 0.38
Distress
Type

Incnia Ratio

Angle

Densily

Relaxation

Regression

I04.96
(1.36)

1,0 1
(0.58)

0.75
(0.58)

209.27
(2 .35)

-8.86
(-1.71)

-8:99
(-1.52)

Relaxation

Regression

Relaxalion

Regression

Block

-3.84
(-1 .65)

-2.75
(-1 .48)

9.81
(0.58)

7.67
(0.37)

Longitud inal

-118.88
(-1.49)

- 136.71
(-1.28)

86,89
(1.50)

Transverse

-112.80
(-1.64)

-141.05
(-1.79)

140.84
(2.22)

TABLE 4 LOGIT CLASSIFICATION RESULTS FOR
RELAXATION (PERCENT CORRECTLY CLASSIFIED IN
PARENTHESES)
Disrress

Tota l

Classified

as

Type

Number

Alliga1or

Block

Longitudinal

Transverse

Alligator

II

10 (91%)

I

0

0

Block

7

4

2 (29%)

0

1

Longitudinal

2

0

0

2 (JOO%)

0

Transverse

8

0

1

0

7 (87%)

TABLE 5 LOGIT CLASSIFICATION RES ULTS FOR
REGRESSION (PERCENT CORRECTLY CLASSIFIED IN
PARENTHESES)
Distress

Total

Classified

TABLE 6 FEATURE VECTOR AT THE NODES OF
THE CLASSIFICATION
INERTIA
RATIO
Relax.

Re gr.

l·D

0.021

0.020

2-D

0.290

0.331

Type

Nu mber

Alligator

Block

Longitudinal

11

II (100%)

0

0

Transverse
0

Block

7

4

2 (29%)

0

1

Longitudinal

2

0

0

2 (100%)

0

Transverse

8

0

0

0

8 (100%)

ASPECT

DENSITY

RATIO
Relax.

Regr.

Relax.

Re gr.

Relax.

Re gr.

0.23
0.82

Longitudinal

85.4

85.1

Transverse

7.4

2.4

Alligator

0.87

0.87

0.027
2

0.021
2

Block

0.76

0.76

0.026
2

0.021
6

into longitudinal or transverse cracking, and the density and
the inertia ratio to classify 2-D distresses into alligator and
block cracking.
The results of the classification are presented in Table 7.
The classification performed well at the top of the tree with
96 percent classification accuracy between 1- D and 2- D distresses. The only misclassification came from the same blockcracking image that is consistently classified as transverse
cracking for reasons that will be explained in the next section.
Similarly, the distinction between longitudinal and transverse
cracking was accurate. Most of the misclassifications occur in
the treatment of block cracking. If the angle is added as a
third descriptor in the feature vector (for classifying 2- D
distresses), the results become identical to the simultaneous
classification (as expected). However, it is not clear what are
the physical characteristics of the images that the angle captures to provide the higher accuracy.
To complete the analysis, and because the most difficult
aspect of the classification seems to be the distinction between
alligator and block cracking, the logit model was also used
for the classification of 2-D distresses. The logit approach ,
using inertia and density as components of the utility functions, slightly improved the results obtained by the minimum
distance classifier by assigning correctly more images with
alligator cracking. The misclassifications are again concentrated around block cracking. The addition of the angle in
the utility function improved the classification accuracy even
more; all alligator cracking images were correctly classified,
whereas four of the block cracking images were misclassified
as alligator cracking. Overall, this approach of using the decision tree and combining different classification methods at
each node provides great flexibility and efficiency and is most
promising.
TABLE 7 TREE CLASSIFICATION RESULTS FOR
REGRESSION AND RELAXATION (PERCENT
CORRECTLY CLASSIFIED IN PARENTHESES)
Distress

Total

Type

Numb

Classified
1-D

2-D

LongiLudinal

as
Transverse

Alliga1or

Block

er
1-D

JO

10
(100%)

0

2-D

18

1

17
(94%)

Longitudinal

2

2 (100%)

0

TransvcrSc

8

0

8 (100%)

Alligator

11

9 (73%)

2

Block

6

4

2
(33%)

as

Alligator

ANGLE'
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ANALYSIS OF RESULTS
0.9 - A

It is important that the main sources of error in the results
presented in the previous section be examined and analyzed
in detail. To provide a better understanding of the effectiveness of individual features used in the analysis and the major
sources of error, the two-dimensional plots of inertia ratio
versus density are shown in Figures 4 and 5 for both relaxation- and regression-segmented images. (Each distress observation is represented by the first letter of the distress group
to which it belongs.) The means of the inertia ratio for 1-D
and 2-D distresses differ by a large margin, and there is little
overlap between the two classes. There is no 1-D distress
with inertia ratio greater than 0.10. However, several 2-D
distresses have low inertia ratios .
Density does not appear particularly useful for distinguishing between alligator and block cracking. The mean values
of the density for the two distress types differ only slightly
for the relaxation segmented images (0.0272 for alligator versus 0.0262 for block cracking) and for regression thresholded
images (0.0212 for alligator versus 0.0216 for block cracking) ,
and the overlap is clearly demonstrated in Figures 4 and 5.
It is not clear whether the density is a geometrical feature
with low discriminatory power or that other factors have contributed to its poor performance.
Detailed examination of the images that were misclassified
and images whose descriptor values were outliers suggested
the following possible sources of error and external factors
that contribute to the poor performance of some of the descriptors:

1. Segmentation . Some images in their binary form had
representations that were drastically different from their original shape. The main reason for their appearance is that after
segmentation and noise removal the distresses are fragmented . They consist of a large number of individual segments
without clear connectivity. An example of this is shown in
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FIGURE 5 Inertia ratio versus density (regression).

Figure 6. Figure 6a is the original image of an alligator crack
of high severity. The relaxation-segmented version of this
image after noise removal as shown in Figure 6b has lost a
substantial part of the distress outline, making the original
distress pattern hard to recognize. Similarly, it is difficult to
recognize the alligator crack in the regression-thresholded
image in Figure 6c (although fewer segments are missing).
The value of the inertia ratio for the relaxation-segmented
image was 0.205, whereas for the regression thresholded version the value was 0.279 ; both these values are below the
average for 2-D distresses. lt is possible that the segmentation
method itself has contributed to the poor appearance of some
of the images examined below.
2. Hardware . The naturally low contrast between distresses
and background is a possible explanation for the fragmented
binary images. Furthermore , it has been observed (in the data
set) that the missing segments in the binary images usually
.. correspond to distress components that are aligned with the
direction of movement . As Figure 7a shows, the longitudinal
components of the block cracking are faint compared to the
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FIGURE 6 Example of poor
segmentation: (a) alligator cracking,
(b) segmentation by relaxation, and
(c) segmentation by regression.

(b)

FIGURE 7 Example of possible hardware effects: (a) block
cracking, and (b) segmented by regre sion.

transverse ones. As a result, the regression thresholded image
shown in Figure 7b contains the transverse components of the
distress but not the longitudinal ones. The effect of this dominance is obvious in the value of the inertia ratio for the
distress, which is only 0.043 . Hence, this image is consistently
classified as transverse cracking and it is difficult even for the
most sophisticated segmentation algorithms and statistical
methods to analyze it correctly. It is possible that nonuniform
illumination or the particular hardware configuration used
contribute to the reduced contrast in the direction of travel.

analysis that longitudinal and transverse cracking have similar
characteristics (except the angle of inclination) and may be
treated as one class (i.e., linear cracking, with a total of 10
members). The angle of inclination then suffices to differentiate between longitudinal and transverse cracking, as was
demonstrated in the hierarchical approach. Because angle of
inclination is such a powerful descriptor, the small sample size
associated with longitudinal cracking does not create any
problems in interpreting the results.

Finally, it should be pointed out that the sample size, although small, is probably the size one would expect to have
available in practice for training purposes. The longitudinal
distress class with two representatives is the group with the
smallest sample size and this may raise questions with respect
to the validity of the results. However, it is clear from the

CONCLUSIONS
On the basis of the analysis presented in the previous sections,
the following conclusions can be drawn:
• The results obtained are promising and suggest that accurate interpretation of pavement distress images is possible.
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It should be pointed out that distress-free images were not
included in the data set; because these images are easily identified , incorporating them into the analysis would increase the
classification accuracy significantly.
• The two segmentation methods tested (relaxation and
regression thresholding) produce similar classification results.
Hence regression may be preferred over relaxation because
of its simplicity and computational efficiency.
• Simultaneous and hierarchical classification provide similar results, but hierarchical classification has an advantage
over the simultaneous approach because of its flexibility.
• Angle and density seem to capture the expected characteristics of the various distress classes. Inertia ratio, when
used with the minimum distance classifier, failed to differentiate between 1-D and 2-D distresses. However, it performed comparably to the aspect ratio when used with the
logit model.
• The classification method based on the logit model produced more consistent and robust results and with the same
or higher accuracy than the minimum distance classifier.
•From the various distresses examined, block cracking appears to be the most difficult to classify-with the geometrical
descriptors and method used in the research. On the other
hand, images with alligator cracking were correctly classified
in most cases (with 100 percent accuracy when the logit model
was used). Given the importance of alligator cracking in the
evaluation of pavements, this result is significant.
Finally, several potential areas of further research have
been identified:
1. Segmentation. Because of the characteristics of pavement images discussed earlier, the segmentation method used
was unable to extract the full object . As a result, several
binary images were fragmented. Although it is possible that
some of these problems are hardware related, improving the
quality of the binary images (removing noise and connecting
distress fragments) may improve some of the statistics in the
feature space and increase their discriminatory power. It is
therefore important to examine methods that can be used
after the initial segmentation is completed to restore the connectivity of the binary images.
2. Feature Vector. The feature vector used for the classification approach was based exclusively on geometric characteristics of images under consideration. However, as the
analysis indicates, additional features, which capture differences other than those of shape, may be needed for reliable
differentiation among the various distress types (especially
block cracking). For example, the distance of a distress from
the wheelpaths can be computed and used as a feature . This
may help to distinguish between loa<l-associaled types of distresses such as alligator cracking and block cracking (which
is similar in shape). Other statistics that may prove useful
include textural descriptors and edge detectors. These additional statistics will be most useful in differentiating between
the two classes when the majority of the misclassifications
have occurred, namely for alligator and block cracking.
3. Classification Methods. The fact that the more advanced
statistical method, based on the logit function, provided similar results, indicates that for improved accuracy more emphasis should be placed on developing more appropriate fea-
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ture vectors , rather than using more elaborate classification
techniques. Once such a vector is developed, various methods
may be evaluated further, if necessary.
4. Highway Engineering Knowledge. More knowledge from
the highway and pavement maintenance domain should be
incorporated in the process. For example, as mentioned earlier, the distance of the location of the distress with respect
to the wheelpath could be used as descriptor. It is also important to determine the levels of accuracy for measuring the
various distresses that are needed for a practical pavement
management system and to develop a quantification of the
cost of misclassification on the basis of its effect on the maintenance process. Such parameters can then be used in the
classification methodology to minimize misclassification cost
(instead of error). The classification hierarchy suggested facilitates the incorporation of such parameters. Each pavement
image also usually covers a small section of the pavement.
Furthermore, images are analyzed independently of each other.
Hence, there is important spatial information that is being
ignored during the process. For example, a distress in the
image may be identified as transverse cracking, whereas in
reality it may be part of block cracking. However, this can
only be identified if more than one pavement image is examined together. Hence, by looking at the problem from a
macroscopic point of view and including spatial information,
the classification task may be improved.
5. Transferability. An important future research activity
should be the investigation of the transferability of the estimated parameters from system to system and from pavement to pavement. Transferability is a desirable property
because it can greatly simplify the implementation of the
methods suggested here and facilitate (if necessary) real time
operation.

SUMMARY

Methods and algorithms for the automatic analysis of pavement images were presented with emphasis on evaluating
(a) algorithms for segmentation of pavement images, (b) geometrical descriptors for characterizing the various distress
classes, and (c) alternative classification methods and approaches. The results are promising and indicate that the task
of automating the analysis of pavement images is feasible.
Various issues associated with problems were discussed and
directions for further research were identified.
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Development of an Intelligent System for
Automated Pavement Evaluation
STEPHEN

G.

RITCHIE, MOHAMED KASEKO, AND BEHNAM BAVARIAN

A potential automated pavement evaluation system to address
multisensor applications; integrate different types of sensors ,
techniques, and information; and offer more sophisticated and
intelligent processing capabilities for improved pavement management is described. The separate components of this system
either now exist in prototype form or are under development .
Such a system could automate in real time much of the pavement
data acquisition, interpretation , and evaluation process, and capture the experience and judgment of expert pavement engineers
in performing condition assessments and identification of appropriate rehabilitation and maintenance strategies. This research is
directed toward an innovative , noncontact, intelligent nondestructive evaluation (INDE) system, using a novel artificial intelligence (AI)-based approach that would integrate three AI
technologies: computer vision, neural networks, and knowledgebased expert systems, in addition to conventional algorithmic and
modeling techniques. The focus of the current, initial research is
development of an advanced sensor processing capability using
neural network technology to determine the type, severity, and
extent of distresses from digitized video image representations of
the pavement surface acquired in real time. The properties of
neural networks provide potential solutions to the inherently difficult nature of sensor integration and output interpretation in
automated pavement evaluation. The background and conceptual
development of an INDE system for automated pavement evaluation , and initial research results that demonstrate the feasibility
of a neural network approach in a case study application using a
multilayer perceptron and a backpropagation learning rule, are
described.
The vast public works infrastructure in the United States includes highway, bridge, mass transit, aviation, port, harbor,
water supply, wastewater, solid waste, power supply, school,
hospital, and other facilities . The deterioration of this infrastructure and the implications for public safety and continued
provision of essential services have become major issues in
recent years .
The development of economical and reliable nondestructive
evaluation (NDE) techniques holds great promise for assessing the physical and operational condition of such large structural systems, and their component construction materials, to
quantitatively evaluate the adequacy, remaining life, and safety
of a structure. Implementation of NDE techniques involves
three major steps: (a) placement of sensors at strategic positions on the structure, (b) recording and processing of the
measurements from the sensors, and (c) interpretation and
evaluation of the results.
S. G. Ritchie and M. Kaseko , Institute of Transportation Studies and
Department of Civil Engineering, University of California, Irvine ,
Calif. 92717. B. Bavarian, Department of Electrical and Computer
Engineering, University of California, Irvine, Calif. 92717.

A variety of sensors can be used in nondestructive testing
of civil engineering structures. The type to be used and where
they are placed on the structure depend on the kind of measurements desired and the type of structure. The sensors may
be of one or more technologies using mechanical, electrical,
acoustic, nuclear, radar, and optical techniques.
In order to evaluate the condition of a structure or structural
component, the sensor measurements have to be processed
and analyzed. The analysis may be based on established relationships (i.e., analytical models) between sensor measurements and structure characteristics or properties of interest;
or may be based on a set of rules for interpretation of the
results; or a combination of both approaches. The larger the
volume of sensor data collected, the more difficult the processing is likely to be, as observed by several researchers (J).
This observation is particularly so where noncontact optical
scanning methods are used for surface distress detection on
pavements, bridges, and other large civil engineering structures, where video or photographic images of the surfaces are
acquired and need interpretation in real time or are processed
later in the laboratory or office. In either case, the analysis
involves processing the images and extracting relevant data
for identification of the type, severity , and extent of distress
on the structure.
Very often, no single NDE technique offers the capability
to provide all the information required for evaluation of structures and structural components (2 ,3). Therefore, there is
frequently a need to use and integrate various combinations
of nondestructive testing techniques on a single structure or
structural component to assess its structural performance, adequacy, or material properties. This need can result in a vast
amount of data from various sensors that may not only pose
problems in the processing stage, but may also cause difficulty
in understanding and modeling the combined information .
For example, in the case of highway pavements , different
types of devices, sensors, and measurements can be used and
combined to assess the pavement's surface distress, longitudinal profile, skid resistance, and structural adequacy, as part
of the overall pavement evaluation process.
A potential automated pavement evaluation system to address multisensor applications, integrate different types of
sensors, techniques, and information, and offer more sophisticated, intelligent processing capabilities for improved pavement management is described. The separate components of
this system either now exist in prototype form or are under
development. Such a system could automate in real time much
of the pavement data acquisition, interpretation, and evaluation process, and capture the experience and judgment of
expert pavement engineers in performing condition assess-
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ments and identification of appropriate rehabilitation and
maintenance strategies.
The focus of this current, initial research is development
of an advanced sensor processing capability using neural network technology to determine the type, severity, and extent
of distresses from digitized video image representations of the
pavement surface acquired in real time. The properties of
neural networks provide potential solutions to the inherently
difficult nature of sensor integration and output interpretation
in automated pavement evaluation. The background and conceptual development of an INDE system for automated pavement evaluation, and initial research results that demonstrate
the feasibility of a neural network approach in a case study
application using a multilayer perceptron and a backpropagation learning rule, are described in the following sections.

BACKGROUND
The ultimate objective of the research is to develop an innovative, noncontact, intelligent NDE (INDE) system using
a novel artificial intelligence (AI)- based approach integrating
three AI techniques:
• Computer vision,
•Neural networks, and
•Knowledge-based expert systems (KBES),
in addition to conventional algorithmic and modeling techniques. Such an approach should be feasible and should have
a high probability of success.
A simplified structure for this system in an application mode
is shown in Figure 1. In this model, massive amounts of data
from single, multiple, and different types of sensors (e.g.,
optical and electrical sensors for measuring pavement distress,
roughness, skid resistance, and structural condition) can be
Sensor Data

Preprocessing

Neural network

Facility database

Knowledge-based
expert system

Quanlitative condition
assessment
Remaining life
Safety
Rehabilitation, repair,
retrofit strategies

FIGURE 1 Simplified application
and structure of INDE system.

integrated and processed by the neural network to quantitatively characterize the condition of the structure on the basis
of the analysis of the pattern of the different sensor measurements. This data acquisition and processing phase could be
accomplished in real time to save data storage and subsequent
time requirements for postprocessing, thereby improving
economy and productivity significantly. Application of neural
networks is proposed for this stage because of the excellent
pattern classification characteristics these models have shown
in various applications in other areas (4-6).
The subsequent KBES evaluation of the structure would
take as input from the neural network the type, extent, and
severity of structural distresses as well as other pertinent characteristics, and would access historical records such as rates
of deterioration, design details, climatic factors, etc., from a
facility data base (such as that for a pavement management
system). The KBES would apply symbolic reasoning on the
basis of the experience and knowledge of expert engineers,
combined with conventional algorithmic models to quantitatively determine the structural adequacy, remaining life,
and safety of the structure, as well as identifying (where appropriate) feasible rehabilitation, repair, and retrofit strategies, including detailed designs.
In the initial development of this INDE system, its application to flexible highway pavements is under investigation.
In this application, the sensor data are a series of digitized
pavement images that have to be processed to determine the
type, severity, and extent of surface distress existing on the
pavement. A real time vision and imaging system is required
for acquisition of the pavement images. Such systems already
exist [e.g., the Pavement Distress Imager by Roadman-PCES,
Inc. (7)] and should be an integral part of the INDE system.
Another basic element of the system, a KBES pavement rehabilitation analysis and design system, already exists in prototype form. It has been developed at the University of California at Irvine (8-11).
The focus of the initial and current research is therefore a
critical element of an INDE system, an advanced multisensor
processing capability using neural network technology. A specific objective of this component of the INDE system is to
determine the type, severity, and extent of distresses from
digitized video image representations of the pavement surface. (Each pixel in the image essentially provides a sensor
value so that in a common 512 x 512 pixel image there would
be 262,144 sensor values to process.)
Typical indicators of structural and functional asphalt concrete pavement performance include the following types of
distress:
•Alligator, fatigue, or wheel path cracking;
• Longitudinal cracking;
• Transverse cracking;
• Patching and potholes; and
• Block cracking.
In addition, the severity and extent of these distresses are
required. For example, in the case of fatigue cracking, this
might involve the percentage length of the wheelpaths cracked
and whether the severity involves only hairline cracking or
pumping and spalling. Similar measures of severity and extent
are relevant for other distress types.
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Currently, collection of surface condition data usually involves manual visual inspection of the pavement surface by
field personnel throughout the whole pavement system. This
method is often dangerous , labor-intensive, and tedious, and
potentially involves a high degree of variability and systematic
error among personnel and regions of a state, as well as between states. Nevertheless, these same data form the basis of
annual investments in the United States of billions of dollars
in pavement rehabilitation programs . Considerable interest
therefore exists in developing an automated system to capture
and extract pavement surface distress data from video images
cost-effectively, for NDE of highway systems.
A fully automated system for pavement surface distress data
collection would offer several advantages over the manual
system. Such a system would improve safety and efficiency
of the data collection exercise, and could offer consistency
and uniformity of data and data quality, both locally and
nationally. It could also facilitate distress data collection at
higher sampling rates.
Success of the INDE approach in this application area would
also be significant for NDE of other concrete structures such
as bridges, tunnels, and building exteriors, as well as for development of INDE systems for other types of large structural
systems, for which this prototype could serve as a basis.

DEVELOPMENT OF AN INDE SYSTEM
The following discussion of the INDE system is presented in
the context of the development of an automated pavement
evaluation system.

Digital Imaging Concepts
Current efforts to automate the visual rating of pavement
surface condition focus on the application of computer vision
and image processing technology . Most of the systems currently under development involve four main steps, namely,
(a) acquisition of video images of the pavement at highway
speeds, (b) conversion of the video images into digital images,
(c) preprocessing of the digital images for noise removal and
distress identification, and ( d) classification and quantification of the distress (12).
Digital imaging concepts and applications in pavement
management were recently discussed by Ritchie (12) . Briefly,
computer vision involves the use of sensors and computers to
emulate human vision, and has been the research subject of
computer scientists and electrical engineers for several decades. As applied to pavement management, the sensors used
are usually optic;illy h;ised, as in a video camera. The objective is to develop an automated approach to collect and evaluate pictorial data of the pavement surface.
A digitized image is essentially a mathematical representation of a normal pictorial image (in color or gray tones). Each
digitized frame consists of an array of integer-valued pictureelements , or pixels. A common array size is 512 x 512 pixels,
i.e, 512 lines vertically and 512 elements horizontally. The
integer value of each pixel represents the color or gray tone
of the corresponding area in the original. In pavement imaging
work, 8 bits per pixel are common, permitting 28 or 256 gray

tones (0 is black, 255 is white). In this case, each pixel requires
1 byte, resulting in 262,144 bytes of storage per frame.
With proper illumination, pavement cracks can be observed
on the basis of the shadow associated with the pavement
separation (13). Cracked regions in an image therefore typically have low pixel values, because the crack shadows are
much darker than the surrounding pavement. These differences in gray scale values can be detected and the cracked
areas isolated, for example, by threshold techniques. The
number of pixels indicating cracking can be counted and the
proportion of the area cracked can be determined.
Figure 2 shows some of these ideas in a histogram of pavement gray scale pixel values for a 32 x 32 pixel section or
"tile," representing 1.5 x 3 in. of an actual pavement surface
containing distress. By setting all pixel values equal to about
60 or more (in this case) to white, and all those under 60 to
black, the modified image will , predominantly, indicate the
cracked area, as represented by the black pixels. Before performing this binary thresholding, the image could be cleaned
up and noise removed using other suitable image processing
algorithms.
Recent developments in the application of digital imaging
technology to automate the visual rating of pavement surface
condition were presented at the First International Conference on Applications of Advanced Technologies in Transportation Engineering, held in San Diego, California , in 1989.
Several of the most noteworthy systems, from the United
States, Japan, and France, included the Roadman-PCES system (7), the Komatsu system (14), and the MACADAM system (15,16) , respectively. The Roadman-PCES system is providing the digitized images for use in this research. This system
comprises a mobile unit, called the Pavement Distress Imager1 (PDI-1) that uses controlled lighting and four line-scan cameras to collect 8-ft-wide continuous pavement surface images
at speeds up to 68 mph . Pixel size is 0.1 in . longitudinally and
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0.05 in. laterally. Postprocessing derives measures of pseudocracking with classifications of transverse , longitudinal, and
other cracking. The Komatsu system comprises a survey vehicle and data processing system to simultaneously measure
cracking , rutting, and longitudinal profile. A massive 64
(eventually up to 512) MC68020 parallel microprocessors are
used to postprocess the crack image data using conventional
image processing techniques. Even so, the system still does
not apparently output the type, severity, and extent of cracking. The MACADAM system also uses conventional image
processing methods to postprocess digitized continuous 35mm films of pavement surface condition. Although the system
aims to identify distress types, it appears to suffer from two
limitations. The pixel size is almost 9 mm, which would provide very coarse resolution, severely limiting the size of cracks
that could be detected. Also, the system is slow, processing
about 1 km of pavement per hour .
The limited success to date of conventional image processing techniques in identifying the type, severity, and extent
of distress in asphalt concrete pavement surfaces led to interest in an alternative approach, involving neural networks .
This approach offers many advantages, including faster processing times because of the characteristic parallel processing
approach these models use, their ability to tolerate noise in
input data, and others, as discussed in the next section. The
initial exploratory results (reported later) are most promising,
supporting the high potential of the technique for this class
of pattern recognition problem.

Neural Network Concepts
Research and development in neural networks has been accumulating since the early 1960s. Neural networks are information processing structures that are based on simplified theoretical models of the functioning of the human brain, in
which brain cells (neurons), and their interconnections, can
quickly perform complex calculations. These networks consist
of many simple processing elements (neurons) that have densely
parallel interconnections. A single neuron can receive weighted
inputs from many other neurons, and can communicate its
outputs, if any, to many other neurons . Information is thus
represented in a distributed fashion, across the weighted interconnections . Such networks have exhibited learning, memory, an ability to handle noisy real-world data, and other
significant capabilities. Neural networks can be implemented
in hardware as parallel computing devices or as software simulations run on conventional serial computers. One of the
principal applications of neural networks is to pattern recognition problems.
A neural network is defined by the topology of the network,
the characteristic or transfer function of each processing element , and the learning or adaptation rule used to modify the
connection weights between processing elements. Some of the
important properties of neural networks include self-organization and generalization from training set input-output data,
graceful degradation caused by parallel distributed processing
nature of the network, and fuzzy decision-making capability.
These properties have the potential to provide solutions to
the inherently difficult nature of the problem of sensor integration and output interpretation. The neural network model
that is explored in this research is the multilayer perceptron.
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Knowledge-Based Expert System Concepts
In the 1970s, research led to domain-dependent computer
programs that were expert in specific professional domains.
Such expert or knowledge-based systems are designed to emulate the performance of an expert, or group of experts, in a
particular problem area, largely through the use of symbolic
reasoning. These systems are therefore applicable to problems
requiring specialized knowledge, skill, experience, or judgment for determination of solution strategies and solutions.
Such problems have been ill structured in the sense that a
numerical algorithmic solution is not available or is impractical.
Ongoing research at the University of California at Irvine
(9) has resulted in the development of a microcomputer-based,
integrated set of interacting expert systems and algorithmic
models known as Pavement Rehabilitation Analysis and Design Mentor (PARADIGM). PARADIGM is largely driven
by surface distress data of the sort that is expected to generate
automatically and reliably with a neural network approach as
part of the INDE system. Currently, data input to PARADIGM
is interactive by a user. However, the system could readily
accept these data from a neural network in conjunction with
a pavement management system data base , in an automated
fashion. This ability is a logical and highly desirable step to
achieve greater productivity , reliability, and economy, while
still allowing a user to benefit from the expert system's explanatory and tutorial capabilities. This natural linkage to
PARADIGM provides a powerful contribution to the development of an INDE system. A brief description of the existing
PARADIGM prototype follows .
PARADIGM consists of three main component systems:
SCEPTRE, OVERDRIVE, and Network Optimization. These
three main systems are represented and controlled through
the production rules in the knowledge base of PARADIGM.
The overall structure of PARADIGM is shown in Figure 3.
SCEPTRE evaluates project-level pavement surface distress and other user inputs and recommends feasible rehabilitation strategies for subsequent detailed analysis, design,
and network optimization. SCEPTRE also performs costeffectiveness analysis, on the basis of life cycle costs and pavement performance, for each feasible strategy. Surface condition evaluation is typically based on interpretation of field
measurements relating to three performance indicators: ride
quality, safety , and surface distress . Evaluation of a pave-

Master Menu

Ne1work
Optimi zation

Detailed Design

FIGURE 3 Overview of PARADIGM structure.
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ment's surface condition enables a judgment to be made regarding the pavement's adequacy for current service and probable causes of surface distress, as well as the need for structural
evaluation. It is also used to determine the need and priority
for various maintenance and rehabilitation strategies, on the
basis of expert judgment. Of the three performance indicators
used in the pavement surface condition evaluation, the most
important is surface distress.
The knowledge base in SCEPTRE has been constructed
using the combined expertise of two pavement specialists with
extensive experience in pavement rehabilitation in the states
of Washington and Texas in the United States. The specific
types of surface distress in SCEPTRE are compatible with
those used in the Washington State Department of Transportation's (WSDOT's) pavement management system (PMS).
OVERDRIVE is an expert system for the assessment of
existing structural adequacy, and the design of flexible asphalt
concrete overlays on existing flexible pavement. OVERDRIVE
is based on the component analysis overlay method, which is
a traditional design method that involves a comparison between the existing pavement structure in terms of its component layers and a new full-depth design, and takes into
account site-specific conditions such as the severity and extent
of distresses, number of pavement layers and their thicknesses
and materials, and subgrade strength and traffic loading. Evaluation of the existing pavement structure focuses on determining the effective thickness of each layer of the pavement.
OVERDRIVE can also perform life cycle cost analysis of
both the overlay and do nothing alternative through an interface to an external program.
The knowledge base of OVERDRIVE is the result of
knowledge engineering efforts with a pavement specialist
combined with a synthesis of state-of-the-art and other reports, papers, and manuals relating to the Asphalt Institute
overlay design method for asphalt concrete overlays on flexible pavement.
Case study applications of PARADIGM have been performed using, in part, actual field data provided by WSDOT.
SCEPTRE has been successful in identifying the feasible RAMs
and most cost-effective RAM strategy compared with the actual decisions of WSDOT. Although there are variations between the major overlay design methods, the comparative
performance of OVERDRIVE has been found to be most
encouraging. OVERDRIVE continues to be used on a regular
basis in practice by WSDOT.

THE MULTILAYER PERCEPTRON
The multilayer perceptron (MLP) is probably the most studied
neural network model, although no applications to date of it
or other neural network models in civil engineering are known.
The MLP consists of three or more layers of neurons, or
processing elements, with each neuron in a layer connected
to all neurons in the preceding or following layers of neurons,
or both, through weighted interconnections. This topology
represents the evolution of the previous two-layer network
introduced by Rosenblatt (17). The output of each neuron in
a layer is a function of the sum of the weighted outputs of all
the neurons in the immediate preceding layer. When the MLP
is used as a pattern classifier, a vector to be classified is presented in the input layer and the computed vector at the

output layer corresponds to the classification of the input
pattern. The MLP can generate any set of hyperplanes in the
information vector space to separate classes, making it suitable for pattern classification work, which is the primary reason for selecting it for this application.
Design and implementation of an MLP requires two phases,
a training phase and a testing phase. In the training phase, a
backpropagation learning algorithm (5 ,6) is used to adjust the
weights between each pair of interconnected neurons using a
set of training images. The training is done by presenting the
MLP with a set of training patterns and adjusting iteratively
the connection weights as a function of the error between the
computed output and desired output for each input pattern.
The next phase is to test the trained MLP (i.e., the generated
weight matrix) with a second set of images to evaluate how
accurately it is able to correctly classify the input patterns.
As compared to other neural network paradigms such as
the bidirectional associative memories (BAM) and the Hopfield crossbar network, the three-layer perceptron is simpler
to implement and has better performance in capacity and
percentage of correct recall.
For the INDE system, the use of a three-layer perceptron,
whose schematic representation is shown in Figure 4, is under
investigation. The network shown has P processing elements
(PEs) in the input layer, Q PEs in the output layer, and a
variable number of PEs in the middle or hidden layer. The
characteristic equation is identical for all PEs. For the nth PE
in the mth layer, the output is defined by

where
t = discrete time index,
m = 2 for the hidden layer PEs and 3 for the output
layer PEs,
Nm-i
number of PEs in layer m - 1,
Wm_ I ,k.n
weight of the interconnection between PEm - i .k
and PE"'·"'
0,,,,n
threshold for PE"'·"' and
f = nonlinear activation function.

This function is typically selected as a monotonically increasing bounded function. A sigmoid function is usually used.
The learning law for the perceptron is a simple error feedback. The network learns the associations between input and
output patterns by being exposed to many training samples.
The samples are presented to the perceptron repeatedly and
each time the weight matrix is adjusted in proportion to the

FIGURE 4 P input-Q output
three-layer perceptron.
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error between the computed and the desired outputs until the
desired target output is produced. This weight adaptation
strategy is referred to as the backpropagation learning law.
At the output layer, the error associated with PE 3 J is
(2)
where di is the desired output of the jth output PE and o3 .i
is its actual output. The error for the ith PE in the hidden
layer is defined as
(3)

ez - = "e3.W2
··
L_i
,I

1}

,l , j

j

The weight adaptation law is then given by
wm-1,;)t

+ 1) = wm-1,Jt) +

~wm-1,;,it

+ 1)

(4)

where

(5)
andf' is the derivative with respect to the function argument,
and Tl is a parameter of the learning rate and is always 0 <
T) < 1. Rumelhart et al. (5) found that for a sigmoid function
the adaptation law is an implementation of the gradient descent in the output error. Although the gradient descent procedure does not provide any theoretical proof that a solution
can be found, Rumelhart et al. (5) and other researchers have
tested the procedure in a number of practical problems and
have found that it led to solutions in most cases. The potential
problem of local minima was rarely encountered. Hence, convergence of the learning process using backpropagation can
be achieved in most practical applications.
The algorithm for perceptron training (i.e., weight adaptation) can be summarized in the following steps:
Step 1. All weights W mJ.i are initialized to small random
values;
Step 2. An input vector Iv / 2 , • • • , Ip, is presented together
with its corresponding desired output vector o 1 , 0 2 , • • • , oQ;
Step 3. On the basis of the input, the actual output of each
PE for each layer is computed using Equation 1. If a sigmoid
activation function is used, then the output is given as

1

of the previous adjustment, i.e.,

0<

O'.

< 1

where ex is the momentum rate.
Steps 2 to 4 are repeated for each training input as many
times as is necessary to achieve convergence, i.e., until the
error between computed and desired outputs for each PE for
each training pattern is reduced to the maximum allowable.
A number of factors influence the rate of convergence of
the algorithm. For example, the higher the value of the learning rate, T), the faster the algorithm may converge but the
higher the likelihood of instability, i.e., it may lead to oscillations. Hence one needs to select a value of Tl big enough
to speed up convergence but small enough not to cause instability. A similar tradeoff is required in selection of ex.
Threshold values 0" also affect the rate of convergence, although not in an obvious way. One may often choose to use
trainable threshold values, starting with random assignments
of threshold values for each PE and updating them during
the training process in the same way the weights Wm,iJ are
trained, i.e.:

CASE STUDY

The objective of this preliminary case study was to train a
three-layer perceptron to classify 32 x 32 pixel pavement
images by type of cracking, in this case to identify whether a
given image displays transverse or longitudinal cracking. These
images are components of 512 x 512 pixel real pavement
images (Figure 5).
Although in practice images acquired in the field are of
much larger dimensions, typically 512 x 512, the 32 x 32
pixel-sized images were selected for this initial study mainly
because one of the original objectives was to investigate the
performance of the perceptron, and the smaller size images
reduce the computational burden, and hence speed up the
learning and testing processes. Also, because the feature extraction procedure does not preserve the relative positions of

(6)

where
Nm-1

~n

=

L

Om-1.At)Wm-1,k,n(t)

k~I

Step 4. The error between the desired output and the actual
output for each PE, computed from Equation 2 or 3, is used
to adjust the weights as given in Equations 4 and 5. For a
sigmoid activation function, Equation 5 simplifies to
(7)
Convergence is sometimes achieved faster if a momentum
term is added and weight changes are computed as a function

(8)

FIGURE 5 Typical 512- x 512-pixel pavement image.
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the distresses on the image (only identifying the general orientation of the distresses), doing the processing in two steps
may be advantageous, first processing 32 x 32 segments, or
tiles, of the images, and then linking the results from the
various tiles. In this way, the relative positions of cracks in
the 512 x 512 image can be much more easily preserved. For
this study, 20 512 x 512-pixel, 8-bit gray scale images each
representing 2 x 4-ft images of asphalt concrete pavement
were provided by Roadman-PCES, Inc. The images represented different types of surface distress, mainly transverse,
longitudinal, and alligator cracking.
In order to prepare a set of 32 x 32 pixel training subimages
(each subimage representing a 1.5- x 3-in. pavement image),
each of the 512- x 512-pixel images was partitioned into 32x 32-pixel binary images by simple thresholding, whereby a
pixel was given a value 1 if its gray scale value was less than
the threshold, indicating a distressed pixel, or 0 otherwise.
Then 256 of these subimages were carefully selected to form
the set of training images, each consisting of one of four types
of distress, namely, no distress, transverse cracking, longitudinal cracking, or combination distress, the last representing
diagonal cracking, random cracking, patches, etc. Because
these subimages were small, an alligator cracking classification could not be used because such distress could only be
observed from the 512 x 512 images. The allocation of these
subimages to their actual classification in the training set was
performed by manual inspection and a majority vote of three
observers, on the basis of the display of each digitized subimage on the computer monitor.
A set of features was extracted from each subimage to form
an input vector for perceptron training. The features were
based on summary row and column st;:itistics for e;:ich im;:ige
and included
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Software implementation of the three-layer perceptron for
the case study was developed in Con a SUN-SPARCstation.
Convergence of the perceptron during training was achieved
using trainable threshold values for the PEs and low values
of TJ and a of between 0.1and0.2. It generally required 18,000
iterations for the system to converge, which took about 4 to
6 hr on the SUN-SPARCStation. An iteration is one round
of presentations of the training samples. The system was said
to have converged when the average error between the computed and desired output of the PEs was reduced to 0.05. It
took about 5 sec to classify the 256 tiles of one 512 x 512
pixel image.
In order to evaluate the performance of the perceptron in
classification of the tiles, each tile was processed by the perceptron and its classification was compared to its human visual
classification, or actual classification. Table 1 presents the
comparison between the actual and perceptron results for the
training set of 256 tiles; Table 2 presents the results for a test
set of 4,864 tiles; and Table 3 presents the results for the
combined set of 5,120 tiles.
Clearly, the 100 percent correct classification of the perceptron for the training set is impressive. (Recall that a feature
vector of only three simple features was used.) Performance
TABLE 1 PERFORMANCE OF THE
PERCEPTRON ON CLASSIFICATION OF
THE TRAINING SET
none
none

trans

long

A run is defined as an uninterrupted sequence of distressed
pixels in one direction, and run length is the number of pixels
in a run. Currently, only the first three features are used for
training and testing of the perceptron, but additional features
may later be included when classification of the images is
expanded to include severity and extent of distress. This feature extraction approach has been pursued in preference to
a direct approach, whereby each pixel of an image is an element in the input vector to the perceptron. The two main
reasons for this, which were verified in an earlier study using
hypothetical images, are that
• A smaller number of training samples is required since
the features provide better characterization of the distinction
between different types of cracking in the images; and
• The size of input vector is reasonably small and independent of the size of the images, thus facilitating faster learning
for the perceptron.

Total

%-corr

143

100%

66

100%

36

100%

II

11

100%

II

256

A
trans

66
36

long

comb

• Mean number of distressed pixels per row or column of
a subimage,
•Variance of the number of distressed pixels per row,
•Variance of the number of distressed pixels per column,
• Mean number of runs per row,
• Mean number of runs per column,
• Mean run length per row, and
• Mean run length per column.

comb

143

Total

143

66

36

TABLE 2 PERFORMANCE OF THE
PERCEPTRON ON CLASSIFICATION OF
THE TEST SET
none

trans

long

none

4389

33

trans

7

132

long

10

comb

9

6

4

Total

4415

171

246

comb

9

Total

%-corr

4431

99%

142

93%

243

96%

29

48

60%

32

4864

A

3
233

TABLE 3 PERFORMANCE OF THE
PERCEP'l'l{UN UN CLASSlflCATlUN OF
ALL THE TILES

A

none

lrnns

long

none

4532

33

9

lrans

7

198

comb

3
269

Total

%-corr

4574

99%

208

95%

279

96%
68%

long

10

comb

9

6

4

40

59

Total

4558

237

282

43

5120
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on the much larger test set resulted in correct classifications
for 99 percent of the nondistressed tiles, 93 percent for transversely cracked tiles, and 96 percent for the longitudinally
cracked tiles. These results were also excellent.
The classification results for tiles with combination distress
were not as impressive, achieving only 60 percent correct
classification on the test set, even though 100 percent correct
classification was achieved for the training set. This result is
probably because of several factors including the small size
of the training set and the fact that this distress type includes
various distress patterns that do not have homogeneous characteristics. Another reason is the presence of a lot of noise
in the tiles, which made it difficult even for the human observers to classify some of the tiles. Possibilities for improving
the performance of the model in classification of this class of
distresses include increasing the training set size, reducing
noise in the images before the training and classification process, and splitting this classification into two or three separate
classes. For example, diagonal cracking, random cracking,
and patches could all be separate classes.
Overall, however, these initial results are most encouraging.
CONCLUSIONS

A potential automated pavement evaluation system to address
multisensor applications; integrate different types of sensors,
techniques and information; and offer more sophisticated,
intelligent processing capabilities for improved pavement
management has been described. The results of the case study
indicate the potential for application of neural network models
for distress classification of pavement images as part of the
proposed INDE system. More work needs to be done to
improve the accuracy and speed of the classification process.
For example, there is need to incorporate image preprocessing
to reduce noise in the images. Inclusion of additional features,
proper selection of training examples, and use of other types
of neural network models also needs to be explored. In addition, the potential for real time application of such a system
may well depend on effective hardware implementation of
the system.
In the next stage of this research, classification of the
32- x 32-pixel images will be refined to include severity and
extent of distress. Integration of the results of these 32- x
32-pixel images for classification of an entire 512- x 512-pixel
image will also be explored. Ultimately, evaluation and analysis of the system for field implementation, including hardware implementation and use of standard pavement surface
distress data collection and reduction criteria, will be
investigated.
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ARI.NM: An Operating System of
Pavement Distress Diagnosis by
Image Processing
M. (JERRY)

H.

MoHAJERI AND PATRICK
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Digital image processing and pattern recognition from a video
log of pavement surface distress is accomplished by initializing
the image processing board within an IBM-PC (or compatible).
Software is used to set all image processing registers to zero or
a default value, which digitizes values for each color (0 to 255),
and sets an image processing board to continuously display signal
readings from video log tape. The video signal is received by the
image processing board and displayed on an image monitor. A
pixel can represent 256 possible shades of gray, with 0 representing black, 256 representing white. The object of image processing is to enhance pavement surface distress (changing it to
white) while diminishing the nondistress area (changing it to black) .
Pavement surface distress is distinguished by using one of several
types of distress (crack) enhancement filters. For crack recognition, multiplication filters are useful, but multiplication filters
cannot recognize crack pattern or classify type of cracking. Directional filters are used to classify cracking by splitting the image
into horizontal and vertical components. The extent of cracking
or crack width can also be determined by directional filters. Once
the right filter value is selected, crack size and length are validated. The ARIA"' image processing technology is accurate ,
consistent, and reliable, and may be used on any type of concrete
or asphalt pavemt:nl.
Automated digititl distress itnalysis was it program undertaken
by MHM Associates, Inc., in 1985 to complement its pavement video logging service. Digital image processing and pattern recognition techniques from video images was expected
to enable identifying and quantifying the main types of pavement deterioration. The positive results obtained in 1986 encouraged the firm to finance the automated road image analyzer (ARIA"') project-which was to provide a totally
automated pavement distress data collection method for pavement management.

PRINCIPLES AND FUNCTIONS OF THE SYSTEM
Data Acquisition
ARIA TM is an off-line system that uses images of the road
surface for analysis purposes. The videolog produced by the
specially equipped ARIA TM van provides the necessary reference. This procedure is the only means of data collection
used by MHM Associates. However, the methods and algorithms are adaptable to other forms of data acquisition provided the images offer comparable definition and contrast to
MHM Associates, Inc., 1920 Ridgedale Road, South Bend, Ind. 46614.

MANNING
those of the images from the ARIA TM videolog. The ARIA""
van uses the following equipment for videologging of pavement surface and right-of-way.
1. Vehicle (Chevrolet van).
2. Distance measuring instrument (DMI) with a transmission-driven sensor. The DMI is superimposed on the videotape and the software is capable of matching each captured
image with its respective DMI (which is the distance from the
beginning of the section being taped).
3. Video Recording Equipment
a. Pavement Video Camera. This camera, which is used
to videotape the pavement, can be set up to look straight
down or at an angle to record the pavement surface.
b. Reference camera. This camera, which videotapes a
view from the windshield or the right-of-way view, is pointed
directly out the windshield at the horizon. The main purpose
of this camera is to collect data on roadside objects within
the right-of-way for future reference.
c. Superimposer. The superimposer superimposes the
reference camera, DMI, and other header information on the
video.
d. VCR. A four-head VCR records the information being
videologged.
e. Cables, clamps, brackets, and braces. These are hardware necessary to mount the cameras.
f. Playback monitors. These are used to view what each
camera is recording.

Videolog System Specifications
The ARIA TM van currently operates and processes video signals on the basis of the following system or format:
The videotape system operates within an EIA standard
video signal system based on 525 lines at 60 Hz, using the
National Television Standards for Communication (NTSC)
color signal. The advance speeds of the high-density tapes are
either 15/16 in./sec (33.35 mm/sec) or 7/16 in./sec (11.12 mm/
sec); tape width is V2 in. (12.27 mm); format is VHS. The
CCD camera operates with 574 horizontal x 499 vertical
picture elements (pixels), in a scanning system that performs
scanning of the 525 lines at 30 frames per second, providing
a resolution of 380 lines from top to bottom of the frame.
The video output level is 1.0 volt peak-to-peak for the NTSC
<;omposite signal at 75 ohms.
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Remote Workstation Batch Mode Processing
Equipment

9 ft (2.74 x 2.74 m) can be analyzed by digitizing those frames
for final diagnosis. In order to detect and identify distress or
pavement defects, the following steps are necessary:

In order to process video images through a remote computer
system, video images need to be converted into digital images.
This process of converting video images into digital images is
done at a remote workstation by batch mode with ARIA
software. Images can be processed any time of the day with
or without the presence of a technician. However, an attendant is required if the playback is set to a single-frame advance
mode because the VCR automatically shuts off after 5 min
of play to preserve the video heads. When the video is played
back at normal speed, a technician is not required, and the
computer can process an entire 2-hr videotape from the VCR.
The computer, which operates on 120 volts ac at 60 Hz, is
an IBM Personal Computer or IBM-compatible computer
containing an 80386 microprocessor. It includes a VGA monitor with Video 7 V-RAM VGA adapter and 512-kb RAM.
The image-processing hardware includes an NTSC converter
that converts the NTSC signal from the VCR to red, green,
blue, and synchronization signals for the image processor board,
which digitizes the color image recorded in the videolog tape
into gray values ranging from 0 to 255 . The Sony image monitor displays what is in the memory of the image processor
board. There are 80 Mb of hard disk, and the printer is an
Epson nine-pin matrix printer. The video recording equipment consists of a four-head VCR and a playback monitor.
The languages of processing are assembly language and
BASIC; the operating system is Microsoft MS-DOS 4.01.
TM

THE ANALYSIS PERFORMED BY THE SYSTEM
The ARIA rn system can recognize and quantify the following
types of pavement surface defect :
1. Alligator cracks;
2. Longitudinal cracks (single or multiple, sealed or not
sealed); and
3. Lateral or transverse cracks (single or multiple, sealed
or not sealed).

1. Initialize the image processing board,
2. Freeze an image for analysis,
3. Select the portion of the video frame to be analyzed for
distress diagnosis,
4. Process the image for crack detection, and
5. Classify the distress .
Initialization of the Image Processing Board
The image processing board is initialized by executing several
programs at the DOS prompt that accomplish the following
objectives:
1. All image processing board registers are reset to 0 or a
default value.
2. The value of 0 is digitized and assigned to color 0, and
the value of 255 to color 255, and similarly for all numbers
in between.
3. The image processing board is set to continuously display
signal readings from the videolog tape .
Freezing an Image
Once the image is received from the converter and the board
is initialized, the video signal received by the image processing
board is displayed on the image monitor. When the frame
has been frozen, the computer reads the desired lines out of
the board's memory and gets the color values for each picture
element on that line . Then the computer goes on to read the
next line until the entire image to be analyzed is constructed
in the PC memory.
The different ways an image can be processed with software
are virtually unlimited, but there are some memory and time
constraints. In a PC, memory is segmented. Each segment is
65,536 (256 x 256) bytes long . The image processing board
can store frames 512 x 512 x 8 (262,144 bytes) or 640 x
480 x 8 (307,200 bytes) in the onboard memory. The image
monitor contains 640 pixels in a row, and 480 pixels in a
column. A pixel has eight bits (a binary digit, a 0 or a 1). A
pixel represents 256 possible shades of gray (2 x 2, 8 times),
with zero representing black , 255 representing white , and
numbers 1 through 254 representing lighter shades of gray.

For each of these defects, the system quantifies the extent of
the defect by distress density and provides precise information
about the position or location of the distress in relation to a
beginning reference. For each type of distress , the ARIA "'
software detects and identifies the cracking pattern from each
frame of video as digitized and analyzed by microcomputer.
The minimum size of a detectable crack is V16 to Vs in. (1.6
to 3.1 mm). The software is capable of producing a data base
that automatically identifies the location of distress as the
computer reads the DMI from the digitized video frame. It
also computes statistical information such as mean, mode,
and standard of deviation of distress density for number of
frames sampled or analyzed. In addition, it provides distress
density graphs and reporting capability for cost analysis .

The upper portion of the videolog image frozen on the image
monitor consists of header information such as road name,
date of video, and distance measuring device readout. The
lower portion of the video frame indicates the surface of pavement to be analyzed. The lower half of the video is selected
for analysis by defining a starting and ending row and column
of pixels (see Figure 1).

PRINCIPLES OF SOFTWARE ANALYSIS

Processing Image For Crack Detection

The first step in image processing on a PC is initializing the
image processing board. Pavement surface representing 9 x

The object of image processing is to enhance the distressed
areas (changing it to white), while diminishing the nondis-

Selection of Parts of Video For Distress Diagnosis
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Distance Measuring Readout

Header Data

G)

Videolog of Pavement Right-Of-Way

Pavement Surface Data - The entire area "11thin the rectangles which represent& 9' width covering both vhl•l
paths h: digitized for image processing and crack detection.

FIGURE 1 Computer printout of continuously acquired road right-of-way and pavement surface.

tressed areas (changing them to black). Each picture element
in the area to be analyzed needs to be enhanced or reduced
in value to easily distinguish the difference between the light
and dark picture elements. Software algorithms have been
developed hy MHM Associates to accomplish this . For the
purpose of this report, only one method of finding distress
will be discussed. This method is classified as crack enhancement through multiplication filter (Figure 2).
After each pixel in the analysis area is enhanced and compared to its neighboring pixels , a decision logic based on
threshold values retains or discards that pixel. If a pixel is
retained by the decision logic, it is counted as a pixel representing a potential distress. Further software analysis groups
the retained pixels as distress and nondistress pixels.
In this type of analysis, it is possible to calculate several
thresholds of values to identify different types of deterioration
by using a calibration menu. For example, threshold values
can be set to identify cracking but not sealed cracks, and vice
versa.
The multiplication filter, combined with threshold values,
is used for general distress recognition. Although it can also

['"

058

090

11167

15111

178

·~]
11166

176

be used for crack classification, directional filters are more
efficient for the identification of cracks such as longitudinal
and lateral cracks. Figure 3 shows the steps used in detecting
pavement surface cracking.

Directional Filter For Crack Classification

The object of crack classification is to find the amount of
cracks and the extent and direction of each crack. In order
to accomplish this, a directional filter (with threshold) must
be created for general distress recognition. Directional filters
are similar to multiplication filters, but instead of multiplying
a picture element by a constant value, a constant value (a
threshold value) is subtracted from the picture element values.
Figure 4 shows a directional filter for determining and diagnosing cracks.
In Figure 4, the center pixel (the box marked CCCC), is
compared with several pixels in the same column as itself, as
well as several pixels in the same row as itself. In crack classification, much of the work is done with a directional filter.
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FIGURE 2 Multiplication filter.
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FIGURE 3 Raw image of alligator cracking on VCR playback monitor (left); picture elements of frozen image sampled for
analysis as seen on image monitor (center); and image of alligatored area detected and quantified by computer (right).
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Field Measurement of Crack

In the field, the crack was measured as more than 50 in. (1.27
m) long across the pavement; however, the camera was set
to capture only 50 in. (1.27 m) of the pavement. The crack
was divided into 50 parts to get a measurement for each inch
of the crack. Sometimes the crack width changes within the
inch, so it is necessary to measure crack width two or three
times within an inch. The smallest rectangular area that the
crack could fit inside is 50 in. (1.27 m) laterally and 3.375 in.
(8.57 mm) longitudinally (Figure 8) . The measurements were
taken with a measuring tape marked in 16ths of an inch.

FIGURE 4 Directional filter for diagnosing cracks.

Because the directional filter splits the image into horizontal
and vertical components, the vertical pixels do not get in the
way of horizontal (longitudinal) crack count.
A longitudinal crack is identified from a count of the numbers of pixels in each column of the image (see the histogram
shown in Figures 5-7). Pixels are counted when only a few
columns have high counts and when on both sides of the highcount columns there are marked decreases in the counts. The
extent (width) of cracking is determined by the abundance of
high-count columns with sudden drop-offs in count. A more
gradual drop-off in count describes a diagonal crack. The
process for finding transverse cracks is similar to that for
finding longitudinal cracks.

Cracking

Number of
Columns > 50%
White Pixels

Number of
Rows > 50%
White Pixels

Longitudinal
Transverse
Large block
Block
Large alligator
Alligator
Severe alligator

1
0
1-2
2-3
4-6
7-14
> 14

0

Type of

1

1-2
2-3
4-6
7-14
> 14

VALIDATION TECHNIQUE

Described in the following paragraphs are the five steps used
to validate the image processing measurement and quantification of a crack with actual field measurements of the same
crack. A cracked concrete pavement was arbitrarily selected
for this purpose. The area under consideration contained one
lateral crack.

Quantifying Density of Cracking with Field-Measured
Data

Quantifying the density of the crack with field-measured data
is done with the short BASIC program shown in Figure 9.
The program calculates two densities. Density is defined as
the area representing the crack divided by the total area under
consideration or by the captured frame area as seen by the
video camera and as measured in the field.
The first density is 1.4280 percent (DENSITYl) and is for
the crack contained in the rectangle 50 x 22 in. (127 x 55.88
cm) denoted AREAl, the larger of the two rectangular areas
selected for the image-processing program to handle. The
second density is 9.3086 percent (DENSITY2) and is the same
crack contained in the rectangle 50 x 3.375 in. (127 x 8.57
cm) denoted AREA2, the smaller rectangular area that the
crack could fit.
The Image Processing Video Tape of the Crack

The same crack as captured on video and identified by the
DMI reading 0031825 was analyzed by the image-processing
algorithm. In this case, AREAl is measured in pixels rather
than in square inches. AREAl, consisting of a matrix of pixels, is 504 pixels laterally and 110 pixels longitudinally (Figure
10), and AREA2 is 504 pixels laterally and 17 pixels longitudinally (Figure 8).
Quantifying the Density of the Crack with the Image
Processing Algorithm

The ARIA TM image-processing software analyzed AREAl with
80 filter values. Filter Value 0 includes almost everything in

II

11

I

11

I

1

I

1

_ ...., .....4. __....,..., ...lollot -

•
....,,

___

~·~- -

..
'

FIGURE 5 Directional histogram of lateral and longitudinal cracks.
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FIGURE 6 Directional histogram that identifies lateral cracks.
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FIGURE 7 Directional histogram that identifies longitudinal cracks.
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the sample video frame as pavement distress. Filter Value 1
filters out some abnormalities, and Filter Value 2 filters out
some more . At Filter Value 100, everything is filtered out so
it appears that there is nothing wrong with the pavement.
Usually, everything gets filtered out before Filter Value 80,
so that is where the analysis stops. For each filter value, a
certain fraction of pixels get through the filter and are included
as a pavement distress. The number of pixels that are included
as distress are divided by the total area under consideration.
This process calculates the density of cracking in that area.
These densities are graphed in Figure 11. Also graphed are
the AREA2 densities for Filter Value 0 through 79.
To arrive at the filter value that describes the crack best,
analysis of two areas is necessary . The relationship
AREAl
AREA2

DENSITY2
DENSITYl

is true if the crack in AREAl is the same as the crack in
AREA2. In the example at the videolog DMI reading 003182S,
the SO-in. long crack (S04 pixels) is present in both areas and
neither area includes cracks that the other area does not have.
With the field-measured data, the area of the cracks is also
constant, so the following applies:
AREA2
AREAl

DENSITYl
DENSITY2

so x 3.37S
50 x 22.000

(AREA OF CRA KS)/(50 x 22. 000)
(AREA OF CRACKS)/(50 x 3.37S)

= 0.153409
The same relationship applies to image processing data .

AREA2
AREAl

DENSITYl
DENSITY2

S04 x 17 _ fAREA OF CRACK(S))/(504 x 110)
S04 x llO - [AREA OF CRACK(S))/(S04 x 17)
= 0.1S45454

The two areas are easily calculated, and they remain constant
throughout ail the density calculations. The densities are calculated for AREAl and AREA2 80 times and are graphed
in Figure 11. Also graphed is the resulting division of
DENSITYl by DENSITY2 multiplied by 100 for each filter
value; all the calculations for that curve are presented in Table
1. The division results in Table 1 point out the correct filter
value. The resulting calculation that equals AREA2 divided
by AREAl (0.154S4S4) occurs when the filter value is between 30 and 74. From Filter Value 0 to Filter Value 29, the
processed image contains pavement texture and other abnormalities such as video noise and carries these abnormalities
into the calculation of the densities. At Filter Value 30, a
substantial number of pavement noise pixels have been eliminated to result in
DENSITY!
DENSITY 2 = 0.15454S4
and that division result will stay at 0.1S4S4S4 up to Filter
Value 74. At Filter Value 7S , all the pixels have been filtered
out so both densities are 0. When the filter value is 30, the
pixels in AREAl that are counted as a distress are equal to
the pixels in AREA2 that are counted as a distress. They are
constant from one area to the other. At Filter Value 31, the
pixel count from one area will equal that of the other area,

D!HSl!Yl: 1.4393939394
DEHSim: 9.3131254902
D!HSllYJ/DIHSIH2: 8.1545454545

FILTER: 39

, (DENSITY

..._,\
.... ._

I /DENSITY 2)

X 100

·- .._

~:~~·------=~-.-O-EN-S-IT_Y_2_ _ _ _\

iiiii

zciiW·

FILTER UALUE
FIGURE 11

Density graphs for data in Table 1.

~

TRANSPORTATION RESEARCH RECORD 1311

128

TABLE 1 FILTER VALUE DENSITY CALCULATIONS FOR GRAPH IN FIGURE 11

FILl"ER DENSITY1/DENSI1Y2

FILTER DENSITY1/DENSITY2
0

.1
2
if
5

6
·7
8

9

10
11
l.2

1::::
14
15
16
.t 7
1 !3
1 <;>
20

21
22

24
25
26
27
28
29

:::::o
31

86.268
77.273
66.670
54.717
4:::':" 189
32.989
24.798
18.699
1.4.066
10.6"16
8 .166
6.389
5.202

I
I
I
I
I
I
I
I
I
I

/
I

/
4. 311 I
~~:. 685 I
:3. 231 I

2.902 I
2.675 I
~2.511

2. :563
2 . .197
2.089
1. 995
1.899
1.838
1. 762
.1.705
1.643
1. 571
1.508
1. 4~'8
1. 387
1.328
1.282
1.228
1.171
1.1.26
1.066
.1.008
0 ."?45

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

87.873
0.981730
80.661
0.957998
71.977
0.926270
62.220 ~ 0.879410
52.451
0.823417
0.737600
44.725
38"049 -· 0.6~\1746
32 ,4:35
0.576529
28. 59~.\ = 0.491896
~~5. 572
0.418281.
0. :3526:~-;5
2~'!: .156
21.1:37
0.302264
19.549
0.266095
18.231
0. 2~~;6468
17.204
0.21.4204
16.340 = 0 . .19'770B
1:.1.6~H
0 . .18543.1
0 . .1789.16
14.951
14.496
0 .1732.10
.14.017
0.168572
0.164399
13.364
12.BT;;
12.442
0.160345
.11.940
0.159078
11.660 - 0.157639
.11.216 = 0 . .1~71.19
.10.901
0.156366
10.551
0"155742
10.119
0.155258
9.7'.34
0.154916
9.:.H4 = 0.154545
8.975
0.154545
8.590
0.154545

=

=

Q

40
4.1.
4'.'!

43
44
45

46
47
4El

'Vi'
50
51
52
53
:'54

0.871
0. s:3:3
0.792
O. 7'70
0.709
0.657

I
I

/

I
I
I
0. 6::;o I
0.59'7 I
0 . :'6~· I
0.519 I

0.473 /
0.4:::::3 I
0.400 I

0.

:!.5454~'.\

~j • :::::<~2

0

1 ~:)4 5.cl. 5

=·"

11

1

124 = 0" .1. ~.:0454~.)
0.1~:.4~545
4.984
0. :! ~)45if:5
4. 5ff7
4.248
0" .t 54 ~14- ~..i
4.073 - 0. 1~"t5'l· ::"·
3.86~'.:
0 . .1.'.54~545
3.65::': "" 0.154~)4'..'i
:~:. ::'':6.t = 0 .. .1545.l\ ~j
:3. 0=·8 "" 0. l ~.\l.J.~i4 ~.\
2.801
0.154545
2.59.1 c 0 .. .1.54545

=

0.36.1. /

2.:J:::'A

Oa :::::2~; /

2. 089 = 0" .1~5454 ~.'•
0 . 1 ~:;.~. ~'.\4~:.
1. s::-.:2
0 • .1:.".4545
1..599
0 . .t 54~.:. ::1. ::i
.t .::::T7

5~j

0. 28~~: I

56
57
58
59
60

0.2·47 /
0.21:~:

6.t

0.180
0 . .164
o. 1:37
0.126

62

O ..

6::::

0. 08:3
O. 069

64

~1.637

lO~i

65

0 .054

66
67

0.047

I
I
I

/
I
I
I
I
I
I
/
/

0 • .154545

.1.167
.1.062
0.887

0.154545

0.1::,4545
c:

O.B.1.7

o . .1.545'15
O.:J.5if54~.i

0.677
0 .
0. 5T7 = 0 .
0.444 :::

.1.'.)4~·4~·
.t. ::.1.\511-~'i

0.15454~5

0. :35 0 "' o . .t'.54545
0. ::!: 0:3
0 . .154 ~;45
O . l9B
0.:1.54545
0.1.t7
0 . 1::.45115

6E~

(JJ131
0.018

6<"-1

0.009 I

o.oss

0.007 I
0.005 I
0.004 I
0.004 I
0.004 I

0. 04 7 = 0. 15LI 511 5
0.035 = 0.1545-4 5

7. 948
0" .t 54:"'·4~\
7.575
0 . .154545
7.2s::; "' 0.154545
6.898
0 . .154545

70
7.1
72
73
74
75
76
77

6,

8.298

=

O . .t=•4545

~..)2L~

0.1~:.454·5

7B

6.1.16

O • .t::.14545

79

but the count will be less than the pixel count at Filter Value
30. The pixel count will continue to fall off until Filter Value
75, when there are no pixels left.

0.000
0.000
0. 000
0.000
0.000

/
/
I
I
I

o.1~.4~545

0.023 ·-

1) •

.1.::.454:_1

0. 02:3: = 0 . .1. 5451.\ 5
0.02:3 "" 0.154~i45
0.000
0.000000
o.ooo
0.000000
0.000
0.000000
0.000
0.000000
0.000 = 0.000000

=

measured DENSITY2 is 9.3086. If these densities are divided,
9 3086
·
= 0 99942
9.314
.

Comparing Densities of the Same Crack Using
Different Methods

the resulting division again proves to be near 1.

At Filter Value 30, the areas AREAl and AREA2 have the
most cracking information and the least noise information. It
is preferable to have those characleristics in tl1t:: fillt'.r valut'.
chosen to work with. The image processing DENSITYl (for
AREAl) at Filter Value 30 is 1.439, and the field-measured
DENSITY! (for AREAl) is 1.4280. If these densities are
divided,

CONCLUSION

28
l .4 = 0 99236
1.439
'
the resulting division proves to be near 1. The image processing DENSITY2 at Filter Value 30 is 9.314, and the field

Field-measured data collection and ARIA"' image-processed
data collection are two methods of data collection that yield
identical results. Once the filter value has been determined
for a given type of pavement, the ARIA'" image processing
technology can process video images frame by frame for crack
detection, diagnosis, and quantification.
The ARIA T" system is suitable for use on any type of concrete or asphalt pavement. The operator has at his disposal
many filter values to adjust the fineness of his analysis. All
results of analysis are stored in a data base automatically as
the image processing is in progress. Graphs are also generated
automatically (Figures 12 and 13). It takes approximately 0.6
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FIGURE 12 Distress levels on 9th Street/1-SSB, Sangamon County.
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FIGURE 13 Crack identification on 9th Street/I-558, Sangamon County.

sec to process a sample of pavement video log (one captured
frame) as compared with 1 hr or more for the same sample
if it were to be physically measured in the field.
The ARIA"' system is beyond the experimental stage. The
finest visible deterioration detected by the system with correct
analysis in 95 percent of all cases is limited to crack width Vs
in. (3.175 mm) ± V16 in. (1.587 mm) at a video survey speed
of 55 mph (88 km/hr). The system requires only 15 min to
analyze 1 lane-mi (1.6 lane-km) of road if every foot of the
pavement is captured and analyzed fur cracking. Of course,
this time is reduced substantially if analysis is based on the
appropriate number of samples as determined by the user.

The consistency, accuracy, speed, and objectivity of the ARIA T•
system of pavement distress diagnosis merit great attention
from agencies that are looking for a high-quality, automated
surface data collection system.
ACKNOWLEDGMENT

Automated Road Image Analyzer (ARIAT") is a registered
trademark of MHM Associates, Inc., copyright© 1990.
Publication of this paper sponsored by Commillee on Pavement Monitoring, Evaluation, and Data Storage.

131

TRANSPORTATION RESEARCH RECORD 1311

Detection of Thin Cracks on Noisy
Pave111.ent 1111.ages
LAN LI, PAUL CHAN, AND ROBERT

L.

LYTTON

One of the challenging problems in the area of automatic interpretation of the pavement condition videos or images is detecting
the presence of low- to medium-severity cracking when the mean
crack width is less than Y4 in. This problem is further complicated
by the texture of the background pavement. The variations in
light intensity between aggregates and bituminous material are
similar to that of the actual cracking (noisy images). The traditional approach to solving this problem includes three techniques.
The first is to increase the resolution of the video camera by using
a higher resolution camera or alternatively by recording the pavement image on super VHS tapes. The second technique that is
often used in noisy images is applying a low-pass filter to remove
the pixels with rapid intensity variations between them (inevitably
reducing the sharpness of edges) . The third technique involves
the use of a localized edge detector by which local edge points
can be detected in small subareas. The shortcoming of the third
technique is that it includes isolated noisy spots as edge points.
Development of an innovative technique on edge detection is
based on the Sobel operation coupled with Kittler's automatic
thresholding and a sequence of postprocessing operations. Image
examples of thin cracks on asphalt concrete and PCC surfaces
are used to demonstrate the capability of this image analysis
technique.
Pavement distress data are critical to all pavement management activities. Promptly collected and analyzed pavement
distress data can assist a pavement system engineer in making
plans and decisions. In the past, pavement distress surveys
were conducted by a team of two pavement raters. This team
would drive or walk along the shoulder of a road to visually
evaluate the surface condition of the pavement (1-3). With
the advancement of video technology, the current process of
pavement distress surveying uses photologging of pavement
surfaces on 35-mm high-speed film, video tape, or video disc.
This process allows pavement surface inspection to be done
indoors, which saves time and money. It also reduces the
safety hazard the survey crew faces in the field.
After improving surveying techniques , the next logical step
is to develop image analysis and pattern recognition algorithms to process the digital images of pavement surfaces
(4,5). This process will include identifying and quantifying
major pavement distress types. The problem with identifying
and quantifying cracks is noise in the image. As compared
with any other real life images, pavement images are noisy.
A crack in a pavement image is observed as a variation of
grey level. In order to automatically locate cracks, gradient
operators are frequently used to monitor the change in intensity between pixels and thus to enhance any crack and to
detect edges. The two most common edge operators are the
Roberts gradient (6) and Sobel operators (7). Roberts graTexas Transportation Institute, College Station, Tex. 77843-3135 .

dient, which is simply the sum of the cross-differences in a
2 x 2 region, is susceptible to noise . Sobel operators are
3 x 3 area operators in which the weights for the two neighbor
pixels of the middle pixel is two. This set of multipliers has
the effect of smoothing the image and results in less sensitivity
to noise.
An important calculation required in processing pavement
images is the automatic threshold calculation. But thresholding with a histogram requires a bimodal or multimodal distribution , which are unlikely in pavement images.
THIN CRACK DETECTION AND MEASUREMENT
METHOD
In Texas, longitudinal and transverse cracks with mean width
less than 0.25 in. are considered to be of low severity level.
The images that are collected by the Texas State Department
of Highways and Public Transportation are of full-lane width
(i .e., about 12 ft). A digitized video image has 512 x 480
picture elements (pixels). Each pixel corresponds to about
0.23 in. A grey level value is assigned to each pixel in the
digitization process, with 255 representing the brightest light
level and 0 the darkest. The profile of the grey level for an
image of a thin crack usually exhibits a valley or a dip. For
a thin crack, the change of grey level can be small and subtle.
This problem is further complicated by the grainy look of the
intact pavement in the background.
An innovative algorithm has been developed to identify a
thin or a low-severity crack on pavement surfaces. Figure 1
shows the major building blocks of this algorithm; the following sections will give detailed discussions of each . As a
grey level image input into this algorithm, the edges are extracted with the Sobel edge operators in the image statistics
acquisition. The image statistics will include the estimates for
the noise in the image; this information is used in the calculation of the threshold level. After the pavement image is
segmented into a binary image, a sequence of postprocessing
steps is carried out to quantify thin cracks. These procedures
include the elimination of noisy spots, scanning of the crack
segment, tracing of the boundary of the crack segment, and
determination of the orientation of this segment. After the
linking of crack segments , the length and width of the crack
are then calculated.
EDGE DETECTOR
An edge detector is used to locate the change of the grey
level in an image. Sobel edge detectors are chosen on the
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The gradient for a pixel is the maximum value of the horizontal gradient and vertical gradient
(3)
THRESHOLD CALCULATION
After a gradient image is obtained from the Sobel edge operator, an automatic threshold level determination technique
suggested by Kittler (8-10) is adopted. For an ideal image of
an object with uniform grey level { 0 , and the grey level for
the background fb, the ideal threshold level should be (f0 +
fb)/2. The threshold selection is based on the following formula.

1hroshold elements

Eliminate pseudo-elements
and find crack segments

T
Determine direction
of crack

=

2:: l:tij e;1
2:: 2::i eij

~;_,____

(4)

i

Link crack segments

Evaluating length and
width of crack

Output image

FIGURE 1 Block diagram of thin crack
detection and quantifying algorithm.

basis of the fact that they are an area operator that can suppress random and isolated noisy spots. Figure 2 shows the
horizontal and vertical masks (i.e., sets of weighting factors).
The horizontal mask is used to extract the horizontal edge
element, the vertical mask to extract the vertical edge element. The magnitude of the horizontal gradient of a pixel is
expressed in terms of the weights in the horizontal mask.

In Equation 4, the grey level of each pixel (f;) is multiplied
by its gradient (e;J; in other words, it is weighted with the
corresponding gradient. This equation calculates the ideal
threshold level in an ideal image. (Most images are nonideal,
especially pavement surface images in which the aggregates
for the pavement surface demonstrate naturally noisy images.) Kittler has suggested a technique to estimate a statistical parameter for the noise and exclude the effect of noise
in the threshold calculation. This technique estimates the standard deviation of the gradients measured assuming the noise
has a Gaussian distribution. Only the pixels with gradients
greater than six times the estimated standard deviation are
included in the calculation of the threshold value. Kittler (9)
has demonstrated experimentally for the case of a small object
that 6u is the optimal value used in the threshold calculation
for background noise rejection. This process ensures that only
true edge pixels are involved in the determination of the
threshold. Figure 3 shows the effect of this noise rejection
scheme. Figure 3a shows a normal picture of a longitudinal
crack. The image shown in Figure 3b is the result of the Sobel

iex1.1I = l-f;-1,1-1 - 2f;,j-1 - /;+1.1-1
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Similarly, the magnitude of the vertical gradient can be
computed as
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Horizontal Mask

Vertical Mask

FIGURE 2 Horizontal and
vertical Sobel masks.

FIGURE 3 Effects of the noise rejection
scheme: (a) original longitudinal crack,
(b) result of the Sobel operator with edge
enhanced, (c) result of processing with
Kittler's original threshold method, and
(d) result of processing with modified
method.
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operators with edges enhanced. The results from processing
with Kittler's original threshold method and modified method
are shown in Figures 3c and 3d, respectively.

POSTPROCESSING
(a)

The complexity of pavement image analysis can be grouped
into three categories. The first is the variability of the material
used in the building of the pavement, such as the color of
aggregates, the shape and size of aggregate, and the amount
of asphalt cement. The second is the different forms and
shapes of the distress types that are supposed to be quantified .
The last group that is added to the challenging nature of
pavement image analysis is the presence of various nondistress
objects such as tire marks, paint stripes, shadows , and others.
The binary image obtained from the Sobel edge detector and
the Kittler automatic thresholding inevitably has some random noisy pixel points and short noncrack elements (a group
of noisy pixel points) as well as the actual cracking itself. The
postprocessing techniques remove the noisy pixel points and
isolate short elements to provide more accurate measurement
of the width and length of the thin crack. The postprocessing
can be divided into four parts.
1. Removal of the Noisy Pixels. The random noisy pixels
that appeared as white dots in the binary image are contributed by the rough texture of the pavement surface. They can
be differentiated from the real cracking on the basis of the
perimeter of the pixel group as indicated in the next paragraph.
2. Location and Identification of Crack Segments. A thin
crack usually has a defined width and a continuous array of
edge pixels and all pixels may have similar grey levels. After
thresholding, the thin crack may appear as broken pieces of
crack segments. A boundary searching algorithm (11) is applied to find the boundary (perimeter) of the object . This
scheme not only locates the crack segments but also deletes
the isolated noisy pixels according to the threshold set for the
perimeter. A threshold value of 20 is used for the perimeter,
where the selection is based on the trade-off between noisy
spots and short segments. If the threshold is set too high , real
short crack segments will be discarded. On the other hand,
if the threshold is set too low, noisy spots will appear. Figure
4c shows the image with crack segments, with noisy pixels
resulting from binary thresholding. The resulting image (Figure 4d) indicates the removal of noisy pixels on the basis of
magnitude of the perimeter. Because the display contrast setting for the binary image in Figure 4c is high, the isolated
noisy spots that are in close proximity to the crack segments
are easily misconceived to be part of the crack segments. Once
these spots are removed on the basis of the determined threshold for the boundary length, the details of the crack segment
in Figure 4d appear different from those of its predecessor.
These differences can be observed as thinner crack widths or
shorter crack segments.
3. Connection of Crack Segments to Form the Crack. As
the binary thin crack image is scanned and the boundary of
a crack segment is traced out, the characteristic points of the
crack segment are also recorded . These points include the
location of the center of gravity, which can be approximated
by the average of all the coordinate pairs that form the bound-

(d)

(c)

(1>)

(f)

FIGURE 4 Illustration of thin crack detection: (a) original
crack image, (b) result of the Sobel operator with edge
enhanced, (c) image with crack segments, (d) image after
removing noisy pixels and elements, (e) boundary image of
crack segments traced out, and (f) final result of detecting
crack.

ary of the crack segments. Furthermore , the smallest and
largest coordinate pairs in the horizontal as well as in the
vertical direction can be used to connect to other crack segments . The orientation of the crack segment is usually in
agreement with that of the whole crack; this information will
lead to determining how and where the crack segments are
connected. Furthermore, a threshold distance is determined
experimentally to connect close short segments while rejecting
short noisy spots in parallel with real cracking that are usually
farther away. For example, a transverse crack segment will
connect from its largest horizontal point to the right and smallest horizontal point to the left. Finally, the thin crack is reconstructed from a set of crack segments and connecting straight
lines. Figure 4f shows the result of the technique. The current
connection method is only suitable for longitudinal and transverse cracking. Further research efforts will be required to
quantify the extent of alligator cracking where linear cracks
cross one another in an irregular pattern.
4. Estimation of Lengths and Mean Widths of Thin Cracks.
The crack lengths and mean widths are usually recorded on
pavement surface evaluation data sheets. The ability to detect
thin cracks is not only based on the image analysis algorithm
but also on the resolution and field of view of the video
camera. Detection of thin cracks or even hairline cracks (i.e.,
in a higher-resolution camera or a smaller field of view) provides vital information for early warning of road surface condition . The crack lengths and mean widths can be estimated
from two methods.
1. The length is estimated by adding all the connecting
straight lines and all the lengths of the crack segments. The
mean crack width is calculated by dividing the crack area by
the crack length. The crack area is estimated by summing the
area of the crack segments and all the connecting straight
lines, assuming a width of one pixel.
2. This method is similar to the preceding one with the
exception that the length of the crack is approximated as the
line joining the first crack to the last crack segment.
A set of mat boards with different sizes of graphic tape
attached to each board was used to calibrate the image pro-
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cessing and analysis system. Tape widths of 'Is, %, and Y2 in.
were attached to three individual boards and an image of each
was obtained. In order to simulate the random orientation of
pavement cracking, images with each tape line positioned at
five different angles were obtained. The calculated width at
each direction is compared with the known width and an
average percent error is calculated. About 20 percent is found
for the 112-in . uniform width, whereas the percent error for %
in. is as high as 100 percent. The main reason for this high
error rate is that the highest resolution for this particular
camera and image processing system is 0.23 in . In other words ,
when a coverage of 10- x 10-ft area is digitized into 512 x
480 elements (pixels), the theoretical size of the smallest object that can be detected is 0.23 x 0.23 in. With the presence
of noise, camera distortion , and spatial quantization error ,
the total percent error will be unacceptable for object detection for an object of width one pixel. It is recommended that
the desired smallest crack width should be at least two pixels
for crack detection.

EXPERIMENTAL RESULTS AND ANALYSIS

(a)

(b)

(c)

In order to test this algorithm, three images of asphalt surface
and four images of PCC road surface were chosen. The three
evaluation criteria are as follows: (a) how well this algorithm
can detect the presence of a thin crack, (b) how accurate is
the estimation of the length and width of the crack, and (c)
how it performs for different pavement types . The pavement
surface images that are recorded by the automatic road analyzer (ARAN) covered a trapezoidal area of 8 ft of upper
side , 14 ft of lower side, and a latitude of 10 ft. This area is
mapped onto a digital image with 512 horizontal pixels and
480 vertical pixels. Each pixel width corresponds to about
0.23 in. after the geometric compensation is considered . The
extracted test images are 128 x 128 pixels representing about
6.25 ft 1 • Figures Sa through 5g show the originals and the
results processed with this algorithm . Table 1 presents the
computed lengths and mean widths for the linear crackings
of asphalt pavement surfaces. Table 2 presents the mean width
of a transverse crack on concrete pavement as well as the
extents of three spalled cracks. The width and length of the
spalled area are recorded to determine the severity of each
crack.
Between the two methods that estimated the length of the
thin crack, the single straight line method can compute the
length in shorter time but is less accurate, whereas the mu!-

(d)

(e)

(t )

TABLE 1 COMPUTERIZED EVALUATION OF THREE
ASPHALT CRACKING IMAGES
Di =ress Type
LOnl itudinal

l

Le ngt:n
(inch)

Mea n Wi dth
( inch )

Severl. t Y.
Level

17 . 66

0. 36

Medium

23 . 55

0.40

Medium

20.61

0.24

Low

F g. S(a )

Lony i tud1nal 2

(9)

F 9· 5 (b)

Trans ve r se
Pig. 5(c)
Note:

Low Severity:
Mean Crack Width < 1/ 4"
Medium severity: Mean Crack Width > 1/4"

FIGURE 5 Examples in asphalt: (a), (b)
longitudinal cracks, and (c) transverse
crack. Examples in concrete: (d) transverse
crack, (e)-(g) spalled cracks.
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TABLE 2 COMPUTERIZED EVALUATION OF FOUR PCC
CRACKING IMAGES
Dl.stress Type

Transverse

Fig. 5(d)

Mea n Crack
Width
(inch)

Crac K
Length
(inch)

0.46

23.37

:;paJ..L
Length
(inch) (inch)

sla ~.L .L

w dth

--- - - -

Severr cy
Level
Medium

$palled c r a c kl
Fig. 5(e)

1.10

0.66

Low

Spall ed c rack2
Fi g . 5(f)

1. 02

1.13

Low

Spalled crack3
Fig. 5(g)

1. 02

1. 24

Low

--Note:
Transverse Crack

Low Severity:
Mean Width < 1/ 8".
Medium Severity:l/ 8" < Mean Width <1" .
Spalled crack
Low severity:
Spalled width 1" - - 3" .
Medium Severity:Spalled width >3 " .

tiply connected straight line requires longer computation time
but yields more accurate length measurement. This trade-off
can be studied further in detail when a length of roadway is
processed.
Because of the complexity and variability of pavement surface images, the thin crack obtained from this algorithm may
not resemble the original im age perfectly. This effect will
contribute to the error in the length estimation. On the other
hand, the mean width calculation is based on the crack area
as well as the estimated length measured from the image. For
example, if an underestimated area is divided into an underestimated length, the result will actually yield a crack width
with lower percent error. In order to rate the pavement surface condition , the knowledge of the severity of cracking,
which is based on the mean crack width, is critical and the
algorithm provides this value .
SUMMARY AND CONCLUSION

The Sobel edge detector and an automatic thresholding technique based on Kittler et al. (9), adding a sequence of postprocessing to identify and quantify low-severity-level cracking , have been described . From the examples, this technique
has successfully detected and extracted the information for
these thin cracks . The advantage of using an automatic threshold is that it does not rely on the needed bimodal distribution
for threshold selection as in histogram thresholding . This technique has been found able to detect and quantify thin cracking
despite the noisy background image. The resolution can be
further improved using a higher resolution camera (1,024 x
1,024) and smaller coverage of the camera (6 x 6 ft), eventually allowing the detection of hairline cracks. This technique
can quantify the length and width of the thin crack in an
accurate manner, hence providing a tool for automatic pavement distress evaluation.

tation . Tom Scullion provided many helpful suggestions and
detailed comments.
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Accuracy, Precision, Repeatability, and
Compatibility of the Pavedex PAS 1
Automated Distress Measuring Device
HOSIN LEE
In recent years, efforts have been directed towards automating
condition survey procedures by use of advanced imaging technology. Several devices that use advanced video imaging technology have been developed and are being considered for adoption by many highway agencies. However, in any distress measuring
device there always exist some measurement errors . A new automated distress measuring device, PAS 1, developed by Pavedex
Inc ., is described, and a valid statistical decision making framework is applied for its evaluation using the field data. The basic
underlying sampling distribution is assumed to beat distribution,
and various statistical hypothesis test results are presented. On
the basis of the limited set of condition survey data, conclusions
on the accuracy, precision, repeatability, and compatibility of the
automated distress measuring device are obtained. The accuracy
was measured against the hand-mapped data, and the compatibility was measured against the manual subjective condition survey data. The necessary considerations for switching from the
manual condition survey procedure to an objective automated
distress measuring device are addressed.
The manual subjective condition surveys have been conducted
by many state highway agencies for several years. Some highway agencies, including Washington State Department of
Transportation (WSDOT), have thus acquired extensive historical pavement condition data, using the visual condition
survey system (1). Recently, highway engineers have become
interested in testing whether a newly developed automated
condition survey procedure would be better than the existing
method on the basis of visual observation. In June 1990, over
200 highway engineers gathered in Ames, Iowa, to learn about
various types of automated pavement distress data collection
equipment. The objective of the seminar was to demonstrate
the latest in pavement distress data collection equipment,
which uses video, film, laser, acoustic sensors, etc. (2).
The main objective of the research is to evaluate the accuracy, precision, repeatability, and compatibility of an automated distress measuring device using a set of field data.
An objective statistical decision making framework is applied
to evaluating an automated distress measuring device so that
WSDOT can make either one of two decisions: (a) continue
to conduct its manual distress surveys as in the past, or (b)
convert to the more automated distress survey system.
The statistical decision making framework developed for
evaluating new automated equipment is not discussed relative
to the existing condition survey procedures. But, the statistical
analysis results adopting various types of hypothesis tests while
Department of Civil and Environmental Engineering, Washington
State University, Pullman, Wash. 99164-2910.

emphasizing the unique nature of condition survey data are
provided to equitably evaluate the newly developed automated condition survey device.
DATA REQUIREMENTS AND COLLECTION
This research is to evaluate a new automated distress measuring device, PAS 1, developed by Pavedex Inc., in Spokane,
Washington. The pavement distress data were collected from
the specific sections of pavements by (a) manual subjective
condition survey, (b) hand-mapping method, and (c) automated PAS 1 device. The field test sections were selected to
include a variety of distress types, extents, and severities. The
selected test sections are located near the city of Spokane,
Washington. The individual sections were all asphalt pavements 0.1 mi in length and located so that the beginning of
each w;is well defined.
At each section, three major pavement distress types, which
included alligator cracking, longitudinal cracking, and transverse cracking, were measured for their extent and severity.
Units of measurements were converted into percent of wheel
track crncked per station for alligator cracking, linear feet per
station for longitudinal cracking, and number of cracks per
station for transverse cracking (as normally used by WSDOT).
The hand-mapping procedure requires that the raters walk
along the pavement and manually draw a distress map on a
grid paper; each square represents 1 by 1 ft of the pavement
surface. It was estimated that the hand-mapping condition
survey procedure would take about 1 hr for each 0.1-mi pavement section. In order to obtain a representative sample in
various distress conditions, given limited WSDOT personnel
and time available, twenty-six 0.1-mi asphalt pavement sections from SR 28 and ten 0.1-mi asphalt pavement sections
from SR 283 were selected for the hand-mapping condition
survey.
The same pavement sections were also evaluated using both
the PAS 1 automated device and the current WSDOT manual
subjective condition survey procedure. This procedure allowed cross comparisons among the hand-mapped data, the
PAS 1 automated data, and manual subjective survey data .
In addition, to test the precision and repeatability, one hundred
0.1-mi pavement sections from SR 283 were repeatedly surveyed by the PAS 1 device six times.
The manual subjective survey was conducted by three different raters while driving along the pavement sections. The
manual subjective condition survey results are recorded in the
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field in categorized form. A two-digit code that has been used
by WSDOT for the manual survey procedure is presented in
Table 1 (J). As indicated in Table 1, the first digit indicates
the distress extent, and the second digit indicates distress
severity. N denotes that no distress is present in the pavement
section. The PAS 1 automated distress measuring device is
described in the following section.

PAS 1
This section briefly describes a new automated distress measuring device, PAS 1, developed by Pavedex Inc., in Spokane,
Washington . The PAS 1 system uses the Crackers 100 image
processing system produced by GeoSpectra Corp. of Ann
Arbor, Michigan, for analysis of the video data, as configured
in Figure 1. The Crackers 100 system for automated crack
detection consists of a Sun workstation, an Applied Intelligent
System AIS - 5000 parallel processor and GeoSpectra software. The image processing is performed on an AIS-5000
TABLE 1 TWO-DIGIT CODE ADOPTED FOR WSDOT
CONDITION SURVEY
Ext ent and Severity Codes

Extent
(% )

None

Hairlin e

Spalling

Pumping

'l•-in .

Alligator Cracking (Percent Wheel Track per Station)

I-24
25-49
50-74
75-100

IN
IN
IN
IN

11

2I
3I

4I

I2
22
32
42

13

23
33
43

IN
IN
IN

11

13

2I

23
33

3I

Longitudinal Cracking
If the computer sees a crack extending through a video frame
that is 6 ft wide and 5 ft deep as shown in Figure 2, the crack
is recorded as a 5-ft longitudinal crack for that frame. Hence,
the minimum unit of measurement becomes 5 ft; in other
words, the PAS 1 device cannot measure a crack less than 5
ft long. Figure 2 shows an example of a digitized pavement
image for a typical longitudinal cracking. If a crack is observed
in both frames, it is recorded as a 10-ft longitudinal crack.

Alligator Cracking

Longitudinal Cracking (Linear Feet per Station)

I-99
100-I99
> 200

parallel processor, which is a commercially available, massively parallel processor with up to 1,024 processing elements
arranged in a single-instruction, multiple-data (SIMD) architecture (3).
The analysis of distress in the video frame requires approximately '!6 sec. Essentially, the image processor breaks
an incoming video image into 512 columns of picture elements
(pixels) and analyzes them simultaneously using a parallel
processor. The threshold value of gray scale is set for each
pixel to determine whether each pixel is a part of cracking or
not. Vertical sums of these distressed pixels form a distress
signature that can be ultimately analyzed for identification of
distress type and severity. More detailed information on the
PAS 1 device configuration is provided by Lee (4) .
The following brief descriptions of the image processing
procedure for the three cracking types are provided as an
overview on how to reduce the image data into numerical
numbers using PAS 1.

I2
22
32

Measuring alligator cracking is similar to measuring longitudinal cracking because it is essentially a more distressed form

Transverse Cracking (Numbers per Sta tion)

I- 4
5- 9
> 10

IN
lN
lN

11
21
31

512 Columns (6 FllB/)

23

12
22

33

32

13

D
Data

>S

I

l

512
Rows
(5 Feet)

1
0.14

lnch/plxel

Parallel

Processor

~ Number of Dlslreas Pixel•

11111111
FIGURE I

PAS I image-processing workstation.

111111 ..... 1111111111111111

FIGURE 2 Digitized pavement image for typical
longitudinal cracking.
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of the latter. Therefore, when the cameras record two or more
longitudinal cracks within the same frame it may be identified
as alligator cracking. An example of a pavement image for
typical alligator cracking is shown in Figure 3. The extent of
alligator cracking is measured similar to longitudinal cracking.
Transverse Cracking
An example pavement image for a typical transverse cracking
is shown in Figure 4. The histogram with respect to the vertical
512 Columns (6 Feel)

columns of pixels does not provide any notable peaks to analyze, and it becomes necessary to look at the histogram with
respect to horizontal rows of pixels as shown in Figure 4.
Because the current PAS 1 system is only able to analyze
cracks that run vertical within the frame (limitation of the
parallel processor used in PAS 1), the cameras must be turned
at right angles to record the transverse cracks (i.e., with the
roadway centerline being horizontal in the TV screen). The
computer then sees the transverse cracking as longitudinal
cracking. If cracking is observed in one video frame, then 1h
of a transverse crack is recorded. If cracking is observed in
two video frames, then one crack is recorded.

1 - - . . .)5
1DEFINITION OF ACCURACY, PRECISION, AND
REPEATABILITY

l

Measurement errors arise from a number of sources but can
be attributed to one of two categories: systematic or random
errors. The true distribution of errors cannot be exactly known;
they can only be estimated from the field measurements.
Therefore, valid statistical error models have to be used as a
basis for the evaluation of distress measuring equipment, especially when complicated pavement distress objects, under
various external influences, are to be investigated.
Making any measurement always involves errors, and any
measurement is never exact. First, precision should not be
confused with accuracy, which denotes the absolute nearness
of measured quantities to their true values. Any distressmeasuring equipment may be precise without being accurate,
or vice versa.
The hias, rlefined as a difference between the sample mean
value and the true value, represents a systematic error, which
represents the accuracy of the distress measuring equipment.
Variance is a measure of the nonsystematic error, which

512

0.14

Inc h/pixel

FIGURE 3 J)lgiti:l.ed pavement image for typical
alligator cracking.

512 Columns (6 Feet)

) ~
5 ----t

----

0.14

lnchl p lxo l

Number ol Dlslress Pixels

111111111111111111 ..... 1111111111111111
FIGURE 4 Digitized pavement image for typical transverse
cracking.
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represents the precision of the distress measuring equipment
(5).
Similarly, the repeatability is defined as a parameter determined by a number of Jong-term sets of measurements,
whereas the precision is determined by short-term individual
sets of measurements. Differences among a number of mean
values computed from the Jong-term sets of measurements
represent the repeatability of the distress measuring equipment.

TABLE 2 HAND-MAPPED CONDITION SURVEY
DATA
Cracking

Section
ldcn1ification

SR28

H

s

49.0
54.0
57.0
60.0
63.0
66.0
69.0
72.0
75.0
78.0
81.0
84.0
87.0
90.0
93.0
96.0
99.1
108.0
111.0
114.0
117.0
120.0
123.0
126.0
129.0
132.0

0.0
0.0
7.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.7
1.9
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.2
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

SR283

12.0
11.0
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0

0.0
1.5
0.0
7.4
0.0
0.5

0.0
0.4
0.0
0.0
0.0
1.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.2
7.1
4.4
0.3

1.3

Transverse

Longi1udinal
(linear feet)

p

Highway No MilcpoSI

ACCURACY OF AN AUTOMATED DEVICE

In measuring pavement conditions, there is always a certain
amount of discrepancy between measurements made by the
PAS 1 automated device and those of the hand-mapping procedure. A small amount of discrepancy may indicate that the
PAS 1 device is an accurate system, assuming that the handmapped data represented the true values.
A hypothesis test was conducted using the field data. Rationale for selecting the most appropriate hypothesis test with
Type I and Type II errors for the problem was discussed by
Lee et al. in a companion paper in this Record. A number
of different statistical analysis frameworks have been presented in the past, including a regression approach and a
factor analysis (6-9). The simple and valid statistical decisionmaking framework is applied to compare the pavement distress data collected using the PAS 1 automated device with
the data collected by the hand-mapping method.
Paired measurements using both the hand-mapping and the
Pavedex PAS 1 automated device are presented in Tables 2
and 3, respectively. Measurements by the PAS 1 device were
compared with those by the hand-mapping method relative
to the extent of the three types of cracking (alligator, transverse, and longitudinal cracking). The measurement data were
plotted with respect to each distress type as shown in Figures
5-7. In general, the PAS 1 device observed more transverse
cracking and less longitudinal cracking than the hand-mapping
method. Especially, the capability of detecting alligator cracking by the PAS 1 device seemed limited.
The theoretical sampling distribution of the differences between two sets of measurements is assumed to be at distribution with a mean of zero and standard deviation that is the
estimated standard error of the difference (10). First, the
extent measurements for three severity categories for each
distress type were summed, and paired t statistics were computed on the basis of the differences in the summed extent.
The summary of t-statistic values for three distress types is
presented in Tables 4 and 5 along with the threshold level of
significance using the data from SR 28 and SR 283, respectively.
For example, the hypothesis that there is no significant
difference between two sets of measurements of alligator
cracking on SR 28 can be rejected with the probability of
Type I error of0.2656 (t statistic = 1.14). The hypothesis can
be rejected with the probability of Type I error of 0.1297 (t
statistic = 1.57) with respect to longitudinal cracking, and
the probability of Type I error of 0.4098 (t statistic = 0.84)
for transverse cracking. These Type I errors seem too much
to reject the null hypothesis that there is no systematic bias
in the distress data collected by PAS 1.

Alligator
(perccnl)

< 1/4 > 1/4
0.0 0.0
35.9 0.0
43.5 0.0
0.0 0.0
0.0 0.0
0.0 0.0
9.6 0.0
2.0 0.0
27.5 0.0
15.2 0.0
14.1 0.0
2.7 0.0
0.0 0.0
15.5 0.0
27.6 0.0
2.8 0.0
0.0 0.0
2.8 0.0
5.0 25.3
70.4 0.0
85.6 0.0
0.2 0.0
14.1 0.0
9.5 0.0
23.3 0.0
61.8 0.0
50.8
121.8
103.4
71.9
119.0
112.7
45.1
179.9
99.2
32.9

(number)

s

1.1

0.0
0.0
2.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
7.6
0.0
0.0
0.0
0.0
0.0

0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.6
1.5

0.4
0.2
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.1 0.6
0.0 0.4

1.3
1.4
3.0
2.1
4.2
1.0
1.3
4.2
4.2
5.7
1.0
0.0
0.8
1.9
0.8
4.7
3.2
2.3
4.0
2.6
0.0
1.0
2.5
2.1
3.8

0.0
0.0
0.0
0.0
0.0
0.8
0.0
0.0
0.0
0.0

5.4
7.9
0.2
0.0
0.0
1.3
0.0
0.0
0.0
0.0

s

< 1/4 > 1/4

6.0
4.6
1.0
11.9
14.0

0.0
2.8
1.5
0.8
0.6
1.1
0.0
0,0
0.0
0.0

5.5
6.2
14.5
8.7
6.4

0.2
0.0
2.3
0.6
0.4
2.5
0.0
0.0
0.0
0.0

H: H nl rllnc Crncklng

S: Spoiled Cracking

P: Pump ing

< 1/4: Smnllcr 1hnn l/4 inch
> 1/4: Larger than 1/4 Inch

TABLE 3 PAS 1 AUTOMATED CONDITION
SURVEY DATA
Cracking
Section
Identification

SR283

Transverse

Longitudinal
(linear feel)

H

s

p

49.0
54.0
57.0
60.0
63.0
66.0
69.0
72.0
75.0
78.0
81.0
84.0
87.0
90.0
93.0
96.0
99.1
108.0
111.0
114.0
117.0
120.0
123.0
126.0
129.0
132.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.2
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.5
26.3
42.6
0.0
0.0
11.2
9.5
1.1
10.6
8.l
13.6
4.0
0.0
7.8
79.4
2.7
0.0
4.6
0.0
50.6
9.5
3.6
11.0
5.9
5.9
7.4

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

12.0
11.0
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.0
1.0
0.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0

0.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

5.0 2.0
4.0 13.0
4.0 12.0
6.0 9.0
6.0 4.0
9.0 13.0
1.0 0.0
18.0 9.0
0.0 0.0
4.0 1.0

Highway Ne Milepost
SR28

Alliga1or
(percent)

< 1/4 > 1/4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

s
o.o

(number)
<1/4 >1/4

s

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.9
1.9
2.5
1.7
1.0
4.9
1.0
1.0
4.7
2.3
3.6
0.0
0.0
0.0
1.5
1.0
0.2
4.4
3.0
4.4
3.2
0.8
2.3
3.0
4.0
5.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.2
1.0
0.8

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
1.0
4.0
2.0
0.0
0.0
1.0
2.0
0.0
0.0

15.0
10.0
10.0
16.0
15.0
11.0
15.0
11.0
13.0
11 .0

21.0
20.0
20.0
18.0
20.0
22.0
18.0
17.0
17.0
19.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

o.o o.o

H: Hairline Cracking

~~ Vu~le~ Cracki ng

< 1/4: Sm~ler 1han 1/4 Inch

> 1/4: U.rgcr th nn '1/4 inch
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FIGURE 5 Percent area of alligator cracking per
station as measured by PAS 1 plotted against ones
measured by hand-mapped procedure (data from both
SR 28 and SR 283).
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FIGURE 7 Number of transverse cracks per station as
measured by PAS 1 plotted against ones measured by
hand-mapped procedure (data from both SR 28 and SR
283).
TABLE 4 I-TEST RESULTS FOR EACH
DISTRESS TYPE ON SR 28

Legend:

•-2

4

data points
data points

Distress
Types

Mean
Difference

Standard
error

!-Value

Threshold

Allig Crk

0.37 %

0.33 %

1.14

0.2656

Longit. Crk

7.17 ft

4.57 ft

1.57

0.1297

Trnnsv. Crk.

0.21 No.

0.25 No.

0,84

0.4098

"

TADLE 5 I-TEST RESULTS FOR EACII
DISTRESS TYPE ON SR 283
Distress
Types

0

0

20

40

60

BO

100

120

140

160

180 200 ft

Allig. Crk

Mean
Difference
1.79%

Standard
error
0.99

I-Value

Threshold

"
1.81

0.1043

Longit. Crk

82.23 ft

12.03

6.84

0.0001

Transv. Crk.

-22.73 No.

1.39

-16.35

0.0001

Hand-Mapping Method

FIGURE 6 Linear feet of longitudinal cracking per
station as measured by PAS 1 plotted against ones
measured by hand-mapped procedure (data from both
SR 28 and SR 283).

PRECISION OF AN AUTOMATED DEVICE

Precision refers to the degree of refinement or a consistency
of a group of repeated measurements. If multiple measurements arc made on the same pavement section by the PAS 1
device and a small amount of discrepancy results among the
measurements, high precision is indicated. The degree of precision attainable by the PAS 1 may depend on equipment
sensitivity with its various external conditions such as the

amount and direction of light, the speed and location of vehicle, and types of pavement.
Three types of cracking data were collected from a 10-mi
segment of SR 283 five times on June 18, 1989. The data were
collected and summarized for approximately every 0.1-mi section (100 data points). Table 6 presents the approximate time
periods when the five measurements were made.
As mentioned earlier, variance is a measure of the nonsystematic error, which represents the precision of the distress
measuring equipment. The coefficient of variation (which is
the standard deviation, i.e., the square root of variance) is
provided as a percent of the arithmetic mean. The coefficient
of variation is most commonly used to measure the relative
variation that compares the variation in one distribution with
that of another.
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TABLE 8 SUMMARY OF TWO-WAY ANOVA
TEST RES ULTS

TABLE 6 REPEATED DATA
COLLECTION TIME PERIODS
Measurement No

Time Periods

I
II
III
IV

8:00 • 9:00 AM
10:00 • 11:00 AM
12:00 • 1:00 PM
2:30 • 3:30 PM
4:30 • 5:30 PM

v

The coefficient of variation was computed from the five
repeated measurements made on the same pavement section.
The average coefficient of variation was computed for each
distress severity category from approximately 100 pavement
sections as shown in Table 7. There seems to exist a significant
amount of variances for most distress severity categories.

Cracking

In this section, the repeatability of the device is evaluated,
mainly with respect to five different data collection periods.
In an earlier section, hypothesis tests comparing two sample
means (PAS 1 and hand-mapped data) were discussed. Now
that there are five sets of data to be compared instead of two,
the analysis of variance (ANOVA) method was adopted for
the repeatability study that provides the basis for determining
whether more than two sample means differ significantly. The
hypothesis test for two sample means can be considered as a
special case of ANOVA (11).
Because pavement distress data are collected over a wide
range of pavement distress conditions, it is necessary to apply
a two-way instead of a one-way ANOVA. If pavement sections are selected in similar conditions, a simple one-way
ANOV A that considers only repeated measurements could
be used. However , what was really needed was indication
whether there was a significant difference in the repeated
measurements when the PAS 1 device was used over the wide
range of pavement conditions likely to be found in Washington. Thus, the various levels of pavement distress condition
would affect the data as an external noise. This external noise
can be separated from the data by using a two-way ANOVA.
The two-way ANOV A results are summarized in Table 8.
The two-way ANOV A results presented in Table 8 indicate
that there are significant differences in all severity categories
of three cracking types. In other words, measurements made
during at least one out of five time periods are significantly
different from the others. The mean values for each time
period are summarized, and the significantly different values
are highlighted in Table 9.
The data collected during the time Periods II and V seem
to exhibit the most consistent results (notice the absence of
TABLE 7 AVERAGE
COEFFICIENT OF VARIATION
FOR PRECISION
Cracking

Severity

Alligator

Hairline

Coefficient of

Variation
Spalling
Pumping

140 o/o
130 %
220 %

Longitudinal

< 1/4 inch
> 1/4 inch
Spalling

41 o/o
75 o/o
151 o/o

Transverse

< 1/4 inch
> 1/4 inch

32 o/o
22 o/o

FValue

Type I
error

Hairline

17.81
10.35
2.81

0.0001
0.0002
0.0253

> 1/ 4 inch
Spoiled

3.92
19.35
22.42

0.0039
0.0001
0.0001

< 1/4 Inch
> 1/ 4 inch

86.08
64.44

0.0001
0.0001

Alligator

Spoiling
Pumping
Longitudinal

Transverse

< 1/ 4 inch

TABLE 9 SUMMARY OF MEAN VALUES FOR
TEST PERIODS
Time Period of Measurement
Severity

I

Ill

IV

v

Alligator
(percent)

Hairline
Spoiling
Pumping

1.30
1.08
0.52

1.33
2.64
0.52

3.38
3.31

o.oo

3.34
3.16
0.45

1.63
3.08
0.45

Longitudi.
(feet)

< 1/4 inch
> 1/4 inch
Spalling

75.84
46.79
5.49

86.38
60.53
4.98

94.58
55.48
0.00

87.00
26.88
3.34

90.91
56.60
8.24

Transverse

< 1/4 inch
> 1/ 4 inch

15.50
19.00

14.42
17.12

8.84
13.27

11.80
20.30

n.a.
n.a.

Cracking

REPEAT ABILITY OF AN AUTOMATED DEVICE

Severity

(No.)

II

highlighted values), whereas the data collected during Period
III (12:00 to 1:00 p.m., when the sun was directly above the
cracks) seem to exhibit the least consistent results, with less
transverse cracking as compared with the other periods (notice five highlighted values out of eight).

COMPATIBILITY OF AN AUTOMATED DEVICE

The following study was done to test the compatibility between the PAS 1 automated device and the manual subjective
condition survey method. In order to compare the manual
subjective procedure against the PAS 1 automated device,
the pavement distress data were obtained using each procedure over the same sections of roadway on SR 283 and SR
28. Both extent and severity of the cracks were measured in
three different cracking types (alligator, longitudinal, and
transverse). The PAS 1 automated device collected the extent
data as numerical (continuous) values , whereas the ratings
from the manual procedure were directly recorded in categorized form. A two-digit code for recording the data in categorized form was previously presented in Table 1. In order
to compare the automated device with the manual procedure,
it was necessary to convert the continuous data into the categorized form used for the manual procedure. A similar procedure was applied to convert the continuous hand-mapped
data into the categorical form.
Once all three data sets collected by the manual subjective
procedure, the PAS 1 automated device, and the hand-mapping
procedure existed in categorized form, they could be directly
compared. In order to compare the automated device and
manual subjective procedure , the hand-mapped data were
used as the ground truth data that comparisons could be based
on. Three sets of data are presented in Table 10 in categorical
form.
First, the PAS 1 automated data were compared with the
hand-mapped data in categorical form. As shown in Figure
8, about 70 percent of the PAS 1 data agreed with the hand-
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TABLE IO CONDITION SURVEY DATA
COLLECTED BY THREE METHODS IN
CATEGORICAL FORM
Cracking
Section JD

Alligator

Longitudinal

Highway Ne Milepost Hand Man Au to
SR28

SR283

Transverse

Hand Man Auto Hand Man Auto

49.0
54.0
57.0
60.0
63.0
66.0
69.0
72.0
75.0
78.0
81.0
84.0
87.0
90.0
93.0
96.0
99.1
108,0
111.0
114.0
117.0
120.0
123.0
126.0
129.0
132.0

JN
IN
II
IN
IN
IN
lN
lN
lN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
12
11
IN
IN
IN
IN
IN

JN
II
IN
IN
IN
IN
lN
IN
IN
IN
IN
IN
IN
IN
lN
IN
12
11
IN
IN
IN
11
IN
IN
IN
IN

IN
IN
IN
IN
IN
lN
lN
lN
lN
IN
IN
IN
IN
IN
lN
lN
lN
lN
IN
11
IN
lN
IN
IN
IN
IN

IN

12.0
11.0
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0

lN
II
lN
II
lN
12
II
11
11
11

lJ
IN
11
12
12
IN
12
12
12
IN

12
13
lN
12
12
IN
IN
IN
IN
IN

11
21
21
II
21
21
II
21
ti
II

Hnnd:
M an:
Auto:

11
11
IN
IN
IN
11
11
11
II
11
II
lN
II
II
11
IN
II
12
11
11
11
11
11
11
11

11
11
11
IN
31
31
31

11
11
11
II
11
11
11

11
11
11
11
11
11
11
11
11
11
21
II
IN
11
11
11
11
II
11
11
11
IN
11
11
11
II

21
31
31
31
31
31
31
31
31
31

11
12
12
12
11
12
13
11
IN
II

21
21
13
31
31
21
21
31
21
21

IN
31
21
IN
IN
21
21
21
21
21
21
21

11
11
21
21
21
21
21

11
11
11
IN
IN
11
11
11
11
11
11
II
JN
11

11
11
IN
11
IN

31
31
21
11
11
12
21
21
21
21
21
IN
IN
IN

32 32
32 32
32 32
32 32
32 32
33 32
33 32
32 32
32 32
32 32

11
IN
23
32
12
12
11
11
31
31
31
32

11
11
11
11

11
11
11
11
II
II
11
IN
IN
IN
II
II
II
11
11
11
11
11
11
11
11
21
Same

Hun cl-m n ppl n~ Method
Visual Co11dit1on Survey Procedure

Dillerent

FIGURE 9 Percent agreement between measurements by
manual subjective survey procedure and hand-mapping
method after conversion into WSDOT categorical form.

mapped data with respect to alligator cracking; however, this
was mainly because of the occurrence of a large number of
pavement sections with no alligator cracking.

Pn..,edi::;: P;.is 1 Device

SUMMARY AND CONCLUSIONS

Long it ud inal
Cracking
69%

Same

3 1%

Different

FIGURE 8 Percent agreement between measurements by
PAS 1 and hand-mapping procedure after conversion into
WSDOT categorical form.

mapped data with respect to all three cracking types. However, the manual subjective data were very inconsistent with
the hand-mapped data, as shown in Figure 9. Only 20 percent
of manual data agreed with the hand-mapped data with respect to both longitudinal and transverse cracking. More than
50 percent of the manual subjective data agreed with the hand-

Several devices that use advanced video imaging technology
have been developed and are being considered for adoption
by many highway agencies. However, making any measurement always involves errors, and any measurement is
never exact. First, the PAS 1 device seems to be free from
the zero error, such that it would report distress when there
was no distress present. It was decided to include all the data
in the analysis, even for pavements with no distress present,
simply because dropping the data could lead to a biased conclusion with respect to the PAS 1 device. However, in the
future study, it may be also interesting to see the results if
only pavement sections exhibiting some distress are used in
the evaluation.
A simple and valid statistical decision making framework
is applied for evaluating the newly developed automated pavement distress measuring device. PAS was evaluated with respect to its accuracy, precision, repeatability, and compatibility using the field data. On the basis of the limited set of
condition survey data collected for this study, the following
conclusions may be drawn:
1. Accuracy. On the basis of the sample data from SR 28,
measurements made by PAS 1 exhibit consistent results as
compared with hand-mapped data. On the basis of sample
data from SR 283 , statistically significant differences exist
between PAS 1 data and hand-mapped data.
2. Precision . According to the repeated measurements made
on the same pavement section, a large amount of variances
occur for most distress severity categories.

Lee

3. Repeatability. The two-way ANOVA results indicate that
statistically significant differences exist among five sets of repeated measurements by PAS 1. In other words, at least one
set of measurements is significantly different from the others.
4. Compatibility. About 70 percent of PAS 1 automated
data agreed with the hand-mapped data with respect to all
three cracking types when they are converted into the categorical form. However, only 20 percent of manual data agreed
with the hand-mapped data with respect to longitudinal and
transverse cracking, and about 50 percent of manual subjective data agreed with the hand-mapped data with respect to
alligator cracking.
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Lighting Design for Automated Pavement
Surface Distress Evaluation
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Automated pavement surface distress evaluation would be a useful component of computerized pavement management systems.
Methods are described for applying computer simulations of pavement distress appearance to the design of those evaluation systems. By generalizing the results of crack visibility calculations
under varying conditions of lighting, a number of conclusions
about automated evaluation systems can be drawn, including the
fact that there will always be some distress that escapes detection
but that the detection probability is calculable. Lighting is important in determining which types of distress and what fraction
of distress will evade detection. Differences between controlled
and natural lighting, between ambient or omnidirectional lighting
and directed lighting, and between single versus multiple light
sources are discussed. Finally, there is consideration of how detailed examination of modeling results can be used to optimize
the design of lighting, data acquisition hardware, and imageprocessing software. Because the conclusions depend strongly on
the assumptions made in the work, a detailed listing of the assumptions is presented along with suggestions for further testing.
The pavement management system (PMS) is increasingly being
used as a tool for providing assessments of road and pavement
conditions and for allocating pavement maintenance and restoration funds efficiently (1-6). Its role in maintaining and
preserving the integrity and serviceability of roads and highways through timely maintenance and rehabilitation of pavements is expected to increase. An important data component
used in PMS evaluations is pavement condition data, especially pavement surface evaluation reports (1). Typically, the
pavement is rated using one of the pavement distress indices
developed by federal and state transportation agencies. Although the rating process is often computerized, the raw data
(counts and locations of cracks and other forms of visible
surface distress) are usually collected manually-a laborious,
expensive, dangerous, and highly subjective task. Several
projects have been recently funded by FHWA to develop
automated pavement surface distress evaluation systems which
use computers and cameras to perform the inspections (e.g.,
SIIRP IDEA Project ID004 and NCHRP Project 1-27). These
systems are similar to the machine vision systems used to
inspect industrial products. Although engineering tools exist
for designing industrial machine vision systems (7,8), the visual differences between defects in manufactured products
and pavements require modification in design methods. The
engineering tools required for designing automated pavement
T. El-Korchi and N. Wittels, Department of Civil Engineering; M. A.
Gennert and M. 0. Ward, Department of Computer Science; Worcester
Polytechnic Institute, Worcester, Mass. 01609.

surface distress evaluation systems and some preliminary conclusions of research into the lighting design of such systems
are described.
Pavement surface distress evaluation systems collect and
analyze video images of pavements. In moving from manual
to automated evaluation, it is important to realize that automated systems can differ significantly from systems designed
to aid human evaluation. For example, data acquisition for
automatic evaluation is performed by an instrumented survey
vehicle, shown schematically in Figure 1. A camera observes
the pavement and its video signal is recorded on a VCR or,
after image processing is used to produce a digital image, the
image is stored on a computer tape or disk. The purpose of
the evaluation system is to identify, classify, and characterize
the severity and extent of pavement surface distress, so it is
important that the images possess the maximum amount of
useful information. The data collection system is designed to
minimize the geometric distortions in the image and to equalize the resolution across the lane width, which is achieved by
arranging the cameras to look straight down at the pavement
and by using optical designs that minimize the field of view
(using lenses of long focal length mounted as far from the
pavement as possible). These requirements differ from those
for pavement logging vehicles, whose cameras have wide fields
of view and observe forward along the vehicle so that the
images approximate the driver's view of the pavement. Comparable design differences can be expected in all components
of the evaluation system. The images that are optimal for
automated pavement evaluation would not be expected to be
the same as those that are optimal for human pavement evaluation. In this work, computer simulations of data acquisition
have been used generally to aid in the system design process
and specifically to optimize the lighting.
Data acquisition system design requires carefully matching
the technical specifications of the equipment with the signal
and noise characteristics of the signal (8-10). For pavement
evaluation, the camera's video signal (or its digital counterpart) is proportional to the pavement luminance. Pavements
are visible because they reflect light: the luminance of each
visible region, including pavement surface and crack sides and
bottom, is proportional to its reflectivity times the illuminance
it receives. El-Korchi and Wittels (11,12) have indicated
methods for measuring the reflectivities of paving materials
and methods for determining the relative crack luminance,
both through laboratory measurements on test paving samples
and through computer modeling. Therefore, only a brief summary will be presented here.
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FIGURE 1 Schematic drawing of a pavement data collection
system.

PCC mortar has a reflectivity of 0.30 to 0.35 for freshly
prepared, cut, or fractured surfaces, meaning that between
30 and 35 percent of all of the incident light is reflected back
from its surface. Aggregate materials have reflectivities as low
as 0.05 and as high as 0.65 or above, an enormous range.
Worn PCC pavement surfaces are visually similar to freshly
prepared samples except that the reflectivities of all materials,
mortar and aggregate alike, are reduced by a factor of about
two. This condition allows using the results of laboratory
measurements to predict the appearance of old pavements.
In summary, from laboratory measurements of reflectivities
of paving material samples, it is possible to predict how they
will appear as part of an in-service pavement that is being
evaluated.
Cracks are visible because they are darker or lighter than
the surrounding pavement surface, depending on the reflectivities of all of the visible surfaces and on the lighting. When
cracks are dark it is because the lighting produces less illuminance at the bottom of the crack than on the pavement
surface, for example when sunlight from the side casts a dark
shadow at the bottom of the crack. Under some lighting conditions described by El-Korchi and Wittels (11), the crack
bottom receives the same amount of direct sunlight as the
pavement surface, plus an additional component of light reflected from the crack sidewall, so the crack is lighter. The
greater the contrast (relative difference in lightness) between
crack and surface, the greater the probability that the crack
will be detected. This condition is true whether the rater is a
person or a computer. Therefore, it is important to understand
contrast in pavement images and to match it to the detection
abilities of the rater. When humans are doing the rating, this
means using lighting that causes the thin, dark lines that particularly attract attention (13). This research investigated
whether the same guidelines would apply when using automated pavement evaluation systems, given that video cameras
have more compressed linear responses and different saturation characteristics than the human eye (10,14). The computer simulation methods and results of that investigation are
described in the next sections.
TECHNICAL APPROACH

The mathematical details of the simulation methods have been
provided by El-Korchi and Wittels (12,15), so they will only

be summarized here. In order to optimize lighting for automated pavement surface distress evaluation, it is necessary to
determine distress visibility over a wide range of imaging conditions: paving material reflectivities, crack geometry and orientation, lighting quality, and positioning. Although laboratory measurements of crack contrast can be used in this
determination, the large number of possible combinations
(tens of thousands) preclude this as an effective method.
As an alternative, analytical models have been developed
to simulate the crack contrast and laboratory measurements
(11) have been used to validate the models. Model validation
is a two-step process. Mortar and aggregate luminances were
measured on the surface of pavement samples illuminated by
simulated sunlight. The measurements were within about 5
percent of the values predicted from the material reflectivities,
which established that separate reflectivity measurements on
the paving materials can be used to predict the appearance
of the pavement surface, if the illumination of that surface is
known. Next, comparisons were used to demonstrate that
computer simulations ofinterreflection between the crack surfaces can accurately predict the illumination of the interior
crack surfaces. Thus, computer simulations can be used to
predict the contrast of a given crack. By running the simulation repetitively, with different imaging conditions each time,
it is possible to generalize which sets of conditions contribute
to good crack visibility and detectability.
Before presenting the results of the calculations, a review
of the current state of image-processing software is useful.
Inside the computer, a scene is represented by a digital image,
an array of numbers. The rows and columns of the array
correspond to horizontal and vertical lines in the corresponding scene and an array value represents the luminance at the
corresponding point in the scene. Because the actual scene
luminance is sampled to produce a digital image, only a finite
number of scene points, called pixels, are represented and
only a finite number of luminance values, called gray levels,
are allowed. Digital images produced from a VCR tape recording of a pavement usually contain 512 rows and columns
of pixels and 256 possible gray levels for each pixel: although
these images have resolution below that required for most
pavement maintenance needs (13), they are typical of those
produced by most present pavement evaluation equipment.
Image-processing software uses mathematical calculations
on the array of numbers to determine the presence, severity,
and extent of surface distress in the corresponding pavement
area. In its present stage of development, design and selection
of image-processing algorithms are more art than science (16),
so heuristic approaches are often used. In industrial machine
vision applications, cracks are usually located by using threshold or derivative-based edge operators (7). Pavement images
are visually more complex than most industrial images. The
contrast between distressed and sound pavement surfaces is
often less than that between aggregates or between aggregate
and mortar, which negates the effectiveness of these simple
edge-finding algorithms. Although algorithms have been found
that work successfully with a limited set of pavement images,
the enormous range of possible material reflectivities and distress contrast (11) makes it unlikely that standard industrial
machine vision image-processing algorithms will work universally. Model-based image-processing algorithms might improve on existing methods (17) but no results on that approach

TRANSPORTATION RESEARCH RECORD 1311

146

have yet been published. NCHRP Project 1-27 is developing
a universal image-processing software package that will allow
analysis of pavement images collected by commercially available data acquisition systems. In summary, there does not
appear to be available any image-processing software that
reliably measures the location of pavement surface distress
under the full range of anticipated conditions. However, current research efforts can be expected ultimately to provide
such software.
Without knowing the exact image-processing algorithms that
will be used, it is not possible to accurately predict whether
a given crack, whose contrast is calculated using the computer
simulation described earlier, will be detected. Therefore, a
primitive method for predicting distress detectability has been
selected. Whenever the crack contrast is greater than some
threshold value, the crack is considered to be detectable. This
criterion represents a conservative, pessimistic bound on the
performance of the improved image-processing algorithms that
can be expected to be developed, but it provides a useful
measure for comparing lighting designs.
Pavement evaluation systems use natural lighting (combinations of skylight and sunlight) or artificial illumination (arrays of spot lights), so six lighting cases have been investigated: direct illumination (sunlight or spotlight), ambient or
diffuse illumination coming equally from all directions (skylight or spotlights arranged inside an enclosing canopy), and
three mixtures of skylight and sunlight in the ratios 1:1, 1:2,
1:4, and 1:8. The ambient lighting was assumed to cover the
complete hemisphere of sky (no shadowing by roadside objects). It was assumed that all pavement surfaces reflect diffusely and have reflectivity 0.3. This assumption corresponds
to the case of cracks in PCC pavements prepared with mediumreflectivity aggregates. Rectangular-slot cracks with five depth
to width ratios, 3:1, 1.5:1, 1:1, 1:1.5, and 1:3, were considered. In order to further simplify the calculations, the sun
was constrained to vertical angles in increments of 15° from
directly overhead down to the horizon and to horizontal angles
of 0° (perpendicular to the crack's longitudinal axis), 30°, 45°,
60°, and 90°. These assumptions reduced the number of combinations to about 1,000 cases.
An example of one case is shown in Figure 2. This simulated
rectangular crack has a depth to width ratio of 1:3. The illumination is provided by skylight and sunlight with intensities
such that the sunlight produced twice the surface luminance
as the skylight. The sunlight is directed from a vertical angle
of 30° and a horizontal angle of 60° from the normal to the

crack sidewall. The average bottom luminance is 87 percent
of the surface luminance; this crack appears to be darker than
the pavement surface. This crack would only be detected by
a system whose detection threshold is at least 13 percent. That
value is marginal for detection by a human.
The crack contrast was calculated as found for each of the
cases summarized. The contrasts were thresholded at 5 percent
increments between 5 percent, corresponding to a low-noise
image ac4uisiliu11 syslem wilh excellenl image-processing
software, and 25 percent, corresponding to noisy images and
typical industrial machine vision image-processing software.
Note that this implies that detection threshold is a key parameter to which the system hardware and software should
be designed, not an engineering detail left to the last stages
of the design project. The fraction of the cases in which the
cracks were visible (contrast greater than the threshold) was
calculated for five threshold values. The results are shown
in Figure 3 in which the fraction of visible cases is plotted
versus lighting quality. These results are discussed in the next
section.

DISCUSSION AND CONCLUSIONS
A number of conclusions can be drawn from the calculation
results that are summarized in Figure 3.
Some of the conclusions were expected:
• Low-threshold systems miss fewer cases than high-threshold
systems. In other words, high-quality equipment and algorithms perform better than low-quality systems. This suggests
a way to calculate the quality-cost tradeoff in designing image
acquisition systems.
•The human vision system, which has a detection threshold
of between 10 and 20 percent, can be expected to miss many
cracks. This could explain part of the subjectivity; different
ratings by different humans or by the same human on days
with different lighting conditions.
• Sunlight and skylight produce different detection probabilities. With natural lighting, the same results would not be
expected on bright sunny days as on overcast days.
However, other conclusions were not expected or were
counterintuitive:
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• Figure 3 shows that there will always be some details that
a vision system will not be able to detect because the contrast
is too small compared with the system noise level. That is a
consequence of the nature of the signal. Any visual detection
system will miss some cracks-even humans. However, during the design stage it is possible to predict which cases will
be missed and what the fraction of missed cases will be. Prudence requires that those fractions be used during system
design.
• Ambient or skylight produces fewer missed cases than
direct or sunlight at all threshold levels. This fact is counterintuitive because the standard way that humans inspect for
cracks is to illuminate the surface at an oblique angle and
look for the shadow that the crack edge casts on the opposite
crack sidewall. Ambient lighting is considered to be the worst
possible lighting for industrial inspectors who are looking for
cracks, but it appears to be the best possible lighting for
automated pavement inspection.
• In systems with high thresholds (lower-quality hardware
and software), the disparity between sunlight and skylight
becomes even greater. The worse the equipment, the more
important lighting design becomes.
These conclusions have implications for inspection system designers. First, the fact that some distress is inherently undetectable (the crack contrast is too low) means that the users
of the data, the PMS designers, need to incorporate that
assumption into their models. Second, because the fraction
of distress that remains undetected is calculable, PMS designers need to place distress types in order so that the data
acquisition system can be optimized for those distress types
that are most important. That is, design of automated pavement surface distress evaluation systems and PMSs are better
done in concert than in isolation. Third, controlled lighting
appears to be useful in minimizing the number of missed
cracks; omnidirectional lighting appears to be preferable to
a single directed light source. Although cases with multiplespot lights (more than two) have not been calculated, with
enough lights those systems should produce the same results
as ambient lighting. Fourth, more system improvement seems
to be achievable by optimal lighting than by optimal selections
of image acquisition hardware and image-processing software.
These are strong generalizations so a careful reading of the
cautions following is suggested before implementing system
designs on the basis of these conclusions.
One conclusion presented earlier is that directed light is
suboptimal for locating cracks, despite the nearly universal
use of this lighting for human inspection of industrial parts.
Because direct lighting casts shadows that tend to make transverse cracks highly visible while making longitudinal cracks
barely visible or invisible, the case of using two direct lighting
sources 90° apart was investigated. These could be two strobe
lights taking sequential images of the same pavement surface
or different color lights (which would cast different-color
shadows) observed with a color video camera. The idea is
that cracks that would be hard to detect with one light source
would be easily visible with the other; no image would be
acquired with the directed lighting more than 45° from the
crack sidewall. The crack contrasts were calculated as described earlier, and a crack was considered to be visible if the
contrast was above the threshold in either or both of the

lighting cases. The results are shown in Figure 4. Although
there is general improvement over the single direct-light case,
Figure 3, this calculation indicates that ambient lighting is still
somewhat better. With even more light sources, the directed
lighting case should approach the ambient lighting condition.
With several lights (two may be enough, but no detailed lighting designs have confirmed this speculation), directed lighting
systems may perform as well as ambient lighting, especially
when the system detection threshold is less than about 20
percent. However, it may be necessary to use the lights independently, doubling the number of images that have to be
analyzed, to achieve the system improvement.
Although the emphasis has been on how to use crack contrast calculations to design lighting systems, they are also
useful for designing other system components. For example,
the system designer can trade off the cost of lighting equipment with the cost of data acquisition hardware by allowing
the crack detection threshold to vary. This procedure can be
used to write a detectability specification for the algorithm
designer. Although this specification does not tell how to
design an image-processing algorithm, it does allow testing
any algorithm to determine whether it is capable of meeting
the overall system performance specifications when used with
known lighting and data acquisition hardware. Thresholding
was used for segmenting distress in pavement images in this
research. Although no optimal threshold is provided nor is it
suggested that thresholding is the best edge detector methodology for pavements, algorithms development may be combined with lighting design to ensure optimal system
performance.
The need to match the design of automated pavement surface distress evaluation systems to the special characteristics
of pavement images has been described. As an example of
the process, it was shown that, under some assumptions, computer modeling can be used to optimize lighting for evaluations systems. Typically, a system designer would use the
simulation methods to identify the worst distress detection
cases, would design a system to detect an acceptable fraction
of those cases, and would verify the design over the full range
of cases. Before using the results of that analysis in system
design, discussion of the assumptions and conclusions is
necessary.
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Some of the assumptions in this work are overly simplistic.
First, only a few cases of lighting, crack geometry, and reflectivities have been studied. A much larger study should be
done; a minimum of 20,000 cases would be required to adequately test lighting conditions for PCC pavements; a comparable number would be required for asphaltic pavements.
Second, all cases of lighting and crack geometry were counted
equally. In fact, the mechanics of pavement distress cause
some crack geometries to be more probable than others. Also,
when natural lighting is used , some combinations of sunlight
and skylight are more probable than others. Weighting the
case counts by the probability of each would improve the
quality of the conclusions. Third, evaluation systems rarely
use simple detection thresholds to decide whether a feature
is real or noise. The reduction of the calculated contrast data
to produce Figures 3 and 4 should be redone when better
crack detection algorithms are available. Fourth, the modeling programs calculated crack luminances at many points
along the crack bottom and sidewalls. In computing the distress image contrast, the assumption was made that the luminance of a crack is just the average of its bottom pixel
values. This assumption, which is reasonable for narrow cracks
(usually the hardest to detect), is not correct for wide cracks
nor is it correct for longitudinal cracks that lie near the edge
of the camera's field of view, for which the image will include
portions of the sidewall. The effects of this assumption should
be more thoroughly investigated. Finally, the assumption that
cracks are the only interesting form of pavement surface distress is unrealistic. Wittels et al. (17) suggested ways to extend
these modeling methods to other forms of surface distress.
This process should be done before final system design strategies are selected .
In summary, this work has indicated that simulations of
pavement distress can be a useful tool in designing automated
pavement surface distress evaluation systems. Calculations
have been used to draw conclusions about design of lighting,
image acquisition hardware, and image-processing software.
Many assumptions were used in this work on which the results
depend critically. Suggestions for further testing of some of
the assumptions and for follow-on work that will enhance the
usefulness of the engineering approach are as follows:
• Calculations of missed case probabilities should be weighted
by observed distress types ;
• Detection threshold methods could be elaborated to include more sophisticated distress algorithms;
• The consequences of averaging the luminances along the
crack bottom should be investigated; and
• The methods need to be extended to handle a wider range
of distress types.
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Noncontact Pavement Crack Detection
System
ROGERS. WALKER AND ROBERT
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HARRIS

A system has been developed for the Texas State Department of
Highways and Public Transportation for automated crack identification with lasers as the primary sensors. The system quickly
and easily provides summary information of network pavement
cracking for pavement evaluation. The development effort involved three stages. The first two stages determined the crack
detection capabilities of the laser probes on the department's
surface dynamics profilometer. The hardware obtained and software developed for implementing the real time crack identification and reporting system are described. The hardware includes
the Selcom laser probes, the Motorola open-ended VME archi~ecture, and a Compaq portable personal computer. The software
implements two crack detection algorithms and crack reporting
procedures. The system can provide real time measurements and
reporting at normal highway driving speeds.
A system has been developed for the Texas State Department
of Highways and Public Transportation for automated crack
identification with lasers as the primary sensors. The system
can quickly and easily provide summary information of network pavement cracking for pavement evaluation.
The development effort involved three stages. The first two
stages determined the crack detection capabilities of the laser
probes on the surface dynamics profilometer (SDP). After
experiments indicated that these capabilities were sufficient,
system development proceeded.
The hardware obtained and software developed for implementing the real time crack identification and reporting system are described. The hardware includes the Selcom laser
probes, the Motorola open-ended VME architecture, and a
Compaq portable personal computer (PC). The software implements two crack detection algorithms and crack reporting
procedures. The system can provide real time measurements
and reporting at normal highway driving speeds.
A feasibility study using the SDP laser probes for crack
detection and identification was conducted by Payne and Walker
(J). For the initial studies, two lasers, one in each wheel path,
acquired crack data processed on a Motorola 68000- based
data acquisition board and on the Compaq portable PC. The
data were sampled 16 times per inch and analyzed using several different statistical techniques. Two analysis techniques
provided good results. However, these algorithms could not
provide crack detection in real time with the hardware developed in this study.
Improvements have been made in the crack detection and
reporting algorithms and the hardware. They afford real time
R. S_. Walk~r, ~niversity Department of Computer Science Engineering, Umvers1ty of Texas, Arlington, Tex. 76019. R. L. Harris,
Texas State Department of Highways and Public Transportation 11th
and Brazos Streets, Austin, Tex. 78701.
'

processing at speeds up to 60 mph. The Motorola openarchitecture VME system permits use of off-the-shelf hardware modules that are easily obtained.
CRACK DETECTION PROCEDURES

Various methods have been investigated to identify pavement
cracking. However, most methods either did not provide adequate identification or did not perform in real time. Payne
and Walker (J) describe these methods. Two methods that
consistently have given better results will be discussed (2).
Both can be run in real time although the running-mean downup
method is much better than the autocorrelation difference
method.
Autocorrelation Difference (Codiff) Method

Autocorrelation is a statistic that measures the correlation of
data at different fixed time increments. Assuming ergodicity,
the autocorrelation for lag m, denoted r(m), tells if data points
m time increments apart over a length of data are correlated.
The autocorrelation value will be approximately zero for uncorrelated data. Data with sharp cracks will exhibit large correlation for a lag or two but the autocorrelation value decreases rapidly a~ the number of lags increases. Data with
longer wavelength components, such as bumps, exhibit high
autocorrelation values for longer lag times.
The autocorrelation difference method involves determining the spread between r(O) and r(m) calculated for each 1in. (16-point) block of data. This difference is then compared
with a threshold value. An estimate of the variance for zero
mean data, r(O), is large for data with cracking. The autocorrelations r(m) for data points in the 16-point block are m
time lags apart. The autocorrelation r(m) (m is typically 4)
decreases more rapidly if variance in the data is at a higher
frequency, that is, for sharp cracks.
There are at least three shortcomings of the codiff algorithm. Because it is the relative difference between two lag
values that indicates cracking, the method is unable to estimate crack width or depth. A third disadvantage of this method
is that the algorithm may fail to detect a crack when one 16point block ends and another begins in the middle of the crack.
Running-Mean Downup Method (Downup)

The downup method provides an improvement to the codiff
method. The downup method can estimate both crack width
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and depth and can be executed sufficiently faster to be suited
to real time applications.
The basic idea behind the downup method is that a crack
can usually be identified by a sharp negative (down) slope
followed by a positive (up) slope. A running mean filters the
noise of the laser data and helps establish a reference plane.
Figures 1and2 show this method on sample laser data. Figure
1 shows the sample data, the running mean of the data , and
the slope of the running mean . To date, the system has used
a four-point running average. (The parameter "mbar" denotes the number of points used for the running average.)
The algorithm computes the slope of the data by taking the
difference between each averaged point for a base length
"sbar," or for this case , seven. The third line of Figure 1

illustrates this slope or difference. The variable " diff' denotes
this difference. Note that "diff" indicates a vertical depth .
Because the spacings between adjacent points are equal, a
division operation is not performed in computing the slope.
Removing the division operation saves processing time.
The slope of the crack may consist of several points. Because the pavement surface might be changing because of an
elevation change (at a sharp drop, pot hole, etc.), there needs
to be a maximum value used to determine the cause of slope
change. The parameter " slope" determines this. The algorithm uses this parameter when examining two elevation changes
in the same direction. If both are greater than slope, the
algorithm assumes an elevation change, not a crack. If a change
is less than the parameter slope, or the first change is greater
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but the second is not, a crack beginning is assumed. This
procedure allows the detection of the crack about a reference
surface.
A typical crack requires both a downward slope followed
by an upward slope. Thus, the algorithm searches for an acceptable downward slope followed by an upward slope. If a
second downward slope occurs, then the search restarts.
Otherwise, the crack depth continues. This rule allows for
slight variations in the crack characteristics. Two other parameters are used. The parameter "width" provides a maximum acceptable crack width, and "tc" for the maximum
acceptable crack depth. The downup algorithm , of course,
can't detect all crack characteristics, but has performed well
on the pavements sampled. The best-suited set of algorithm
parameters may be changed by an operator experienced in
the use of the method during various field measurements.
The C code illustrates the algorithm (Figure 3).
Then, the crack may be accepted or rejected by the following statement:
{
if (width < max && depth > = tc)
{
Figure 2 shows a plot of the computed slope or vertical
difference between successive points and the results of the
downup algorithm of the data are shown in Figure 1. This
algorithm provides estimates of both the crack width and
depth. The algorithm does not interpret upward changes in
the pavement characteristics as cracks. An elevation change

~tg~;O/
diff " ,O ;

C~~g~~e-~6e

runnlng mean and slope */
value1(m1+mbarll • data;
rtota • rtotalfdata-value(mi];
rmean • rtotal/mbar;
mian[(si +sbar) ] - r~ean;
d f ·f = rmean-mean( s 1 ) ;
1ll ++;
)
/* Find. a possible crack •/
{
if (depth == OJ
if (d1ff > slope I I diff < -slope)
{depth = diff ·
start = pos-i;
else) /* normal profile frequency value, ignored•/
else
if (depth > 0)
if (dif f < slope)
{l'nd = pos-sbar·
if (negative(ll !=O)
{
if (negative(l]< 7depth)
I*
else depth= negative[l];

I*

/* writ~e~f~rt (~~pf~j ,end *I
depth= (-negative~ll +depth )/2;
fprintf(repfile •t1a %ld %ld\n •,
negative[O], depth, end-negative(O]);
k+se·
/* unmatched positiye ignore•/
negativet11 = o; /* delete negative record */
depth = o;
else) /* diff still > slope */
if (depth < diff)
depth= diff;
else ; /* depth not increased */

*I

e l~e

f

}

{*

depth < O *I

( 1 .f f > -slope)

negat i ve&OJ • start;
negative 1 = deptn;
depth = ;
1
else /* diff still < -slope */
i f (depth > dift)
depth ~ diff;
else ; /* depth not decreas ed */

FIGURE 3 Crack-detection algorithm as written in C code.

is shown at about 25 in. with the corresponding cracks detected. The codiff method has problems with this test case.
The codiff method would record each positive and negative
change as a crack.
The parameters defined earlier adjust the detection method
for the various pavement types. The values used in Figures 1
and 2 are tc = 15, slope = 11, mbar = 4, sbar = 7, and
width = 32 .
These numbers represent consecutive points in the vertical
direction (10.8/4,096 or 0.002634 in.) for the first two parameters, and in the horizont~l direction (Yt6 or 0.0625 in.) for
the other three parameters. This particular set of values has
performed well for the pavement samples considered.
Figures 4 to 9 provide example results for asphalt pavements
with severe, moderate, and slight cracking. These sections
were selected during the first phase of the project (1) for
determining the capability of the laser for detecting or recording the crack. Each section was marked and on several
photographs was used for comparing each crack and its corresponding size with the laser trace. The even-numbered figures (4, 6, 8) show the results of the codiff method, whereas
the odd-numbered figures (5, 7, 9) show those of the downup
method . These plots indicate that both algorithms detect cracks.
The codiff method does so by the greater lag difference values ,
discussed earlier. The down up method detects cracks by the
width and depth associated with each crack, assuming it is
within the specified intervals.
All figures indicate the relative displacements of the pavement surface profile. This feature allows the results of the
two algorithms to be included on the same plots. That is , a
constant magnitude was subtracted from the pavement surface
magnitudes. The magnitudes were then scaled to inches by
multiplying each value by the ratio of the laser measurement
range to the full scale resolution, or 10.8 in. divided by 4,096.
The magnitudes of the difference in lag values for the codiff
method were not subtracted by any scale factor. In order to
convert them back to their unscaled value, they would need
to be multiplied by the inverse of the previous relation, or
379.3. The real time measurement mode uses and displays
the unscaled values. The operator uses them for selecting the
appropriate threshold value. Values exceeding this threshold
indicate a crack. For the downup algorithm, the detected
crack widths and depths may be read directly from the plots.
The figures indicate a major advantage of the down up method
over the codiff method. The threshold values needed to detect
cracks for the codiff method are sensitive to the severity of
cracking. That is, a threshold around 0.3 * (4,096/10.8) should
be used for slight cracking (Figure 8). However, this same
value used for severe cracking (Figure 4), would incorrectly
indicate too many cracks. On the other hand, for the downup
method, the same set of parameters provided good results for
these three levels of cracking.
Figures 10 and 11 show the use of the two methods on a
different pavement texture. The pavement for this case had
a seal coat that was over 1 year old. Slight 1/1 6 to 'Is in. alligator
cracks had begun to reflect through the seal coat. Figure 10
shows the codiff method and Figure 11 shows the downup
method . For this pavement, an appropriate threshold would
be difficult to select for the codiff algorithm. However, the
downup method properly estimated the correct amount of
cracking as verified by visual examination.
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Of course, for some pavement surfaces it is doubtful that
any algorithm wuukl wurk wdl. Fur instance, a newly resurfaced pavement with a heavy seal coat can result in surface
textures with the same characteristics as smooth-texture surfaces with cracks. However , such pavements wouldn't be suspected of cracking to begin with. Such a situation emphasizes
the need for a trained operator in the use of the crack measurement system during the measurement process. A better
determination of the performance of the algorithms on various
pavement types and proper parameter selection can be determined by extensive field use.

SYSTEM ARCHITECTURE AND MEASUREMENT
PROCEDURES
In this section , the parallel processing architecture and instrumentation used for real time crack detection and recording
are described. This system updates the processing capability
of the initial data acquisition system for real time crack measurements by replacing the 68000 PC- based data acquisition
board with the Motorola open-architecture VME system. The
VME system , with its various processing and I/O modules
configured for this crack measurement application , will be
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FIGURE 7 Downup method applied to mild cracking.

referred to as the real time crack processing unit (RTCPU).
The RTCPU interfaces with the other system components,
the Compaq computer, and Selcom lasers. The RTCPU structure supports multiple lasers. Payne and Walker (J) discuss
details of the laser and Compaq system components. Next is
a brief description of these subsystem components, followed
by a description of the overall parallel processing system architecture of the RTCPU. Figure 12 shows the crack measurement system components.

The Selcom Optocator

The Selcom Optocator is an optoelectronic measurement
system that measures the distance to an object. The basic
components of the optocator are the noncontact laser probes,
the probe processing units (PPUs), and the CPU subrack
containing the power supply and receiver-averaging boards.
The receiver-averaging boards receive and process data
from the laser probes. An optocator interface module that
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FIGURE 9 Downup method applied to slight cracking.

plugs directly into the VME bus can replace this last
component.
The laser probe contains a pulsed, modulated (32-kHz),
and intensity-controlled gallium arsenide (GaAs) laser diode;
a position-sensitive photodetector; and an appropriate lens
system. The GaAs laser probe emits pulsed, modulated invisible infrared light. These pulses occur at a frequency of 32
kHz. This frequency accounts for the 32-kHz data rate of the
serial data passed to the receiver-averaging boards. The light
from the laser beam passes through a lens that focuses the

light in the center of the measurement range. The spot size
striking the pavement surface is approximately % by 1/16 inch.
The PPU processes the analog signal from the laser probe
and sends the signal in digital form to the RTCPU.

RTCPU Functions

The RTCPU receives the laser data from the optocator and
performs the crack detection function by the real time pro-

155

Walker and Harris
1.5
1.4
1.3
1.2
1.1

t.

+

0

~

0.9

•

0.8

~

~

"

+

o. 7

~

0.6

E

0.5

1

+

+

0.4

+

0.3

+

+

+

+

+

+

0.2

++ +++

0.1

+ +

+
+++

++

++ +

+

65

70

75

60

+
+ +++
85

+

90

95

100

+

+

+

+

+ + ++
+
+ + + +
+

0
60

+
+

105

+ +
+

+
+++

110

+

+++

+
+

+

115

120

Distance (inch)
+ codiff value

raw-2000

FIGURE 10 Codiff method applied to seal coat with alligator cracking.
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FIGURE 11 Downup method applied to seal coat with alligator cracking.

cessing of the crack detection algorithm. The VME system
architecture of the RTCPU allows the designing of various
general-purpose computing systems by purchasing a basic
cardcage with the VME bus interconnect standard.
The Compaq Portable PC Subsystem

The Compaq portable PC is the user's interface to the entire
system. From the keyboard, the user can run the real time
crack detection and recording activities, perform various sys~
tern diagnostics, or collect raw laser data. The programs that

provide crack reporting and recording run on the Compaq.
The real time crack count provided by the RTCPU provides
a rough estimate of the number of cracks seen as the vehicle
moves at highway speeds. Software in the Compaq summarizes, displays, and records this information in the form of
frequency counts for specified pavement intervals.
Crack Measurements and Recording

The laser crack measurement system is currently configured
to implement both the codiff and downup algorithms. These
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algorithms initially indicate crack detection and its magnitude.
The codiff method specifies only the lag differences between
autocovariance values indicating possible cracks, whereas the
downup method can provide an estimate of both the crack
depth and width. Both methods provide cracking information
for each inch sampled in the distribution mode. When in the
magnitude frequency count mode, the codiff method still provides the lag difference magnitudes for any crack for a 1-in.
resolution, whereas the downup method provides a summary
of the crack depth. Although crack width is also measurable
using the downup method, the two modes currently implemented do not provide it.
During the distribution mode, the PC keeps track of the
individual and common laser crack counts as reported from
the master. The system displays the information on the CRT
and records it to disk. Figure 13 shows the screen used for
displaying this information and the system parameter information. The PC tracks, displays, and records data for the
operator, i.e., the number of detected cracks found within
each of the three count intervals for each foot for a specified
distance interval. Thus, for a distance indicated by a distance

reporting signal (which can be manually selected) the three
intervals selected provide the number of times that
• There were no cracks detected in a foot,
• One to three cracks were detected in a foot, and
• Greater than three cracks were detected in a foot.
This information is displayed for each laser (up to three) and
for the two adjacent lasers (Lasers 1 and 2, and 2 and 3).
These statistics were selected to help estimate alligator and
block cracking in the measurement interval. Room is available
on the screen to indicate the amount of alligator and block
cracking, although it is not currently implemented.
The screen for the crack count mode is shown in Figure
14. This mode allows the user to determine what the various
crack detection thresholds or depths should be for a given
pavement type. The PC accumulates the number of times the
cracking magnitudes fall within 12 different user-selected intervals. The system records both the distribution and the count
information on disk for later off-line evaluation. The system
creates a similar file for the normal crack measurement and
recording modes.

HEADER : A
ACTIVE LASERS ON • 0,1,
LAG = 4
FILTER(SMP/FT) • 192, (FT/CYCLE)•l
SPEED • 30.0 MPH
TIMER CONSTANT • 118
THRESHOLD FOR CRACK IS 1000

LASER A LASER B

NONE
1-3
>3

---

LASER C

COMM A,B

COMM B,C

-------

---

BLOCK
ALLEQ
COUNTS
ERRORS

---

--Fl-CHANGE PARAMETER

F2-QUIT SYSTEM

FIGURE 13 Crack reporting and status screen.
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FIGURE 14 Crack count distribution screen.

CONCLUSIONS

A system for implementing real time crack identification and
reporting has been described. The crack measurement hardware includes the Selcom laser probes, the Motorola openended VME architecture, and the Compaq portable PC. The
software implements two crack detection algorithms, and crack
reporting procedures. The system is capable of real time measurements and reporting at highway driving speeds up to 60
mph.
Several important conclusions result from this study. First,
alligator and block pavement cracking can be detected using
the Selcom lasers mounted in the wheel paths. Transverse
cracking is more difficult to measure. The three-laser configuration with the common cracking measurements would provide a method to detect such cracking. This configuration
provides a way of measuring cracking across the lane. Multiple
lasers also allow rutting to be detected.
This system is limited by trying to detect cracking using
only two or three narrow beams of laser light. Obviously,
massive amounts of information across the lane are not
available.
The system is currently planned for more extensive field
implementation. The usefulness of the system for providing
crack measurements for the state's future pavement manage-

ment system or the current PES can only be determined from
such extensive field usage.
As a final comment on the usefulness of this system, several
low-cost lasers have recently been introduced that would greatly
enhance the system by providing additional traces for each
wheel path. It is planned to investigate these lower-cost lasers
for use in the system.
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Analysis and Generation of Pavement
Distress Images Using Fractals
JEFFREY LEBLANC, MICHAEL

A.

GENNERT, NORMAN WITTELS, AND

DAVID GOSSELIN
Pavement surface distress information, collected by automated
. urface distre . evaluation equipment, can be used in pavement
manageme nt system to p.lan the timely maiJ1te nance of roads and
highway . Image acquired at highway speed contain ·uch large
amounts of data that practical digital data storage sy terns are
e a~ily overwhelmed. FractaJ have been investigated a a means
of compre ing pavement distress images after the distre ~ has
already been detected in pave ment images by other me thod .
These stored, compressed images could be analyzed by computers
later to characte rize the everity and extent of the distre or they
c uld be used to reconstruct tbe distress image for evaluation by
a pavement maintenance engineer. The ad\ra niage of treating a
pavement crack as a fract al curve i that it can be represented by
only a few numbers. The ba ic fractal characterizations including
the fr actal dimension ; of ome forms of pavement distress have
been measured a nd are presented ; a midpoint di placement algorithm that is u ·eful for compre . ing and simulating distress
images is described; basic methods for applying fract al model ro
distress image compression are discu sed; a method for imulating
pavement surface distress images i presented; and the u e of
fractal techniques to generate standard imag for testing automated surface distress evaluation syste ms is proposed.
Planning of cost-effec tive mainte nance of roads and highways
is a complicated process requiring collection and evaluation
of large amounts of data. The need for timely and accurate
information becomes acute as transportation agencies increasingly introduce pavement management y ·terns (PM s) (13). A key input to a PMS is a current system-wide a. ses ment
of the status of pavement. , including the location, seve rity,
and extent of pavement distress. ollecting distress data manually is tedious, inaccurate, and expensive. Research and development work on automated pavement surface distress evaluation systems that can acquire and evaluate images of distressed
pavemell't at highway peeds is in progress; a recent survey
of progr · has been c mpiled by able (4).
The data rates of real time image acquisition systems are
large, on the order of 50 to 100 Mbytes per second for a
system specified to inspect a 4-m-wide lane at highway speed
while detecting 1.6-mm-wicie cracks (5) . Two approaches have
been developed for handling this flood of data. In the first
approach, the data are analyzed in real time and only summaries of distress severity and extent are recorded by the
survey vehicle . Although this approach solves the data rate
problem, the raw data have been discarded . Therefore, it is
difficult for a pavement maintenance engineer to perform
many useful functions, such as evaluating the causes of distress
J . LeBlanc, M.A. Gennert, and D. Gosselin, Department of Com-

puter cience; . Wittels, Department of ivil Engineering; Worcester Polytechnic Institute. Worcester, Mass. 01609.

and comparing the results of annual surveys to study pavement
wear. In the second approach, commercial video cameras and
recording equipment, which are capable of recording up to
several hours of video images on tape cassettes or video disks,
acquire images for evaluation at a later time. This approach
retains raw data, but commercial video equipment, typically
with 4 Mbytes per second of bandwidth , is fundamentally
incapable of meeting the performance specification.
One solution to the data rate problem would be a specialpurpose, high-resolution image acquisition system coupled
with data compression to allow recording raw image data at
highway speeds using commercial equipment. The pavement
distress images could be stored and reconstructed at a later
time for direct study by humans or for image processing by
automated machine vision systems. Tests conducted during
the course of this research indicated that standard data
compression techniques , such as the Ziv-Lempe! algorithm
(6), only reduce the data rates by factors of about 2, not the
factors of 100 to 1,000 that are required. Statistically based
compression algorithms designed for television use allow greater
compression (7,8). However, they are designed to reconstruct
images that are judged by human observers as being comparable to the original images; there is no assurance that the
reconstructed images will produce the same results when evaluated by a machine vision system.
A search was undertaken to find techniques for compressing
pavement surface distress images such that the reconstructed
images are equivalent. Images are defined to be equivalent
if they meet two criteria. First, humans must evaluate that
they depict the same extent and severity of distress. Second,
machine vision image processing must determine that the images depict the same distress, including extent and severity.
This requirement does not mean that the results are the same
when human and computer evaluations are compared; it means
that human-to-human and computer-to-computer evaluations
are consistent. The comparison of human-to-computer results
is a central problem of automated pavemen.t distress evaluation and is beyond the scope of this paper.
An investigation of the use of fractals , an extension of
mathematical set theory, in the analysis and generation of
pavement distress images is described. Fractals allow complicated images to be constructed by mathematical algorithms
with only a few adjustable parameters (9). If the proper algorithm can be found, images of surface distress can be reduced to a few parameters that can be stored and used for
later reconstruction of an equivalent pavement distress image.
The scope of this paper is limited in several respects. Of
the many forms of pavement distress, only models of linear
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distress features-simple longitudinal, transverse, and diagonal cracks-are discussed. More complicated forms of distress, such as alligator cracking, have been left for future
work. Also, only the problem of compressing and reconstructing images of the distressed portions of pavement images
is considered. The assumption has been made that other image
processing algorithms have previously distinguished distressed
from sound pavement. However, that is a difficult problem
(10). A long-term research goal is to develop a model-based
pavement segmentation algorithm that is based on this work.
Finally, complete image reconstruction accuracy is not the
objective of the work; it is only necessary to retain sufficient
information to allow accurate assessment of severity and extent of pavement and surface distress by both humans and
computer.

by D , the curve's fractal dimension. Although there are other
measures that are sometimes useful for describing and characterizing fractals, the fractal dimension is a key parameter
of fractals used in pavement distress applications.
In order to contrast fractal dimension with Euclidean dimension, consider using a ruler of length K to measure the
length of a straight line of length L by placing the ruler endto-end N times:

FRACTALS

N =

A fractal is a self-similar mathematical function defined as a
set of points whose fractional Hausdorff-Besicovitch dimension D is strictly larger than its topological dimension (11).
Because D can be a fraction (noninteger) , it is called the
"fractal dimension" and the function is called a "fractal." The
term "self-similar" means that the function looks the same
on a large scale as it does on a small scale (12). This requirement describes a pavement distress image: even if a section
of a crack is magnified, it still looks like a crack. Curves that
are self-similar, such as cracks, can be represented as fractals.
The properties of fractals will be discussed first and then
fractal analysis will be applied to images of pavement surface
distress .

where D is the fractal dimension of the curve. For a straight
line , D = 1. The dimension D must be less than D = 2, for
that would correspond to a curve so convoluted that in traveling between two points it has nonzero area (contradicting
the Euclidean notion of a line). For any nonstraight curve,
such as the coastline, the fractional dimension is between D
= 1 and D = 2, with larger numbers corresponding to more
erratic curves.
A detailed discussion of fractal dimension is provided by
Falconer (13). For application to pavement distress problems,
the primary requirements are means for measuring the fractal
dimension of cracks in pavement images and means for generating pavement distress images given the fractal dimension.

N=~
K

(1)

When the line is not straight but convoluted, the number of
rulers N needed to fit the curve grows even faster. This dependence can be modeled by changing the exponent.

(~)°

(2)

Fractal Dimension

A coastline is an example of a self-similar curve that can be
described by a fractal (11). Suppose one were to measure the
length of the coastline using a ruler with a length of 100 km;
the result might be 200 km. Now, perform the measurement
with a ruler length of 10 km. The result might now be 260
km because the smaller ruler better fits into the nooks and
crannies of the coastline. The smaller the ruler, the longer
the coastline's measured length . This is shown schematically
in Figure 1. Unlike a straight line, a fractal's measured length
depends on the ruler's length. This dependence is described

Ruler Length

= I 00

Curve Le ngth= 2 X 100 = 200

Rule r Length= 10

Curve Length = 26 X I 0 = 260

FIGURE 1 Curve's measured length
depends on ruler's length.

Measuring Fractal Dimensions of Pavement Surface
Distress

There are several methods available for measuring the fractal
dimension of a data set (9). Most methods used in image
processing are designed to measure the complexity of twodimensional data, such as the randomness of a leopard's spots,
the variation in brush stroke texture in a painting, or the
puffiness of clouds. However, pavement distress consists predominantly of linear features-cracks. A modification of the
caliper method , which is useful for measuring the fractal dimensions of linear structures (14) , has been found to provide
the most consistent results when applied to pavement distress
images.
The first step in measuring the fractal dimension is to segment the distress from a pavement image. Figure 2 shows, as
an example, a distressed region of a portland cement concrete
(PCC) pavement. In Figure 3, the distress has been segmented. That is, the gray levels in the image have been altered
so that distressed regions are pure black and nondistressed
regions are pure white. Segmentation is a major problem in
automated pavement distress (15) ; the segmentation of this
particular image has been described by Wittels et al. (10).
The morphology-the shape of the distress-is of interest;
therefore, the segmented image is skeletonized (16). Skeletonization reduces the width to the smallest possible picture
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FIGURE 4 (a) A
transverse crack
from Figure 3, and
(b) a skeletonized
transverse crack.

2.8
2.7

FIGURE 2 Image of distressed PCC
pavement.
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FIGURE 5 Log-log plot of curve
length versus ruler length, from
Figure 4b.

FIGURE 3 Segmented image of the distress in Figure 2.

elem~nt, a pixel. Figure 4a shows a transverse crack from
Figure 3; Figure 4b shows the same crack after skeletonization.
Next, the measured length M (in pixels) of the skeletonized
crack is determined using a variety of ruler lengths K (in
pixels). As described by Smith et al. (14) , a log-log plot of
Mas a function of K is drawn (Figure 5), and the slope Sis
computed. The fractal dimension D is then
D = 1 - S

calculating the slope has been made arbitrarily ; ruler lengths
between 10 and 100 pixels have provided the most repeatable
results. In order to automate fractal dimension measurements, a more rigorous slope measurement method will have
to be developed .
From analyzing digitized images of surface distress in both
PCC and asphalt cement (AC) pavements, all of the measured
cracks were found to have fractal dimensions in the range D
= 1.10 ± 0.05. Linear features, such as joints in PCC pavements have fractal dimensions below this range and curves
with f;actal dimensions above this range are too wiggly to be
realistic cracks (Figure 6) . No theoretical reason has been
identified to explain why cracks should have fractal dimensions within the given range . Also, because of the difficulty
in reliably segmenting distress , measurements have only been
made on a small number of distress images (approximately
20). These data are not enough to support a claim that the
measured fractal dimension range is universal, nor even enough
to report reliable statistical measures, such as the standard
deviation of the fractal dimension.

(3)

The crack shown in Figure 4 has fractal dimension D = 1.08.
Ideally, the log-log plot should be a straight line; in practice,
it never is. For small values of K, the fact that the digital
image is discrete (pixels are larger than points) means that
the left end of the curve is generally too flat; self-similarity
breaks down at the pixel level. For large values of K, the fact
that the length is not an integral number of ruler lengths causes
quantization errors. The selection of which points to use in

D = 1.0

D

= 1.3

FIGURE 6 Curves with fractal
dimensions outside the range
D = 1.10 ± 0.05.
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Using Fractals to Simulate Pavement Surface Distress

One goal of this research was to find methods for generating
realistic pavement images. The two tests of realism are that
the images appear to correctly represent distressed pavements
when viewed by humans and that the images behave the same
as naturally acquired pavement images when processed by the
algorithms in an automated pavement surface distress evaluation system. The search for such methods has been described by Gosselin and LeBlanc (17), so only a summary is
presented.
Fractals are generated by iterative applications of functions,
called generators, to Euclidean objects. When simulating
pavement distress, a straight line is dissected into smaller line
segments by the generator. The resulting line segments are
themselves dissected by applying the same generator, and so
forth, until the resulting dissections are undetectable (smaller
than a pixel). Successful simulation of pavement distress requires selecting both the form and parameters of the generator. It is important to point out that there exists no general
theory for designing or selecting optimal fractal generators so
the usual method, and the one that was employed, is to search
for the generator that produces curves that most look like the
data; the judgment is artistic, not scientific.
The fractal-generating function can be either deterministic
or stochastic. A deterministic generator is applied identically
at each iteration. An example of a deterministic fractal is the
Koch snowflake. Its generator trisects a line segment (Figure
7a) and replaces the central segment with two segments of
equal length (Figure 7b). After applying the generator G
times, the resulting curve has 3c segments; Figure 7c shows
the case of G = 3. In principle, the curve is a fractal only in
the limit as G approaches infinity; in practice G need only be
larger than the logarithm, base two, of the image size in pixels.
For example, if the digital image is 28 = 512 pixels wide, G
need only be greater than or equal to 9.
Although the fractal in Figure 7 is interesting, it does not
resemble a pavement crack for two reasons. First, it is too

crooked. The fractal dimension produced by a generator such
as the Koch snowflake is (18)
D =log (N)
log 1/R

(4)

where N is the number of segments into which the line is
dissected and R is the ratio of the new line segment length
to the original line length. For the Koch snowflake, N = 4
and R = Y3 so D = 1.262 ... , which is outside the measured
range of pavement distress fractal dimensions. The second
problem with the fractal in Figure 7 is that it is too regular
to realistically depict pavement distress. This example indicates that the required fractal generator should allow control
on the fractal dimension and should produce more irregular
fractals.
Irregular fractals can be produced by stochastic generators,
in which an element of randomness is introduced into the line
segment dissection process. In contrast to a deterministic generator, at each iteration all line segments are not replaced in
exactly the same way . Instead, the lengths and orientations
of the new segments are allowed to vary in a random fashion.
The generator that has been found to be most useful for
pavement distress is stochastic. It is one of a class of midpoint
displacement generators (11).
Consider a generator that bisects a line segment by displacing the midpoint to produce two new line segments. In
its deterministic form, the midpoint is always displaced by the
same amount; Figure Sa shows a generator in which the midpoint is displaced in an orthogonal direction by one-quarter
of the original line length. For convenience, the line length
has been chosen to be L = 1 with no loss of generality. In the
stochastic form, both the magnitude, r, and the direction, 0,
of the displacement are selected randomly so that the midpoint is displaced uniformly within a closed circle of radius
p. Therefore the displacement angle, 0, is uniformly distributed within the complete circle 0 s 0 s 27T and the probability
density of any angle 0 is
1
p (0) = 0
27T

(5)
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FIGURE 7 (a) Line
segment used for generating
a fractal, (b) Koch
snowflake generator, and (c)
curve after three iterations
of the generator.

FIGURE 8 (a) Deterministic
midpoint displacement generator, and
(b) stochastic midpoint displacement
generator.
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In order to obtain a uniform distribution of midpoints, the
probability density of any displacement magnitude r must be

2r
P,(r) = 2

(6)

p

The fractal dimension of a curve generated using this stochastic generator is given by Equation 4, where N = 2 and
R = E{/1} is the average or expected value of / 1 , the length
of the line P 1M' connecting an endpoint to the displaced
midpoint in Figure 8b. Because the two line segments P,M'
and P2 M' obey the same statistics, the expected values of
their lengths are equal to each other and that value is
(7)
in which P 0 and P,are given by Equation 5 and 6, respectively,
and / 1 can be computed from the geometry of Figure 8b.

l,(r,6) = (0.25 + r2 + r cos 6) 112

(8)

The fractal dimension D is plotted as a function of the parameter p in Figure 9. Small values of p produce almost straight
curves. Values of p that match the measured fractal dimensions of pavement distress lie in the range 0.25 0 s p s 0.425
and values greater than 0.5 produce curves too crooked to be
considered realistic pavement images. The upper limit on p
is about 0.85, above which the fractal dimension exceeds 2
(the curve is no longer a line but rather becomes area-filling).
Two examples of digital images of fractal curves produced
using this stochastic midpoint displacement algorithm are shown
in Figure 10.

Crack Width

A fractal curve generated as described has no width; that is,
it is a curve composed of line segments that are one dimensional. For graphical purposes, a constant width of one or
two pixels was used when producing the figures. However, a
real pavement crack has nonzero, nonconstant width. The

FIGURE 10 Fractals produced by
a stochastic midpoint displacement
generator.

goal in this work was not to characterize crack width; it was
to produce more realistic images of pavement surface distress.
Thus, a simple algorithm was implemented that assigns a width
to each line segment along the crack.
The width at one end of the crack is specified as an input
to the process. The algorithm then assigns a width to each of
the straight line segments that form the fractal. Points are
constructed at both segment ends a constant perpendicular
distance from the segment, defining a box of a constant width
around the segment. The box width is randomly generated
except that its width is constrained to vary by no more than
one pixel from the width of the preceding segment. That is,
a segment's width is the same as that of the previous segment,
plus or minus one pixel. Additionally, upper and lower limits
(minimum and maximum widths, respectively) are used as
inputs to the process. In order to ensure that the curve is
continuous, the box end points are connected end to end by
pie-shaped polygons. Finally, the line segments are replaced
by the boxes and polygons to form the final crack image. As
an example, Figure 11 shows the crack of Figure lOb with
width information added .
There is no theoretical basis for this crack width algorithm;
it was selected because the resulting images appear to be
realistic in that it produces smooth width variations reminiscent of real pavement distress. Future work should be undertaken to develop an algorithm based on theoretical models
of pavement cracking or on measured crack widths in pavement distress images.
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FIGURE 9 Fractal dimension as a
function of the generator parameter.

FIGURE 11
width.

A fractal curve with algorithmically produced
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Generating Pavement Images
The remaining difference between fractal crack images, such
as Figure 11, and a digital image of real pavement distress,
such as Figure 2, lies in their gray levels. Pavements are not
uniform; the lightness or darkness of any pixel depends on
the materials, geometry of distress, and lighting conditions
(15,19). Using the segmented distress image as a mask and
computer models to compute the correct gray levels, it is
possible to alter pavement images to simulate changes in lighting or paving materials (JO). Using this method, the image of
Figure 2 was altered in two steps. First, the segmented distress
image, Figure 3, was used as a mask to remove the distress.
Then, the computed distress image, Figure 11, was used as a
mask to produce an image of a distressed pavement. The
resulting pavement image is shown in Figure 12.
In order to produce the distress portion of this image, only
13 parameters were used: the crack end point locations (two
horizontal and two vertical pixel numbers), the fractal dimension, the beginning crack width, the minimum and maximum crack widths (two numbers), the assumed crack depth,
the average pavement surface reflectivity, two illumination
angles, and the ratio of directed and ambient illumination.
This represents about 1/500th of the data in the original image.
If another distress image were produced using the same parameters, it would be distinguishable from Figure 12 but should
be judged by both humans and automated pavement analysis
systems as having the same distress type, severity, and extent.

DISCUSSION AND CONCLUSIONS
Attempts were made to assess the overall reconstruction accuracy of the fractal methods presented. Although methods
exist for comparing the accuracy of image reconstruction (20)
by pixel-by-pixel comparison of image gray levels, there are
no generally acceptable methods for comparing image equivalency as defined earlier. One indicator of overall accuracy
is a comparison between the fractal dimension used to generate a curve and the fractal dimension measured from the
same curve. Consider the two fractal curves in Figure 10.
Table 1 presents the values of p used in producing these digital
images, the fractal dimensions D calculated from p using
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Uses of Fractal Models
The primary goal of this research was to find methods suitable
for compressing pavement surface distress images. The general suitability of fractal methods has been established, but
that is a long way from a working image compression system.
Future work will be required to incorporate this technology
into an operational automated pavement surface distress evaluation system.
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TABLE 1 COMP ARIS ON
BETWEEN THEORETICAL AND
MEASURED FRACTAL
DIMENSION

,:·.
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•

equation 7, and the values of D measured from the digital
images using the method described earlier. These results are
typical. Additionally, Table 1 indicates a measurement on
Figure 7c. The discrepancies in the results are moderate and
show the general quality of the results; the major discrepancy
is caused by the difficulties in determining the slope of loglog plots such as Figure 5.
A major appeal of fractals is their ability to significantly
reduce the amount of data required to store distress images.
The data reduction estimates presented earlier compared the
data content of the distress (the data of interest for automated
pavement surface distress evaluation) with the data content
of the complete image (the raw data). In fact, most of the
information in a pavement image is from the aggregate; that
is why the image processing task is so daunting-comparable
to searching for needles in haystacks. Should it be deemed
necessary to characterize and store information sufficient to
reconstruct the aggregate image as well, the data reduction
will not be as large. It is also worth noting that initial measurements suggest that fractal methods might also be useful for
characterizing aggregate.
In light of the limited overall accuracy described earlier, it
is useful to question whether fractal methods can be expected
to meet the equivalency requirement posed earlier. The human part of the equivalency test can only be established by
showing original and reconstructed images to pavement maintenance engineers and comparing the distress scores they assign to the images. No attempt has yet been made to perform
this comparison but it should be done in the future. The
computer part of the equivalency test is easier to address.
Wittels and El-Korchi (19) established that computer modeling is capable of interpreting and generating image gray
levels that are correct to within the noise levels of typical
image acquisition systems. Therefore, image processing algorithms should find the individual pixel level gray levels to
be indistinguishable, which would cause them to assign equivalent distress severity and distress scores. There is need for
further study to verify this equivalence.
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FIGURE 12 Simulated image of a distressed
PCC pavement.

Figure 7c
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As mentioned previously, segmenting distress from pavement images is a major technical challenge (15) because the
distress is often masked by aggregate in the images. A promising use for fractal techniques is in model-based segmentation. In this approach, potential distress sites are located and
assigned probabilities that they are in fact distress. The known
characteristics of distress are then used to iteratively adjust
the probabilities of adjacent sites. Segmentation based on
models of image gray levels have been proposed (JO); it could
be augmented by fractal methods. If adjacent sites are part
of the same distress, the cracks they form when they are linked
have fractal dimensions that can be computed and compared
with the known range of acceptable values; the site probabilities are adjusted according to the fractal dimension. Modelbased segmentation has the possibility of significantly improving the quality of distress image segmentation.
A third possible use for fractal analysis is in generating
pavement test images. The question of which image processing algorithms are optimal for automated pavement evaluation is still open and subject to current research. Therefore,
it is neither obvious which suite of these images will adequately test performance of an operational system nor which
should be used for testing during algorithm development.
Synthesized test images have the advantage over naturally
acquired pavement images in that their geometric and photometric characteristics are known. The analogy to the eye
chart used by ophthalmologists has been presented (JO); more
can be learned about a patient's vision by showing him/her
standard images of known size and contrast than by displaying
random street scenes. By using the methods presented, it is
possible to generate test images that are suitable for both
developing and testing pavement evaluation systems.

Direction of Future Work

There are many directions in which the reported work could
lead. Many have been mentioned so they are only summarized
below. This list represents an educated guess about the directions in which major advances lie or in which better confirmation of what is known is required.
• The equivalence between original and reconstructed
pavement distress images for both human pavement maintenance engineers and image processing computers needs to
be more firmly established.
• This work would be more firmly established if theoretical
explanations were available to calculate or explain why cracks
have fractal dimensions within the observed range. Statistical
fracture models (21) may lead to such an understanding.
• Use the methods presented to generate test images for
developing and testing pavement evaluation systems.
• Explore fractal methods for characterizing, compressing,
and reconstructing aggregate in pavement images.
• The work in this paper has only considered one form of
distress-isolated cracks. Additional efforts will be required
to extend the methods to handle other types of distress that
are important in pavement maintenance, such as alligator
cracking, raveling, D cracking, potholes, and patches.
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It has been found that fractal methods are useful in the anal-

ysis, compression, and generation of images of simple forms
of pavement surface distress. A method that is useful for
measuring the fractal dimension of cracks was presented and
values measured from pavement distress images were reported. A midpoint displacement algorithm was found to be
effective in generating pavement distress images that are
equivalent to acquired images for purposes of evaluating pavement surface distress. These synthesized images have use in
designing and testing image processing systems and algorithms
for automated pavement distress evaluation.
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Distress Survey Methodology of the
New York State Thruway Authority's
Pavement Management System
D. A.

GRIVAS,

B. C.

SCHULTZ, AND

C. A.

A methodology is presented for determining distresses on asphalt
and portland cement concrete pavements in an objective and
reliable manner. Individual distress magnitudes are established
using linguistic scales that consider distress severity and extent
along nominal lengths of pavement. Emphasis is placed on generating both the quality and the quantity of data needed for
pavement management purposes. The methodology is implemented in the form of a distress survey technique applied to the
pavement system of the New York State Thruway. Data recording
and handling are automated through the use of laptop computers.
The survey technique is taught annually to nontechnical personnel
in a comprehensive training program. The results of statistical
techniques used to evaluate rater performance and repeatability
of survey data are presented and discussed. It is concluded that
the implemented distress survey is a reliable procedure that produces distress data at acceptable levels of repeatability.

WAITE
cability of the survey technique to thruway conditions, and
on providing the quality and quantity of data needed for PMS
purposes. The survey technique assesses and records pavement distresses in terms of their location, severity, and extent
along nominal lengths of the thruway pavement system. Collected distress data are used to achieve a variety of pavement
management objectives, namely (a) determine causative factors and identify the scope of needed work, (b) define uniform
lengths for project design purposes, (c) establish cost estimates of maintenance and rehabilitation actions, (d) determine pavement deterioration rates, and (e) develop the annual pavement maintenance program.
DISTRESS SCALE FORMULATION

Distress surveys are widely used techniques to evaluate and
monitor pavement condition over time. They provide information needed to characterize pavement surface condition
and establish causes of deterioration. Distress data also influence the scope and cost of the work required to restore
the integrity of pavement structures.
There are no standard procedures for conducting distress
surveys at the present time. Available methods vary widely
in both objectivity (data quality) and cost. Such methods include manual field mapping, windshield surveys, visual surveys with automated data logging, rating of previously collected images, and automated real time data collection (for
some specific distresses).
In general, there is a significant trade-off to be made between objectivity and cost. Objective survey methods can
provide detailed, consistent data, but are time consuming,
expensive to perform, and require extensive training. In contrast, subjective methods tend to be fast and inexpensive, but
the results are commonly inconsistent and nonspecific. Thus,
transportation agencies are faced with the challenge of developing the most objective distress survey technique they can
currently afford.
The tasks involved in the development and implementation
of a manual yet objective distress survey with automated data
entry are described. The survey is part of the Pavement Management System (PMS) of the New York State Thruway Authority (NYSTA). Emphasis is placed on securing the appliD. A. Grivas and B. C. Schultz, Civil Engineering Department,
Rensselaer Polytechnic Institute, Troy, N.Y. 12180. C. A. Waite,
New York State Thruway Authority, 200 Southern Boulevard, P.O.
Box 189, Albany, N.Y. 12209.

NYST A Pavement Structures
The New York State Thruway consists of 559 mi (2,600 lanemi) of Interstate type highway. The system was originally
constructed entirely of portland cement concrete (PCC) pavement structures (1). As pavements aged, they were overlaid
with asphaltic concrete (AC). Several short segments of pavement were reconstructed as full-depth asphalt concrete or
portland cement concrete, in accordance with newer standards for slab length and joint treatment. For the purposes
of the PMS distress survey, thruway pavements are classified
as concrete, overlaid, or shoulders.
Concrete pavements were constructed of 9-in.-thick, wiremesh-reinforced PCC. Normal slabs are 100 ft long, and have
expansion-type load transfer devices. The slabs were placed
on 12 in. of granulated subbase course, with no provision for
subsurface drainage. Distresses on the surface of concrete
pavements characterize damage of individual slabs and damage at the joints between slabs.
Overlaid pavements presently constitute approximately 80
percent of the entire system. They have a composite cross
section in the vertical direction, with asphaltic concrete on
the top and the original PCC pavement underneath serving
as a base. In most cases, underdrains were added when the
original PCC pavement was overlaid. Distresses on the surface
of such pavements reflect damage of the upper asphaltic layer
or the underlying concrete pavement, or both.
Shoulders were originally constructed of chloride-treated
granular material or sod. All have since received at least a
thin asphalt overlay, while some have been fully reconstructed
with asphaltic concrete. Shoulder distresses reflect the con-
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dition of the shoulder-lane connection, and the integrity or
overall condition of the shoulder surface.

Distress Components
The AASHTO pavement design guide (2) outlines the minimum pavement distress information needed to make appropriate rehabilitation decisions. Required information for
pavement distress description is as follows:
•Type. Distress types are distinguished primarily by their
causes and location on the pavement surface.
• Severity. Distress severities are distinguished by degree
of deterioration; they are usually categorized into distinct
levels, such as Small, Medium, and Large.
• Extent. Distress extent measures the amount of a certain
distress type and severity combination per unit area or length
of pavement.
Important factors contributing to distress survey objectivity
have been identified by Sime and Larsen (3). They include
the following:
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Extensive consultation with thruway maintenance experts
determined that the distress survey should use 14 distress types
to assess pavement and shoulder condition. Six of these distresses correspond to overlaid pavements, six to concrete
pavements, and two to shoulders. The specific distress types
collected are presented in Table 1. Each distress type is assessed using rigorously defined scales and rules of thumb,
such as the example presented in Table 2. A detailed description of the factors considered during the development of the
distress scales was provided by the AASHTO pavement design guide (2) and by Schultz and Grivas (4).

DISTRESS SURVEY TECHNIQUE
Determination of Distress Ratings
Distress magnitudes are assessed visually; no physical measurements are made during the survey. Ratings are assigned
through the use of linguistic scales, which classify distresses
on the basis of easily observable characteristics (e.g., relative
size, location, orientation, and previous repairs). An example
TABLE 1 NYSTA DISTRESS TYPES

• Use of descriptive distress definitions (rather than simple
subjective numerical rating scales),
• Measurement of distresses (wherever possible), and
• Development of training programs for raters.
The present distress survey has considered both the information and the objectivity requirements stated earlier. Thus,
descriptive definitions (linguistic scales) are used to determine
severities. Extents are determined in terms of areas and lengths
(overlaid pavement), or exact counts (concrete pavement).
Actual physical measurements are made at controlled sections
to establish the true values of distress magnitudes. Finally,
an extensive training program for raters that includes 2 weeks
of repeatability testing is conducted annually.

OVERLAID PAVEMENT

CONCRETE PAVEMENT

1. Centerline Cracking

1.
2.
3.
4.

~: ~~g::~~t:cf.racl<ing
4. Rutting
5_ Transverse Cracking
6. Edge Cracking
7. Shoulder Defects
B. Lane/Shoulder Displacement

Loss of Transverse Joint Sealant
Traarvcrse J olot Spal.llag
T r:uu vcrte J olnt Faulllfll
Longlludln&I Jo.Int Spilling

5. Stab Surface Defect•
6. Slab Cracking
7. Shoulder Defects

B. Lane/Shoulder Displacement

TABLE 2 DISTRESS SCALE AND RULES OF THUMB
FOR RATING CENTERLINE CRACKING
Severity

Extent

None

Description
No centerline

era.eking ~

Rating
N

Tight centerline cracking or

Local

sawcut patches on the centerline
occur locally in the section,

General

sawcut patches on the centerline
occur generally Lhroughout
Lhe section.

SL

Small
Tight centerline cracking or

Distress Types
Because a pavement distress survey represents an intensive
data collection activity, a limited number of distress types can
be efficiently recorded. It is therefore critical to monitor only
those distresses that provide significant input to maintenance
and rehabilitation decision making. When evaluating distress
types for inclusion in the NYSTA PMS Distress Survey, two
primary criteria were used:
• Knowledge of the specific distress and its characteristics
(severity, extent) is necessary for maintenance decisions or
performance evaluations; and
• Distress characteristics are clearly visible from a vehicle
moving slowly (5 mph) on the shoulder.

Local

Open cen Uulfo e crackjng occurs
locally in th<! section.

ML

General

Open centerline crackjng occurs
generally throughout the section.

MG

Medium

Local

AUlgalor crackinf., 5on erally
alon~ lhe ccnt.e·r l ne1 occun
local y in the ieciton.

LL

General

Alligator cracking 1 generally
along the centerline, occurs
generally throughout the section .

LG

Local

Ce nlc.rlinc criLdd ng with
fill- l[, llf patch.. and/or
sig ni 1cant mo.terial loss:
occurs 1oca11y in the section.

TL

General

Centor line cu~i ng with
fi ll- tl,pc palches and/or
figni ic:a.nt mMeriaJ loss occurs
generally throughout the section .

TG

Large

Total

Rul£!1 o f Thumb for Qm te rllne Crncklng

From an operational standpoint, it was necessary to limit
the number of distress types collected so as to render the data
collection effort appropriate for a three-person team. The
three-person limit (in addition to the driver) was imposed by
the number of window seats available in a conventional van.

SG

Aucumr:nu

• Open or l\llt~atored cracks that have been completely seillrd are rated as tlghl crocks .
Cracks showmg significant material 1oss that have been se.a.Jcd are still rated as T011AL.
• Partially &e.lled cnc ks uc rated as though they were not sealed at a11 .
• Cracks in squared-off patches are rated like other pavement cracks.
De.finlllon of loco~ cmcks exlend tcu t han I /3 of the lincnr dlnance.
Dclinltfon of 9tnorat cracks cxlond more lhan 1/3 of Lho llncar di•lance.
Sign!Ucunt matcrlol luss I• doO ncd .. holes thnt are at 1.... t O" wide (measured
pcrpcndkulor to t he crack).
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of the developed scales is presented in Table 2 for the case
of centerline cracking. This technique of describing distress
scales was developed specifically to collect data for pavement
management purposes (5).
Distress magnitudes are determined by raters through a
decision process that considers the following three questions:
• Is the distress type present on the pavement segment?
•What is the severity of the distress type?
•What is the extent of the distress type?
Once the presence of a given distress type has been noted,
a distress rating is assigned by using descriptive definitions
(scales) to determine its severity and extent. The distress scales
serve primarily to distinguish severities, magnitudes of which
are assigned the values of None, Small, Medium, Large, or
Total. On the basis of a visual estimate or count, the distress
is then classified as occurring locally or generally throughout
the surveyed section. Thus, each distress is assigned a rating
from the possible values of N, SL, SG, ML, MG, LL, LG,
TL, or TG along each pavement section surveyed. For the
purposes of data manipulation, each of the nine possible
severity-extent combinations is assigned an integer value. This
process is shown in Figure 1.
Not all distresses require use of the entire scale range. When
consistent observations would be difficult, or incremental
knowledge of condition would not impact maintenance, the
Total category has been abolished. In some cases (e.g., loss
of transverse joint sealant), only the None and Large severities are recorded. Table 3 presents the possible distress ratings for the 1989 scales.

Recorded
Present?

Severity?

Extent?

Rating

Value

N

0

Local

SL

None

Small

--

Survey Procedure
The entire 559-mi thruway system is divided into 0.1-mi sections, which are defined by milemarker signposts. The distress
survey uses two crews during a 9-week period to rate the
entire thruway pavement system. Each crew can survey between 15 and 30 mi per day at a speed that varies from 5 to
10 mph. Pavements in good condition can be surveyed at
higher speeds, while more distressed locations require lower
speeds. Only the driving lane and right shoulder are rated.
The distress condition at these locations is extrapolated onto
the other lanes and inside shoulder.
The NYSTA uses two vans, eight rating personnel, and two
backup trucks to perform the annual system survey. The survey is applied by a four-person crew using a customized passenger van that travels on the shoulder and is followed by a
heavy dump truck with a flashing arrow bar.
Three persons are assigned specific distress types to monitor
and rate during the survey. These are designated as Rater 1,
Rater 2, and Rater 3. Rater 1 is positioned immediately behind the driver, Rater 2 is seated behind Rater 1, and Rater
3 is seated next to the driver. Raters 1 and 2 have swivel
chairs, which allow them to directly face large windows at the
side of the van. Table 4 presents the survey crew rating assignments for each pavement type.
The survey begins with the van positioned on the shoulder,
next to the starting milemarker. A backup truck is placed at
an appropriate distance behind the van, while the driving lane
remains open to traffic. When the crew members are ready,
the van proceeds along the shoulder at slow speed, followed
by the truck. Crew members observe the driving lane and
shoulder, and may consult summaries of the distress scales
that are available for reference. The van is stopped at the end
of each 0.1-mi section. Crew members provide the ratings for
their assigned distresses to Rater 1 who records them in a
laptop computer. The data logging program provides extensive error and validity checking features, as well as editing
capability. A comment feature allows the raters to record the
presence of nonstandard distresses and other noteworthy features. After the ratings have been recorded, the van proceeds
to the next (usually consecutive) 0.1-mi section. All persons
are fully trained in all rating assignments, and they are encouraged to exchange rating assignments several times a day.

SG

2

ML

3

MG

4

LL

5

LG

6

Training

Local

TL

7

General

TG

8

All crew members are qualified to rate in every position,
because they all participate in an extensive 3-week annual
training program. At the completion of their training, t~ey
are rigorously tested and certified on their ability to recogmze
the standard distress types, and rate them repeatably.

Local
Medium

Local
Large

Total

FIGURE 1 Distress rating decision tree.
TABLE 3 POSSIBLE DISTRESS RATINGS (1989 SURVEY)
Distress

Possible Ratings

CcnterliM- Crocking

N,
N,
N,
N,
N,
N,
N,
N,
N,
N,
N,
N,
N
N:

l.ongiludinal Crllci<lng
Surfat<! Dofo<1s
Rutting

'fransversa Cracking
£!lg• Cracking

Shoulder Dcle<:I•
Lane/Shldr Displacement
Loss of Tran&ve'nt Jt. Seal
Transverse Jt. Spalllng
Transverse Jt. f'nultlng
Long. Jt. Spalling
Slab Surface Defects
Slab Cracking

SL,
SL,
SL,
LL,
SL,
SL,
SL,
SL,
LL,
SL,
LL,
SL,
SL,
SL,

SG,
SG,
SG,
LG
SG,
SG,
SG,
SG,
LG
SG,
LG
SG,
SG,
SG,

ML, MG, LL, LG, TL, TG
ML, MG , LL, LG, TL, TG
ML, MG, LL, LG
ML,
ML,
ML,
ML,

MG ,
MG,
MG,
MG ,

LL,
LL,
LL,
LL,

LG, TL, TG
LG, TL, TG
LG
LG

TABLE 4 SURVEY CREW RATING ASSIGNMENTS

Driver
or
Alternate

OVERLAID PAVEMENT

CONCRETE PAVEMENT

Eds• Cracking

Shoulder De[ects
Lane/Shoulder Displacement

Shoulder Defects
Lane/Shoulder Displacement
Centerline Cracking

Longitudinal Cracking

Transverse Joint Faulting
Longitudinal Joint Spalling

Surface Defects
Rutting
Transverse Cracking

Slab Surface De[ects
Slab Cracking

ML, MG , LL, LG
ML, MG , LL, LG
ML, MG , LL, LG
ML, MG , LL, LG, TL, TG

Transverse Joint Seal Loss
Transverse Joint Spalling

Rater 1

Rater 2
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Costs

TABLE 6 DATA COLLECTION EVENTS FOR
REPEATABILITY TESTING, 1989

The cost for the 1989 thruway system survey was approximately $143,400. This figure includes overhead, plus all salaries, benefits, travel, equipment, and materials required for
3 weeks of training and 9 weeks of surveying. The cost of
backup trucks and drivers is not included. Table 5 presents a
summary of the costs. As raters and instructors are "borrowed" from their normal NYSTA maintenance duties for
the duration of the annual training and survey, the salary
figures given in Table 5 are not truly added costs to the authority.
REPEATABILITY TESTING
Conditions of Testing
Repeatability testing determines whether or not differences
between multiple ratings at given locations are statistically
significant. It is used as a tool for evaluating both individual
performance capability and overall objectivity in the survey
technique.
Three series of tests were performed to investigate the survey technique. The testing plan was developed to satisfy the
following objectives:
• Examine the feasibility of the distress survey technique,
•Evaluate the adequacy of the applied training,
• Establish the repeatability of distress scales and individual
raters, and
• Indicate whether the network survey was applied
repeatably.
Thus, the applied repeatability testing technique has concentrated on two aspects of the survey, namely (a) individual
raters, and (b) distress scales. In an attempt to minimize the
effect of the other parameters discussed, all tests were conducted under similar environmental conditions, to the greatest
extent possible.
Data Collection
In order to evaluate the full range of the developed scales,
the survey was applied to concrete and overlaid pavements
exhibiting various levels of distress. Data collection events
are presented in Table 6.
During Test Series 1 and 2, each crew member rated every
distress type twice. For each test, this involved six passes of
each van, with the raters rotating positions (distress assignments) after each pass.
TABLE 5 APPROXIMATE COSTS FOR THE 1989
THRUWAY PMS DISTRESS SURVEY
Budget
Item

3 Weeks
Training

Salary
Raters
Instructors
Travel
Meellng Room
Vehicles
Total

Survey

7 Weeks

2 Weeks
Follow-up

$11 800
16,600
4,950
250
900

$37,210
7,200
22,575

$5,315
2,057
3,583

2,100

·800

31,108
250
3,600

m;50ll

m;oM

hl,555

TIU;m

Totals

Test
Series

Number
of
Events
I
2

15

Personnel

Number of
Timing

Data Pointe
PMS Enginoon
Rater T rainrei
Rater•

Before T raining
Alter Tralnlng
During Surve.y

30-.33
10
6 - 27

Data collected during Test Series 1 were used to examine
the ability of PMS engineers to determine precisely the same
rating of each distress in two different surveys of the same
pavement section. This phase of the study provided information on encountered difficulties with distress scales and
rating assignments. Comparisons of ratings for each distress
helped identify and eliminate any inconsistencies in the applied rating technique. This activity was critical, because the
PMS engineers also serve as trainers during the distress rater
training course.
Before Test Series 2, the three trainers developed correct
ratings for a control pavement section by performing the survey three times and comparing the results to arrive at a consensus in the field. Individual ratings were compared with the
correct ones to enable an assessment of each trainee's understanding of the scales, and to identify distresses that were
troublesome to all raters. Repeatability of the results was
established through comparisons of individual ratings produced during different trips, and applications of statistical
testing techniques.
Test Series 3 comprises 15 evaluations performed as spot
checks to indicate whether the survey was actually being applied repeatably. Because raters generally held different distress assignments during these evaluations, no repeatability
analysis of individual raters was performed. The generated
data were used to validate consistency in the application of
the distress scales and repeatability of the results.

Data Analysis
The applied repeatability evaluation involves a statistical hypothesis test about whether the mean difference between paired
observations is significantly different from zero. For each distress type, ratings obtained at the same location but on different trips are compared (statistically tested) in a pairwise
fashion.
Distress data evaluated in this study were generated through
a stratified sampling procedure in which distress samples were
taken from the total population of distress values for concrete
and overlaid pavements. For each comparison, collected data
are ordered in pairs [xa;,xb;] of each distress rating at the ith
section of pavement, where x.; and xb; denote the ratings
recorded on Trips A and B, respectively. A paired comparison
of these ordered pairs facilitates evaluation of differences between two ratings of a given pavement segment.
The conditions used for repeatability testing are as follows:

173,542

34,940

• Population variances unknown (but probably equal),
• Population means unknown,
•Generally small sample size (n = 6 to 33), and
• Paired dependent data.
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Under these conditions, a two-sided dependent paired-sample
t test is an appropriate technique to assess repeatability. The
two-sided technique separates the rejection region into two
equal parts in the upper and lower tails of the data distributions. The size of the rejection region is determined by the
amount of Type I error that is considered tolerable for the
experiment. This value, which is referred to as the significance
level ex of the test, is commonly set at 0.05 (ex = 0.05). In
practical terms, ex is the fraction of the number of tests that
produces a wrong decision during repeated use. In all three
studies, testing was performed at three significance levels,
namely ex = 0.10, ex = 0.05, and ex = 0.01.
Each repeatability test for the distress survey is performed
by two-sided, one-sample hypothesis testing of the differences
between ratings obtained for a specified test section on subsequent trips. This is achieved by a hypothesis test about the
mean differences between ratings for each 0.1 mi, which may
be formally stated as follows:
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tresses. Each of these pairwise comparisons was analyzed at
the three levels of significance identified earlier.
For each distress and test series, the number of all comparisons that fail the repeatability test (rejection of the null
hypothesis) at a given significance level indicates the overall
validity of the survey procedure for that distress. Tables
7-9 present the results of testing all comparisons for each
distress type. Within each test series, distresses are ranked
by difficulty, which is interpreted as the number of comparisons that failed the repeatability test at a given significance
level. In order to facilitate comparison between test series,
the numbers of such failures are reported as percentages.
The percentage of repeatability failures at ex = 0.10, ex =
0.05, and ex = 0.01 was used as the primary, secondary, and
tertiary ranking key, respectively. Thus, a ranking of 1 indicates the least repeatable (most difficult) distress. For example, Table 7 indicates that in Test Series 1, surface defects
TABLE 7 DIFFICULTY RANKING FOR OVERLAID
PAVEMENT DISTRESSES (TEST SERIES 1 AND 2)
Percent of Failed Comparisons

Test
Series

Distress Ranking

I, Cenu.rline Cmcklng
2. 'LIUlc/Shouldor Displacement
3. Surface Th!fem
4. Edge Crackin~
5, Longitudinal racking
6. Shoulder Defects
7/8 Rutting
7/8 Transverse Cracking

In these expressions, H0 and HA represent the null and
alternative hypotheses, respectively, and µ.d denotes the mean
of the differences between compared ratings . Acceptance or
rejection of the null hypothesis is based on the data statistic
t b,, defined as follows:

1. Centerline Cracking
2. Longitudinal Cracking

0

3. Tran5't'CISe Cnd:ing

4.
5.
6.
7/8.
7/8.

in which d is the mean difference, and S-d is the estimated
standard error of the mean diffen:m.:e. For the given conditions, in which the (independent) differences are considered
as random variables, the expression for the estimated standard
error S-d of the mean difference is

where Sd is the standard deviation of the differences, and n
is the number of observations.
The null hypothesis is rejected (µ.d ~ 0), if ltobsl > ta 12 ,n - 1 ;
and accepted (µ.d = 0), if ltobsl < ta 12 .n_ 1 , where ex is the
significance level, and n is the number of observations. When
a comparison passes the repeatability test (null hypothesis is
accepted), this has the interpretation that, on the average,
the differences between ratings (for the given distress) on the
two trips being compared are not statistically significant. A
comparison that fails the repeatability test (null hypothesis is
rejected) indicates that, on the average, the difference between ratings is nonzero.

at=0.05

0<=0.01

70 0
60.0
50.0
40.0
40.0
40.0
0.0
00

70.0
40.0
40.0
40.0
30.0
20.0

50.0

44.4
22.2
14.8
14,8
II.I
3.7
00
00

40 ,7
14.8
II.I
3.7

o.o
0.0

7.4
3.7
0.0
00

o.o

00
20.0
0.0
0.0

o.o
00

37.0

o.o

0.0
0.0
7.4
00
00

o.o

TABLE 8 DIFFICULTY FOR OVERLAID PAVEMENT
DISTRESSES (TEST SERIES 3)
Test
Series

Percent of failed comparisons

Distress Ranking

1. Longiludinal Cracking
2. Transverse Cracking
3. Centerline Cracking
4. Shoulder Defecls
5/6. Surface Defects
5/6 Rolling
7. Edge Cracking
8. Laoc/Shouldor Displacemenl

<:t=0.10

<:t=0.05

<:t=0.01

58.3
50.0
41.7
41.7
8.3
8.3
8.3
0.0

33.3
50.0
33.3
25 0
8.3
8.3
8.3
00

8.3
41.7
33.3
25.0
8.3
8.3
0.0
0.0

TABLE 9 DIFFICULTY RANKING FOR CONCRETE
PAVEMENT DISTRESSES
Test
Series

Percent or failed comparisons

Distress Ranking

I. Transveue Joint Faulting

2.
3.
4.
5.
6.
7.
8.

Lane/Shoulder Dlsplltllment
Transverse Joinl Sp.Uln3
Lose of Transverse Joint Sealant
Slab Cracking
Shoulder Defocts
Slab Surface Defects
Longitudinal Joint Spalling

I. Longiludi.nal Joinl Spll!Jing

Results

Data analysis from all three test series resulted in a total of
42 comparisons per distress for concrete pavement distresses
and 57 comparisons per distress for overlaid pavement dis-

Shoulder Ddccts
Edge Crlckiog
Surf•ce Defects
Lane/Shoulder Displacement
Ruttmg

0<=0.10

2

2.
3,
4.
5.
6.
7/8.
7/8.

Lane{Shouldcr Dlsploccmcnt
Trao1vru-se Joint Spilling
Slab Craok!ng
Loss or 'l'ranoverse Joint Sealant
Transverse Joint Faulting
Shoulder Defects
Slab Surface Defects

<:t=0 .10

at=0.05

at=0.01

93.3
66.7
66.7
46.7
46.7
40.0
33.3
20.0

93.3
66.7
53.3
46.7
46.7
40.0
26.7
13.3

80.0
66.7
46.7
20.0
13.3
33,3
0.0
6.7

48.1
33.3
22.2
18.5
14.8
11.1
0.0
0.0

25.9
lU
14.8
14.8
3.7
3.7
0.0
0.0

22.2
3.7
3.7
11.1

o.o
o.o

0.0
0.0
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were the third most difficult distress to rate repeatably. In
this case, 50 percent of the comparisons failed the statistical
test for repeatability. Similarly, in Test Series 2, longitudinal
cracking was the second most difficult distress to rate, but
only 22.2 percent of the tested comparisons failed the repeatability test.

DISCUSSION OF RESULTS

The basic notion in the applied repeatability testing is that,
if individuals can duplicate ratings through multiple applications at the same location, then the procedure is precise.
Furthermore, if each rating is also correct (i.e., identical
to the true value), then the procedure is both precise and
objective.
In principle, objectivity evaluation can be also performed
using the ANOVA technique. This technique assumes that
one can control the main factors influencing the magnitudes
of observed distresses; and, furthermore, one can repeat distress observations under identical conditions at specified levels of these (controlled) factors. However, important factors
influencing distress observations cannot be easily controlled.
Thus, use of the ANOVA technique would tend to obscure
information about accuracy.
During all test series, raters were prevented from learning
a section through the use of different pavement test sections
for different tests. The used test sites did not exhibit a complete range of the magnitudes of every distress. Therefore,
in the strictest sense, the conclusions drawn from the study
can only be applied to the pavement test sections; i.e., a given
distress scale either was or was not repeatable on that particular length of pavement. An ideal test site would have
enabled an evaluation of every severity and extent of each
distress. However, external conditions contributing to distress
development (e.g., climate, materials, and traffic) tend to be
uniform over the short distances used in repeatability testing,
and, therefore, the desirable wide range of all distress severities does not commonly develop in small areas. When
choosing test locations, preference was given to those sites
exhibiting a wide range of distresses, but consideration was
also given to operational issues, such as travel time to the
site. Thus, of necessity, applicability of the repeatability results had to be extrapolated to the entire pavement system
from data generated at the chosen sites.
In addition to the variability introduced by individuals and
their interpretations of the distress scales, many other factors
may affect survey repeatability. These include seat position,
rater fatigue, the angle of incidence of sunlight, pavement
dampness, light intensity, and others. In principle, it would
be possible to design repeatability tests to study each of these
factors. However, it is doubtful that such testing would be
justified, because most of these factors fluctuate over some
natural range throughout actual survey application.
In the applied Test Series 1, comparisons were made between all raters on all trips, whereas in Test Series 2, comparisons were made only between each person's ratings and
the true distress magnitudes. In the analysis of data from Test
Series 3 (obtained during actual survey application), comparisons were made between values for each distress produced
by different raters.

The findings of the first series of repeatability tests indicated
that longitudinal joint spalling (concrete pavement) and centerline cracking (overlaid pavement) were by far the most
difficult distresses for the raters to evaluate repeatably. These
two distresses are observed at the same location on the roadway surface.
Following a 3-week training course and testing program,
which culminated in the test results presented as Series 2,
Schultz and Grivas (4) concluded that the NYSTA PMS distr,ess scales could be applied repeatably. The rater trainees
were then graduated from the training program as certified
PMS raters.
Survey speed is a factor influencing data quality. In general,
it is expected to increase (up to a certain limit) as raters
become more experienced. An average maximum speed of 5
to 10 mph appears to be appropriate in order for the developed survey to be reliable. This was validated during the 15
repeatability spot checks categorized as Test Series 3. Table
8 presents results from 12 checks on overlaid pavement. The
results indicate that the raters were somewhat less repeatable
during field application than they were during training. Specifically, longitudinal cracking, transverse cracking, and
shoulder defects were found to be less repeatable during
the system survey than during training. This is attributed to
the higher speed used during the system survey, and indicates
the need for increased control of field operations.

SUMMARY AND CONCLUSIONS

A methodology was presented for determining severity and
extent of 14 surface distresses on asphalt and portland cement
concrete pavements. It included distress scale formulation and
operational procedures followed in conducting the survey.
The reliability of the distress survey was evaluated in three
series of repeatability tests. Obtained data were analyzed using appropriate statistical techniques, and the results were
presented and discussed.
·
The developed distress survey was applied on the entire
thruway pavement network for the first time in 1989. The
generated experience and results from additional sample tests
of repeatability have led to enhancements in both the reliability and the operation of the survey.
On the basis of the methodology and results presented in
this study, the following conclusions can be drawn:
• The implemented distress survey is a viable technique to
monitor distresses on thruway pavements.
• The utilized distress scales and survey procedure provide
the quantity and quality of data needed for pavement management purposes.
•The applied statistical technique (paired t test) can be
used to evaluate the repeatability of both distress scales and
raters at different stages in the survey development and
application.
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Rational Approach to Cross-Profile and
Rut Depth Analysis
WADEL. GRAMLING, ]OHN

E.

HUNT, AND GEORGES. SUZUKI

Procedures for obtaining transverse profiles and rut depths on
highway pavements are described. This information can be obtained using automated equipment and procedures presently
available without disrupting traffic. Results of one of these procedures (which has been used to evaluate rutting on the Strategic
Highway Research Program's long-term pavement performance
studies sites) is compared with results of the straight edge and
dipstick methods. Comparisons and information on the speed,
accuracy, and safety of the survey are provided. The benefits
of cross profiles versus other rutting measurements are also
discussed.
Since the early days of wheeled travel, rutting of traveled
ways has been a cause for concern and probably was a major
reason for some of the first pavements to be placed.
Dictionaries define a rut as a .furrow or a groove in which
something runs, such as a wheel. A furrow is, in turn, defined
as a marked, narrow depression. Pavement-related textbooks
refer to rutting as a permanent deformation or surface distortion.
Ruts are usually associated with wheel paths; however, in
practice, pavements respond in variable combinations of consolidation and displacement. Rutting usually stems from permanent deformations in any or all of the pavement layers or
subgrade, usually caused by consolidation or lateral movement of the materials because of traffic loads. Rutting may
also be the result of plastic movement in the mix in hot weather,
inadequate compaction during construction, or abrasion and
raveling caused by tire wear. Because of the nature of rut
development, a transverse profile is needed to get a true
measure of the location and severity of the worst rutting. From
the transverse profile, an estimate of the actual rutting mechanism that is useful in selecting corrective actions can be made.
Today, pavement designers generally indicate a typical
pavement cross section by a straight transverse profile having
a uniform grade across each lane. Sometimes parabolic sections have been used, but in either case the intent is to have
a smooth transverse profile across the lane.
Depending on construction procedures, there may be some
variations built into the surface even before traffic begins.
Most specifications for pavement construction include longitudinal surface tolerances, but transverse tolerances may
not be included.
The development of rutting begins with the introduction of
traffic, especially truck traffic. Today's traffic stream contains
an ever-increasing volume of trucks, which are becoming heavier
and heavier. These trucks are riding on modern tires with
advanced-structure sidewall designs, which operate at higher
and higher inflation pressures. The increasing number and
PASCO USA, Inc., 4913 Gettysburg Road, Mechanicsburg, Pa. 17055.

size of trucks, changes in tire design, increased tire inflation
pressures, and possible changes in the quality of asphaltic
cement used in flexible pavements, have combined to create
serious rutting concerns in areas that have seldom, if ever,
had rutting problems. These changes have brought renewed
interest in and concern with pavement rutting.
Rutting was first seriously recognized as a concern of highway engineers at the AASHO Road Test in 1956 to 1960,
when it was identified as having an impact on the performance
of highway pavements. Rutting was found to be of such importance that it was included as one of the terms in the serviceability equation for flexible pavements. In establishing the
performance equation, rutting measurements from 50 pavements in three states were used. The average rutting for the
50 sections was 0.12 in., with ranges of 0 to 0.34-in. mean rut
depth for each of the sections (1).
Rutting is of concern to the highway community for the
following reasons:
• Safety. Ruts can contribute to steering difficulties and
erratic movement. Ruts interfere with surface drainage and
when filled with water during rain, they affect vehicle stability
and can contribute to reduced friction or hydroplaning.
• Rehabilitation. The type of rutting observed on the transverse profile can provide information helpful in selecting rehabilitation methods. If rutting appears to be mostly consolidation and shear, then added structural strength might be
needed and a heavier overlay used. If rutting appears to be
primarily from lateral distortion, then rehabilitation by milling
or leveling, with a new wearing course, or by recycling the
surface might be selected.
• Serviceability. Rut depths are factors in establishing the
public acceptance of pavements and in calculating the present
serviceability index.
Rutting is widely known as a process in pavement deterioration and ruts are commonly referred to in pavement-related
discussions. However, there is little uniformity in the method
in which ruts are measured, or the acknowledged degrees of
rutting that are meaningful.
In measuring transverse profiles or rut depths, a number
of decisions need to be made in which the uses planned for
the data should be taken into consideration. More detailed
measurements are justified in evaluating pavement conditions
for a research project than in evaluating pavement conditions
for input into a pavement management system.
Decisions have to be made in selecting the type of measuring procedure or system, the longitudinal interval for obtaining transverse profile or rut depth measurements, the in-
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terval for transverse profile measurements, and the method
by which the measurements are to be analyzed and reported.

HOW TO OBTAIN MEASUREMENTS

Over the years, both static and dynamic methods have been
used to measure transverse profile and rut depth. The static
procedures include such means as stringlines, straight edges,
and profiling devices. The static methods share some common
problems including slow measurement rate, traffic control requirements, and exposure of the operators to safety
hazards.
The dynamic procedures include automated systems that
use either sensors or photographic means to record the necessary information. The dynamic systems have high measurement rates, require no traffic controls, operate safely in traffic,
and can collect more complete data than the static procedures.

quires great care in execution to be accurate, requires extensive traffic control, and exposes the operators to extreme
hazard.
Straight Edge Method
This method involves placing a straight wooden or metal beam
across the lane and measuring the distance between the pavement surface and the beam at regular intervals. The beam
should be somewhat longer than the lane width and should
typically have adjustable legs at each end to level the beam.
Measurements are typically taken at 1-ft intervals, but other
intervals can be used. Commercially available devices based
on this method take and record continuous measurements or
profiles along a straight edge. Although the straight edge
method is an acceptable method for obtaining transverse profile and rut depth, it is still limited in that the procedure is
slow, requires careful operation, requires extensive traffic
control, and exposes the operators to hazardous situations.

Static Procedures

Short Straight Edge Method

Tripod Method
This method uses a three-legged device to measure rut depth.
Two of the legs are opened to a width of 4 ft and placed on
the pavement's surface in such a manner as to straddle the
observed location of maximum rut depth. This method measures only the rut depth of wheel paths, is slow, requires
extensive traffic control, is extremely hazardous to the persons
performing the measurements, and does not consider the fact
that sometimes the center of the road may also be lower or
higher than the edges. Indeed, the measurements are only as
accurate as the person's care and judgment in selecting the
location of the measurement. Figure 1 shows an example of
how this method could record an erroneous rut depth.

Falling somewhere between the tripod and straight edge methods, this method uses straight wooden or metal beams usually
4 to 6 ft in length to collect measurements usually over each
half-lane. This method typically requires a measurement at
the maximum depth point, but other intervals may be used.
When the shorter beams are used, the method does not consider the fact that sometimes the center of the road is higher
or lower than the edge of the road. The shorter straight edges
can also be too short to span the high points defining the rut
profile. In general, this method is slow, requires extensive
traffic control, and is extremely hazardous to the persons
performing the measurements. Indeed, the measurements are
only as accurate as the person's care and judgment in making
them.

Stringline Method
This method involves stretching a piece of mason's cord across
the lane and measuring the difference in elevation between
the stringline and the pavement's surface. The stringline can
be either held on the pavement's surface, at the lane edges,
or it can be held level at some height above the pavement's
surface. Measurements are typically taken at 1-ft intervals,
but other intervals can be used. Although the stringline method
is acceptable for measuring transverse profile and rut depth,
it is still limited in that the procedure is extremely slow, re-

TRIPOD

Dipstick Method
This method uses a precise electronic level and profiler instrument (dipstick) to measure transverse profile. The dipstick uses a pendulum device to measure the difference in
elevation between its legs. The two legs are adjustable in
2-in. increments up to 1 ft apart. By walking the dipstick across
the pavement lane, a series of sequential readings is recorded,
usually at 1-ft intervals, which allows the collection of adequate data to enable the plotting of a transverse profile and
determination of rut depth from the profile. This method
requires extensive traffic control, has the possibility of missing
the point of maximum rut depth (when the 1-ft measuring interval is used), and exposes the operator to hazardous
situations.
Dynamic Procedures

Automatic Sensor Systems
MEASURED RUT

FIGURE 1 Erroneous rut
measurement with tripod.

These systems use either ultrasonic or laser sensors to take
and record measurements from 3 to 13 or more times across
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the width of the lane. Commercially available systems use a
variety of sensors. The systems that use fewer sensors can
only give an indication of whether rutting is present, because
there are not enough points across the lane to develop a
transverse profile. The systems that use 12 or more sensors
can measure transverse profiles, similar to the straight edge
method, provided that the sensors cover the full lane width.
Unlike the static procedures, these systems, which operate
on a moving vehicle, do not require traffic control.
The output from the sensors, which sample longitudinally
at intervals of several inches, is usually analyzed and reported
as an average rut depth over some distance, typically 0.1 mi.
These systems are also limited in that to cover the full width
of lane, wings containing the sensors are attached to the rut
bars. The wings extend across the lane to the shoulder, thus
creating some interference with traffic. In the systems with
fewer sensors, the accuracy of the rut depth measurements
depends on how well the driver stays in the actual wheel path.

35-mm Photography Systems
These systems project a line onto, and across, the pavement's
surface. The line, which assumes the pavement's transverse
profile, is then photographed from directly overhead. Using
the film record of the transverse profile, selected coordinates
along the line can be analyzed by a computer that simulates
the stretching of a wire from the high points of the transverse
profile. Rutting is determined by analyzing the difference in
elevation (perpendicular to the wire) between the surface of
the pavement and the wire. This method is commonly referred
to as the "wire method" of analysis. The Strategic Highway
Research Program (SHRP) uses one of the commercially
available systems that uses this method for analyzing the rutting present in SHRP's long-term pavement performance
(LTPP) study sites. The photographic systems have a number
of advantages over the other systems in that they provide
permanent records of the transverse profiles on the days of
the survey, they record 15-ft transverse profiles without encroaching on either the adjacent lane or the shoulder, and
they operate only at night, which minimizes interference with
the traveling public. Additional information is also contained
in the profiles, such as lane-shoulder dropoff and conditions.

TRANSVERSE PROFILES VERSUS OTHER
RUTTING MEASUREMENTS
Transverse profiles can provide the shape, depth, and lateral
location of longitudinal pavement deformations. This information can be used in determining the causes of the deformations and in determining quantities of the leveling, milling,
or grinding required to correct the deformations. In addition,
transverse profiles can be used to determine the potential for
water to accumulate on the pavement during rain that could
lead to hydroplaning. Sequential transverse profiles can also
be used to help determine the extent of the deformations.
Single-measurement rut depths can only indicate whether
rutting is present. They provide no information as to the shape
of the deformation, the lateral location of the maximum rut,
nor, in some cases, the maximum rut depth.

COMPARISON OF TRANSVERSE PROFILE
MEASUREMENT METHODS
Since January 1989, the wire method used in the LTPP project
has been compared to two of the accepted static methods of
measuring transverse profile. In the following subsections, the
wire method is compared with the straight edge and dipstick
methods. The test using the straight edge method was a planned
test, whereas the test using the dipstick method was an incidental opportunity.

Wire Method Versus Straight Edge Method
In January and February of 1989, PASCO USA, Inc., with
the assistance of the New Jersey Department of Transportation (NJDOT) and SHRP, conducted a series of measurements on SHRP Site 341003 (2). This site is located on Traffic
Route 15 about 10 mi north of Interstate 80.
While NJDOT provided traffic control, the locations for
transverse profile measurements were marked.
Rut depth measurements were made at each location using
a steel scale held vertically from a horizontal wire attached
to an aluminum I-beam with adjustable supports. Measurements were made at 1-ft intervals beginning at the inside edge
of the right paint stripe of the right lane.
Three sets of measurements, reading to V32 in., were taken
at each 100-ft station. In order to verify the repeatability of
the straight edge method, a second setup was made and three
additional sets of measurements were taken at Station Marker
5. Repeated measurements were found to be within V16 in.
Three passes were made over the test site with a survey
vehicle equipped with a photographic system for recording
transverse profile (RoadRecon-75). The 35-mm film frames
were digitized and the maximum rut depths computed using
the wire method.
Table 1 presents a comparison of the straight edge measurements with the measurements from the survey vehicle. Table
1 indicates that the rut depths determined from 35-mm film
taken with the survey vehicle are comparable with those obtained using the straight edge method.
Table 2 presents the effects of variations in the longitudinal
interval of transverse profiles. For network level data, transverse profiles can be taken and analyzed at up to 500-ft intervals without significant effects on condition data results.
The uniform variation between the digitized data from the
survey vehicle and the calculated rut depths from the measured straight edge values occurs as a result of the smoothing

TABLE 1 RUT DEPTHS-COMPARISON OF UNIT 1 WITH
STRAIGHT EDGE (mm)
RoadRecon-75

Straight Edge
Station
Mark

Left Wheel
Path

Right Wheel
Path

Left Wheel
Path

Right Wheel
Path

0
1
2
3
4
5

13
13
14
15
15
16

17
13
17
22
18
20

17
16
19
18
18
18

21
17
19
25
22
23
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TABLE 2 EFFECT OF LONGITUDINAL INTERVAL ON MAXIMUM RUT
DEPTH VARIABILITY (mm) USING STRAIGHT EDGE MEASUREMENTS
AND WIRE METHOD OF ANALYSIS
Left Wheel Path
Interval
Average of six stations
(Within ± 5 ft)
Within 50 ft (10-ft
interval)
Within 100 ft (20-ft
interval)

High

Low

Average

High

Low

Average

17

12

14.4

23

12

17.9

21

16

18.3

22

18

20.3

20

15

17.7

22

17

19.2

process in the digitized solution versus the incremented solution in the calculations from measured values.
Overall, the comparison of the wire method and the straight
edge method indicates that these methods are comparable
and that either one could be used to obtain transverse profiles.

Wire Method Versus Dipstick Method

In an effort to assess the feasibility of using the dipstick method
on SHRP project sites when the photographic survey vehicles
were not available, an unplanned comparison of the two methods was performed in Vermont (3,4).
In this comparison, profile measurements were performed
on five SHRP sites in Vermont. These sites are located on
U.S. Routes 2 and 7. The survey vehicle transverse profile
measurements were taken on the night of August 9, 1989.
The dipstick measurements were performed by Vermont
Agency of Transportation personnel on the days of August
4, November 1, and November 17, 1989.
The survey vehicle transverse profile measurements were
collected at 50-ft intervals at 30 mph, in accordance with
standard SHRP procedures. The profiles were then analyzed

(mm)
7o .

501002
08/04/89
01/10/90

SECTION
DATE SURVEYED
DATE DIGITIZED

Right Wheel Path

using the wire method and standard software to determine
transverse profile and rut depth.
The dipstick transverse profile measurements were collected manually at 100-ft intervals. The measurements at each
trnnsverse pmfile loc.lltion were tiiken from the outside edge
to the inside (centerline) of the pavement. These measurements consisted of elevations taken at 1-ft intervals with the
first reading being set to zero, and the following readings
taken relative to it. These measurements provide a direct
measure of the pavement cross slope as well as transverse
profile.
The dipstick readings were provided to SHRP by the Vermont Agency of Transportation and were used in this comparison. The readings were converted to millimeters, adjusted
to remove the cross slope, and transposed to correspond to
the order in which the survey system measurements were
analyzed. The adjusted readings were then placed in computer
datafiles identical to the files generated when the survey system films are digitized. The files were then analyzed using
standard analysis software. Figure 2 is a typical plot of a
transverse profile created using the adjusted dipstick measurements. Figure 3 is a typical plot of a transverse profile produced from the survey systems measurements.
STATION
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FIGURE 2 Typical plot of transverse profile with dipstick.
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FIGURE 3

Typical plot of transverse profile with RoadRecon-75.

The points of maximum rut generated by both methods
were compared for both magnitude and location. These comparisons were made in each wheel path at each 100-ft station.
Table 3 presents the comparison of maximum rut magnitude
and Table 4 presents the comparison of maximum rut location.
As presented in Table 3, the longitudinal placement of the
transverse profile measurements varied by as much as 4 ft at
any station between these methods. Yet, even with this difference in location, and the fact that the dipstick only takes
measurements every foot, the average difference in magnitude for the maximum rut of all the profiles was only 0.5 mm.
This difference was arrived at by subtracting the rut magnitude
of the dipstick from the rut magnitude of the RoadRecon-75
for each profile and dividing by the total number of profiles.
Overall, the range on the rut depths was ± 3 mm ( = ± Ys in.)
and the standard deviation was 1.3 mm.
In Table 4, the average difference in lateral location of the
maximum rut was 3 mm (0.01 ft). However, the range and
standard deviation of the lateral location was much larger
than that of the rut magnitude. The difference in lateral location ranged from 1033 mm (3.39 ft) to - 646 mm ( = -2.12
ft) with a standard deviation of220 mm (0.72 ft). Considering
the difference in longitudinal location and measuring interval,
this is considered to be good correlation.

TABLE 3 COMPARISON OF MAXIMUM RUT
MAGNITUDES FOR SURVEY VEHICLE VERSUS DIPSTICK
Survey Vehicle

Dipstick

Rut Depth
Station

(mm)

Station

Rut Depth

Difference

(mm)

(mm)

11
9
9
11
13

-1
1
1

10
10

-2

Section 501681, Left Wheel Path

0+04
1+02
2+00
3+01
5+01

10
10
10

11
13

o+oo
1+00
2+00
3+00
5+00

0
0

Section 501681, Right Wheel Path

0+04
1 +02
2+00
3+01
5+01

8
10

9
12
10

0+00
1+00
2+00
3+00
5+00

10

0
0
2

11

-1

9

Section 501682, Left Wheel Path

0+04
1+02
2+02
3+02
4+02
5+01

5
5
3
6
5

4

o+oo
1+00
2+00
3+00
4+00
5+00

4
3

1

3
4

2
1
3
2
0

5
5

- 1
0

5
6
4

0

5

- 2

2

3

Section 501682, Right Wheel Path

CONCLUSIONS
Transverse profile and rut depth evaluations continue to be
of great and growing importance to the highway industry.
With the growing number of both static and dynamic methods
to measure transverse profile and rut depth, the need for a
standardized method of measurement and reporting is of increasing importance. The use of the wire method of analysis
provides the highway industry with a method that can be used

0+04
1+02
2+02
3+02
4+02
5+01

4
5
3
6
6
3

o+oo
1+00
2+00
3+00
4+00
5+00

0
2

TABLE 3 (continued on next page)
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TABLE 4 COMPARISON OF MAXIMUM RUT LOCATIONS
FOR SURVEY VEHICLE VERSUS DIPSTICK

TABLE 3 (continued)
Survey Vehicle

Dipstick

Rut Depth
Station

(mm)

Station

Survey Vehicle
Rut Depth
(mm)

Difference

0+01
1 +01
2+02
3+03
4+02
5+02

20
17
15
21
24
17

o+oo
1 +00
2+00
3+00
4+00
5+00

Station
21
17
14
21
24
16

- 1
0
1
0
0
1

18
16
10
13
23
14

1
- 1
- 1
2
0
- 1

Section 501683, Right Wheel Path
0+01
1+01
2+02
3 +03
4+02
5+02

19
15
9
15
23
15

o+oo
1+00
2+00
3+00
4+00
5+00

8
10
8
8
7
9

0 + 00
1 + 00
2 + 00
3 + 00
4+00
5 + 00

7
8
4
5
5
7

0+00
1+00
2+00
3+00
3+00
5+00

7
8
7
6
6
8

1
2
1
2
1
1

6
5
5
5
5
5

o+oo
1+00
2+00
3+00
4+00
5+00

5
6
4
8
8
5

2
2
0
- 3
-3
2

4
3
3
4
4
3

0+00
1+00
2+00
3+00
4+00
5+00

(mm)

1219
1219
1524
1219
1219

-53
90
-249
24
-76

3048
3048
3048
3048
3048

-147
-148
-191
-92
-176

1220
915
1220
1220
1220
915

-243
239
30
-41
-130
41

2774
2439
2439
2744
2744
2439

-230
432
260
11
-83
279

917
1222
1222
916
915
915

355
-154
-188
76
-70
-13

2748
2748
2748
2747
2745
2744

264
181
-129
114
-146
-118

914
1219
1219
1219
1220
1220

91
-18
30
-224
-84
-4

2743
2743
2743
2744
2744
2744

-156
-94
-65
-23
-11
-105

Section 501681, Left Wheel Path
0+04
1+02
2+00
3+01
5+01

1166
1309
1275
1243
1153

0+00
1+00
2+00
3+00
5+00

0+04
1+02
2 + 00
3+01
5+01

2901

2900
2857
2956
2P.7?.

0+00
1+00
2 + 00
3+00

5+00

0+04
1+02
2+02
3+02
4+02
5+01

977
1154
1250
1179
1090
956

0 + 00
1+00
2+ 00
3 + 00
4 + 00
5 + 00

0+04
1 +02
2+02
3+02
4+02
5+01

2544
2871
2699
2755
2661
2718

0+00
1+00
2+00
3+00
4+00
5+00

Section 501683, Left Wheel Path
5
3
4
4
4
5

1
0

0+01
1 +01
2+02
3+03
4+02
5+02

- 1
1
- 1
2
1
2

0+01
1 +01
2+02
3+03
4+02
5+02

1
2
1
l

1272
1068
1034
992
845
902

0+00
1+00
2+00
3 + 00
4+00
5+00

Section 501683, Right Wheel Path

Section 501004, Right Wheel Path
0+03
1 +03
2+03
3+00
4+00
5+01

Difference

(mm)

Section 501682, Right Wheel Path

Section 501004, Left Wheel Path
0+03
1 +03
2+03
3+00
4+00
5+01

Station

Section 501681, Left Wheel Path

Section 501002, Right Wheel Path
0+02
1+01
2+01
3+00
3+98
4+98

(mm)

Rut
Location

Section 501681, Right Wheel Path

Section 501002, Left Wheel Path
0+02
I +01
2+01
3+00
3+98
4+98

Rut
Location

(mm)

Section 501683, Left Wheel Path

Dipstick

5
2
4
2
3
1

Rut Magnitude Difference Statistics: maximum = 3 mm ; minimum =
-3 mm ; average = 0.5 mm; and standard deviation = 1.3 mm .
for both static and dynamic survey methods, enabling the
exchange and comparison of similar information. The use of
this method by SHRP for obtaining transverse profile and rut
depth data for their LTPP sites has been the first step towards
some uniformity for transverse profile and rut depth analysis.

RECOMMENDATIONS
Because the wire method of analysis can be used both with
manual and with automated survey techniques, and because
it is used by SHRP on the LTPP sites, it is believed that the
various highway agencies should strive towards adoption of
the wire method as a standard for analysis of transverse profile
and rut depth.

3012
2929
2619
2861
2602
2626

0+00
1+00
2+00
3+00
4+00
5+00

Section 501002, Left Wheel Path
0+02
l +01
2+01
3+00
3+98
4+98

1005
1201
1249
995
1136
1216

0+00
1+00
2+00
3+00
4+00
5+00

Section 501002, Right Wheel Path
0+02
I +01
2+01
3+00
3+98
4 + 98

2587
2649
2678
2721
2733
2639

0+00
1+00
2+00
3+00
3+98
4+98

TABLE 4 (continued on next page)

Gramling et al.
TABLE 4

(continued)

Survey Vehicle

Station
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Rut
Location
(mm)

REFERENCES
Dipstick

Station

Rut
Location
(mm)

Difference
(mm)

Section 501004, Left Wheel Path
0+03
1+03
2+03
3+00
4+00
5+01

885
968
894
1088
966
906

o+oo
1+00
2+00
3+00
4+00
5+00

914
914
914
914
914
914

-29
54
-20
174
52
-8

2438
2743
2438
2134
2743
2438

25
-647
1033
250
99
84

1. Special Report 61 E: The AASHO Road Test. Report 5, Pavement
Research, HRB, National Research Council, Washington, D.C.,
1962.
2. Operational Characteristics of PASCO USA ROADRECON Units.
Supplemental Report, PASCO USA, Inc., Mechanicsburg, Pa.,
1989.
3. Comparison of Rut Depths from Dipstick and PASCO Transverse
Profile Measurements. Technical Memorandum EC-42, Texas Research and Development Foundation, Riverdale, Md., 1990.
4. Comparison of Vermont Dipstick Transverse Profiles and PASCO
USA RoadRecon-75 System. PASCO USA, Inc., Mechanicsburg,
Pa., 1990.

Section 501004, Right Wheel Path
0+03
1+03
2+03
3+00
4+00
5+01

2463
2096
3471
2384
2842
2522

o+oo
1+00
2+00
3+00
4+00
5+00

Rut Location Difference Statistics: maximum = 1033 mm; minimum
-647 mm; average = 3 mm; and standard deviation = 220 mm.

=

Publication of this paper sponsored by Committee on Pavement Monitoring, Evaluation, and Data Storage.
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Using Strip Films To Record Pavement
Distress in the Strategic Highway
Research Program: Long-Term Pavement
Performance Study
HERNAN DE SOLMINIHAC AND HARVEY ROPER
The system recommended by the researchers to the Long-Term
Pavement Performance (LTPP) studies of the Strategic Highway
Research Program for the collection and storage of surface distress data is described. Specifically, the distress acquisition system, film interpretation system, quality assurance plan, certification procedure for Pavement Distress Analysis System operators,
and, finally, how the system benefits the LTPP study are described. There are several advantages to using this system: it is
semiautomatic and provides a permanent record of the pavement
surface; in addition, work is performed exclusively at night, ensuring that there will be a minimum of traffic interference. Films
provide additional information for the LTPP studies; that is, a
complete picture of each site is available at the office. Such a
capability allows the engineers not only to analyze pavement
distress, but to perform quality control of the test sites as well
(e.g., inspecting the locations of the weigh-in-motion and automatic vehicle counters sites). In addition, this information can be
used later to interpret the data analysis output. Although the
system is limited in some respects, these limitations can be overcome through operator experience and use of supplemental information available from the site.
The Strategic Highway Research Program (SHRP) was initiated in 1987 in an attempt to stem the rapid deterioration
of pavements nationwide. The Long-Term Pavement Performance (LTPP) studies, in turn, evolved out of SHRP as its
primary pavement research program. In establishing the LTPP,
researchers hoped to develop the tools needed to increase
pavement performance and service life. The specific objectives of LTPP included
• Evaluation of existing design methods;
• Development of improved strategies and design procedures for rehabilitation of existing pavements;
• Development of improved design equations for new and
reconstructed pavements;
• Determination of the effects of loading, environment,
material properties and variability, construction quality, and
maintenance levels on pavement distress and performance;
and
• Establishment of an international long-term pavement
database to support current and future needs.

H. de Solminihac, Center for Trnnsportation Research, University

of Texas at Austin, Austin, Tex. 78712. H. Roper, Texas Research
and Development Foundation, 2602 Dellana Lane, Austin, Tex. 78746.

Two sets of pavement are currently under investigation by
the LTPP program. The first set consists of nearly 800 existing
pavement sections to be evaluated for the General Pavement
Studies (GPS); the second set, the Specific Pavement Studies
(SPS), will provide comparisons that isolate the effects of
certain factors .
Data will be collected from these experimental sites for 20
years. The data collected through these studies will make up
the National Pavement Performance Database (NPPDB), to
be located at TRB. The data for each section will be grouped
within seven modules: (a) environmental; (b) inventory;
(c) laboratory materials testing; (d) maintenance; (e) monitoring of deflection, surface distress, profile, rut depth, and
skid resistance; (f) traffic; and (g) rehabilitation. Periodically, the data collected will be analyzed to ensure that the
goals of the LTPP studies are realized. The first strategic
analysis of the data contained in the NPPDB is the objective
of the contract on data analysis (J).
Although almost all of the SHRP-LTPP research undertaken to date has been directed toward the creation of the
NPPDB, this data base is only meant to satisfy the LTPP
design-related objectives. The end products of the data analysis contract will be the first that are aimed specifically at the
major objectives cited, and the first that will employ the NPPDB
for its intended purpose. The main tasks of the research will
include (a) sensitivity analysis of explanatory variables in the
NPPDB, (b) calibration of the AASHTO design equations,
(c) development of pavement rehabilitation strategies, and
(d) development of future T.TPP data analysis plans.
An important area within the NPPDB is the information
relating to surface distress. To collect this information, SHRP
uses a pavement distress data acquisition system developed
by PASCO USA, Inc. This system had several advantages:
it is highly automatic and is capable of producing a permanent
record of the pavement surface (including rut depth information); in addition, because it is exclusively for night operation (working at a speed of 50 mph), traffic interference
is kept to a minimum.
The main objective is to present the main components of
the PASCO USA data acquisition system recommended by
the researchers to SHRP for their collection and storage of
distress data. Specifically, the distress acquisition system, film
interpretation system, certification procedures for the interpretation system operators, and, finally, the important advantages-and limitations-of the system, are described.
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DESCRIPTION OF THE DISTRESS ACQUISITION
SYSTEM (2)
Distress Acquisition System Vehicle

The distress acquisition system vehicle-properly termed the
Roadrecon pavement photographing system vehicle-was developed by PASCO Corporation of Japan in 1970 (see Figure
1). While traveling at speeds of 5 to 55 mph, this van (weighing
nearly 5 tons and running on diesel fuel) takes continuous
photographs for distress information, and pulsed photographs
for rut depth surveys. Two components of the system-the
RR- 70 and RR- 75 subsystems-perform these photographic functions.
Roadrecon-70 (RR-70)

Designed exclusively for night operation, the RR- 70 system
consists of a 35-mm slit camera, lighting equipment, a power
source, and a remote control device-all mounted on a bussized cargo van (see Figure 2). The camera is installed at a
height of 10 ft perpendicularly facing the road surface. The
lighting equipment is mounted in a position in geometric relation to the camera. The photographing scale is 1:200.
The RR- 70 camera takes continuous photographs with
constant exposures, synchronizing the film speed and light
intensity to the traveling speed of the van by means of signals
generated from sensors on the wheels of the van. The rated
error of the synchronized film speed and light intensity is less
than 1 percent.
The RR- 70 is capable of photographing distresses at speeds
ranging from 10 to 60 mph. The film magazine used for the
camera has a capacity of 1,000 ft of film, yielding approximately 36 mi of road surface that can be continuously photographed before reloading of the film magazine is required.
A two-person crew is required: one to operate the camera
system, the other to drive the vehicle.

s11-,

Iris Lons -

~

,'------@)
FIGURE 2 ROADRECON-70 for condition survey (3).

a 35-mm pulse camera, a hairline projector, lighting equipment, a power source, and a remote control device (Figure
3). The hairline projector is installed over the bumper of the
vehicle at an angle of 26 degrees 33 min to the road surface;
the camera is mounted at a height of 10 ft from the ground
perpendicular to the road surface. The lighting equipment is
mounted in a position in geometric relation to the camera.
The photographic scale is 1:200.
The RR- 75 camera automatically photographs at 50-ft intervals by synchronizing both the camera shutter and the flashing of the hairline projector with the speed of the vehicle.
The film speed and flashing of the hairline projector are synchronized by signals generated from trip meters that receive
signals from sensors mounted on the wheels of the van.
The RR- 75 is capable of photographing distresses at speeds
ranging from 10 to 60 mph. The film magazine used for the
camera has a capacity of 400 ft of film, yielding approximately
60 mi of road surface that can be photographed at 50-ft intervals before reloading of the film magazine is required. Two
persons are required to operate the camera system and drive
the vehicle.

Roadrecon-75 (RR- 75)

DESCRIPTION OF THE FILM INTERPRETATION
SYSTEM

The RR-75 system is also designed for night operation. The
system, again mounted on a bus-sized cargo van, consists of

The film interpretation equipment developed by PASCO USA,
Inc., makes up the Pavement Distress Analysis System

·=

=
FIGURE 1 ROADRECON vehicle (3).
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1,___-1.@
Hair Line Projector

FIGURE 3 ROADRECON-75 for rutting survey (3).
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FIGURE 4 Main components of PADIAS

(PADIAS). The PADIAS, shown in Figure 4, is a set of
applications designed to control the interpretation of pavement distresses from a 35-mm strip of film. The hardware
consists of an IBM-compatible 386 computer, a film motion
analyzer (FMA) for interpretation of 35-mm films, and a printer
for preparing the reports.
A flow diagram of the distress interpretation procedure is
shown in Figure 5 (5) . After receipt of the film from PASCO,
the PASCO operator will complete a film quality review of
the film to establish whether or not the film processing is
satisfactory. During this acceptance review, the PAD IAS operator will observe the general condition (severity of distress
or rutting) of the section on the basis of the distress and rut
depth films. After completion of the film review, the operator
will then complete the corresponding film logs. Any irregularities in the pavement test sections noted during the review
of the film will be brought to the attention of administrative
personnel for resolution. The film logs are then forwarded to
SHRP and the four SHRP regional engineers.
After the film acceptance review is completed, the distress
interpretation process can begin . A nomination data base is
queried for the section under active distress interpretation to
provide pertinent information on pavement type, lane width,
underlying layers, etc. The GPS section site verification videos
and PASCO USA rut depth films are reviewed, as needed,
to enhance the interpretive process. On completion of the
interpretation process, the operator then generates reports
summarizing the distresses found in the section. These reports
are then forwarded to the initial PADIAS quality control
review team for needed quality control checks of the interpretation. The selection procedure for these initial checks will
be based on PADIAS operator comments concerning difficulty in interpretation , distress report complexity or anomalies, film condition , and clarity. Aside from those sections
selected for initial checks, a minimum of 10 percent of the
interpreted film (or 1 in 10) should be reviewed by the quality
control (QC) review team using a random selection procedure. If any discrepancies are noted by the quality control
team, the section shall be re-reviewed by the principal PAD IAS
operator to resolve such discrepancies in interpretation. If
there are significant discrepancies observed in the random
reviews or subsequent mandated review , then an increasingly
higher percentage of the interpretation film (e.g., 20 or 30)
should be reviewed by the initial PADIAS quality control
review team.
After the quality control review has been completed, the
processed data are then forwarded to the Regional Coordi-

.11

(4).

nation Office Contractor (RCOC). The RCOCs will then implement their own quality control review of the film and distress reports. If any discrepancies are noted, the RCOC and
PADIAS teams will review the section and mutually resolve
any discrepancies. When this regional quality control review
process is completed, the distress data can then be entered
in the Regional Information Management System (RIMS) .

Steps Before Film Interpretation (4)

The following four steps must be completed before the film
interpretation can begin:
Step 1-0perator Certification. For reliable results , the
PADIAS operator must be certified to interpret PASCO films,
according to criteria provided by de Solminihac (6) and Gibson and Hadley (7) .
Step 2-Film Acceptance. Once the film processing for
each state is completed, PASCO forwards the film of all sites
within that state. The PADIAS operator reviews the distress
and rut depth film to establish the quality of the film as outlined by Roper and Hadley (5) and de Solminihac (8) .
Step 3-Equipment Calibration. If the equipment has been
moved or if 6 months have passed since the last calibration,
then a new calibration should be performed. The equipment
calibration includes two activities: mirror alignment and FMA
calibration (9).
Step 4- Film Threading. The film should be threaded into
the FMA projector (8) .

Description of the Software Used for Film
Interpretation (9)

The PADIAS distress interpretation program's main function
is to interpret and record pavement distresses within a test
section from the 35-mm RR- 70 film using the FMA. This is
accomplished by displaying the road surface one frame at a
time, and using the FMA screen pointer (cursor) to designate
and record distresses, and then to proceed to the next film
frame . A frame is a 12- by 12-ft area , and normally a 500-ft
section has 41 frames. Within the program there are three
main menus to perform the needed functions . These include
the entry menu (used for entering distresses), the edit menu
(used for reviewing and changing existing distresses), and the

de Solminihac and Roper
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Review Film Quality

Fill Out Film Logs
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Send Data to
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FIGURE 5 Distress interpretation procedure (5).

frame control menu (used for frame advancing, reversing, and
other miscellaneous functions). The program will format the
monitor into the following five areas (Figure 6):
1.
2.
3.
4.
5.

Header information from the control section (top),
Grid cell area (middle left),
Work area (middle right),
Status line (second window from bottom), and
Bar menu line (bottom window).

AREA I : HEADER INFORMATION

Film Interpretation

Figure 7 shows a flow chart illustrating the film interpretation
procedure. After the header file is completed, the DISTRESS
INTERPRET function is selected from the system menu.
However, before the actual interpretation is started, the road
width must be defined by answering two program questions,
indicating in the FMA (using the mouse) the lower left and
the upper right portion of the displayed road surface. After
this alignment is defined, the starting point must be indicated.
This starting point corresponds to the starting mark of the
LTPP section (9).
Then the actual film interpretation can begin. For this activity, the operator may use the Distress Identification Manual

AREA2:
GRID CELL AREA

AREA3:
WORK AREA

AREA 4 : STATUS LINE
AREA 5 : BAR MENU LINE

FIGURE 6 The five main working areas of the monitor
displayed when the distress interpret option is selected (4).
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SElECT "DISTRESS
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SELECT DISTRESS "I"
OF FRAME ··

j

i=l+1

=j

+1

DO THE ALIGNMENT

DEFINE STOPPING PO!NT

ourr

FIGURE 7 Flow chart for the film interpretation process (4).

(10). A screen, such as the one shown in Figure 8, will appear.
Starting with the first frame, the first distress identified in
that frame is selected and assigned a severity level (if applicable). The location of that distress is also recorded using the
mouse and the grid; finally, the distress is saved using the
SAVE command on the bar menu line. Then, using the same
procedure described earlier, the next distress within the same
frame is recorded.
When the first frame is completed, the second frame is
selected; the process continues until all frames are completed.
The distress data consist of three basic parts: (a) the distress
type; (b) the severity level; and (c) the area location. The
distress type identifies the distress on the basis of the pavement type and film interpretation. The distress menu for each
pavement type appears in the work area when the cursor is
moved to the right side of the screen when in the entry mode.
The severity level is set by a message window in the work
area after the distress is identified. A check box indicating
either low, moderate, or high levels must be selected. If no
severity level is necessary, the program will inform the user
und request the pressing of a cursor button to continue. After
that, the program will record the grid cell location of the

PADIAS DISTRESS INTERPRETATION
HEADER DATA
PADIAS2 1.1
Oa.to
Tlme
Sp-i

SHRP
Control Sec NR

LTPP Sec N'

Operator Name

Weather Cond.

PASCO U~a\w.'a

Curr. Frame

Feet

PAVEMENT TYPE i
Olstraaa 1 for pav type I
Dlatre99 2 tor pav type I
Distress 3 1or pav type I

Dlstreso n tor pav type I

erase
Indio.

pavement type
(AC,JCP ,CRCP)

dlatre11 datlnlllon
(grid cell or
2 pt. line)

aavarlty
levels

I

mode

I

distress
or frame

ENTRY MENU CONTROL: Erase, Reset, Sava, Review, Next 1rm, Frm ctl, Quit
EDIT MENU CONTROL:
Erase, Reset, Add, Change, Delete, Next, Next Frame, FrmCtl, Quit
FRAME CONTROL MENU: Align, Advance, Reverse, Reset, Restart, Start pt, Stop pl, Escape

FIGURE 8 Screen sketch of the l'AUIAS distress
interpretation program (4).
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distress by positioning the cursor over the film where the
distress occurs. The distress is represented on the grid area
on the monitor by the blackened grid cells (9).
Before quitting the program, the stopping point should be
defined in the frame control menu using the STOP PT command. This point is used to define the end of the LTPP sections being studied. To finish the interpretation process, the
QUIT command in the entry menu control is used.

which a distress was recorded. The location of each distress
is indicated using a letter or number code. Because one page
per frame is required, a complete section frame map printout
can include as many as 42 pages and require as much as 30
min of printing time for the existing equipment and set-up
defaults.
2. The grid summary report is a one-page summary of the
distresses in a section and indicates the total number of grid
cells affected by a particular distress at each severity level.
3. The section summary report (Figure 10) is a one-page
summary of the distresses in a section listed by type and
severity level in units appropriate to the type of distress. This
report corresponds to the input for the LTPP-IMS.
4. The frame map report provides the operator with the
option of calling up and generating a printout of a particular
frame within a section.

Checking Consistency (5,11,12)
Immediately after completing a distress interpretation for a
test section, the operator will run a consistency check using
the PADIAS consistency checking program from the main
PADIAS menu to ensure that each 1- by 1-ft grid square
presents only those distresses that could, in practice, coexist
for the type of pavement structure being analyzed. If the
PADIAS operator encounters a condition that appears to be
an exception to a coexistence matrix, such as the one shown
in Figure 9, it should be noted on the interpretation log form
for possible review by the QC team and brought to the attention of a pavement engineer.

These four reports can be provided in two types of output:
a visual copy (on the screen) or a hard copy (printout). To
output to the screen, the View Report function is selected,
whereas the Print Report function is selected to provide a
hard-copy output print.
After the distress interpretation of a test section is completed, the PADIAS operator should print out a grid cell
summary report and a section summary report. These reports
should be compiled with the nomination data base information and the interpretation log form for the section and submitted to the senior pavement engineer for review. This packet
should provide sufficient information about both the condition of a pavement section and the film interpretation on
which to base acceptance or QC review decisions.
A printout of the section map report for a section should
only be made (a) when the data are going to be compared
with existing manual survey results, or (b) when needed in
the field for an on-site comparison. Printing out a section map
for each section would be time consuming and would require
large amounts of paper.

Output of the PADIAS (5)
The output of the PADIAS consists of a series of (a) printouts
that summarize and graphically display the section condition,
and (b) software files that subsequently are used to transfer
the section distress interpretation information to the information management system (IMS). The control section report
program from the main menu produces this output.
The reporting output for a section is available in the following four distinct formats:
1. The section map report option produces a graphic representation of each frame of film for an entire test section in
I
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FIGURE 9 Consistency checking matrix for asphalt concrete pavements (11,12).
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Control Section ID
LTPP GPS Section ID
DatQor Filming
11meof l'ilming
Filming Operator
Weather Condition
Measuring Speed
Pavement Width
Date of Analysis
Time of Analysis
Analysis Operator

287012
287012
5(27/89
10:42
unit# 1
unknown
20 m.p.h.
500 feet
7/18f)O
10:30
sdg

Exi•ting AC Overlay of JCP
Distress Type
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FIGURE 10 Section summary report.

Quality Control Review (5)
After interpretation, the section summary reports are printed
and attached to the nomination data base project information
sheet and the film reviewer's interpretation log. The reports
are then presented to the distress quality control review team.
The quality control team reviews the reports and selects those
requiring review on the basis of PADIAS operator comments,
film condition and clarity, pavement type, and requirements
for random quality control checks. In this QC review, the
slide projector adapter is used to view the PASCO distress
and rut depth films (7). The section's nomination videotape
may be reviewed to confirm the PADIAS operator's interpretation of the section. If discrepancies exist, the differences
are listed, the PADIAS operator will reinterpret the section,
and a mutual resolution of the discrepancies will be made
final.

RCOC Quality Control Review (5)
Upon satisfactory completion of the PAD IAS distress quality
control team review, the distress data are forwarded to the
appropriate RCOC. The RCOC distress quality control (QC)
team reviews the reports and uses a combination of the slide
projector view of the PASCO film (8), the nomination verification videotape, and spot checking of the actual section
conditions in the field to confirm the P ADIAS operator's
interpretation of the section. If discrepancies exist, the differences are listed and communicated to the P ADIAS con-

tractor so that the P ADIAS operator can review the section
and conduct a reinterpretation to resolve the discrepancies.
The RCOCs will likely develop review criteria on the basis
of information available in the PAD IAS output packet (which
includes a grid cell summary report, section summary report,
nomination data base information, and interpretation log)
correlated with results of an early concentrated QC and quality assurance effort in review of the P ADIAS FMA distress
interpretation.
As an aid in the early QC effort, it is recommended that
the RCOCs undertake a full (Level I) review of all frames of
at least 10 of the first 20 FMA interpreted films and a partial
review (i.e., 5 to 10 frames) of the remaining 10 designated
interpreted films. The films for full review should be based
on a random selection method, whereas the frames to be
investigated in the partial review group should also be randomly selected.
If discrepancies are encountered in the partial reviews of
the second set of 10 LTPP sections, then a full review of all
10 of these sections should be undertaken. In addition, any
significant discrepancies in the full review of the first set of
10 L TPP sections or the mandated subsequent full review of
the second set of L TPP sections should result in the continuation of the initial review procedure of the PASCO film for
the next (randomly selected) 20 L TPP sections. This process
should be continued until results from distress interpretation
by PADIAS FMA and RCOCs are consistent and free of
discrepancies.
On the other hand, if no significant discrepancies in interpretation are encountered in either the full or partial Level I
review, then the RCOCs could opt to undertake subsequent
reviews at a reduced rate (Level II). For example, the subsequent review process could consist of one out of four randomly selected sites scheduled for full-frame review, whereas
the remaining sites (three out of four) could be partially
reviewed.
If, at any subsequent time in the Level II review process,
a new P ADIAS FMA operator is introduced or significant
discrepancies are encountered, then the initial review format
could be reinstated and maintained until a desirable level of
consistency is obtained between P ADIAS FMA and RCOC
distress interpretations. In this instance, those sets of interpretations involving partial reviews of three out of four sites
should be rescheduled for review under the initial review
format (i.e., Level I).
The RCOC QC interpretation team should document the
discrepancies encountered and notify the P ADIAS FMA of
a need for re-review of a particular section. The films for
LTPP sections that have been reviewed a second time by a
P ADIAS FMA operator should subsequently be fully reviewed by the RCOCs.
Randomization in the selection of the highway sections is
essential; however, the review process may require adjustments to ensure a minimum number of full reviews for all
pavement types (i.e., asphalt concrete, joint reinforced pavement, continuous reinforced concrete pavement, and jointed
pavement).
Entry of Data into RIMS
On satisfactory completion of the RCOC distress QC team
review, the distress data are entered in the RIMS data base.
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CERTIFICATION PROCEDURE FOR THE PADIAS
OPERATOR(7)
Official certification of a PASCO film distress interpretation
technician represents a recognition that the technician has
demonstrated competency in the operation of the FMA and
related equipment, and has attained a high degree of competency in
• Identifying types of pavement distresses,
• Determining the extent of the identified distresses, and
• Determining the level of severity of the identified distresses.
The criteria for certification as a PASCO film distress interpretation technician shall include minimum experience, education and training requirements, and a demonstrated
knowledge and competency in distress interpretation. A
certified technician must have completed satisfactorily the
following:
1. A minimum of 2 years conducting pavement evaluation
and condition surveys,
2. An educational or training course on distress types and
distress surveys,
3. An examination of the Distress Identification Manual
for PASCO Films, and
4. An actual distress interpretation of PASCO films in substantial compliance with refereed interpretations.
Further descriptions of these procedures are provided by
de Solminihac (6) and Gibson and Hadley (7).

SUMMARY
The use of photographic film in analyzing pavement distress
in SHRP-LTPP study has many benefits. The film provides
a permanent record of the condition of the pavement at a
specific point in time; such photographs taken over time can
yield useful information regarding the development of distress, which in turn can be used to update distress prediction
models. In addition, digitizing the film provides for analysts
an easier method for studying the many SHRP sections.
The film also provides test site QC, allowing inspection of
instrumentation sites (containing weigh-in-motion equipment, automatic vehicle counters, etc.), including verification
of the sites against any core sampling that might have taken
place in the test section that could affect the roughness measurements and the deflection testing to be completed during
the SHRP-LTPP program. Thus, the filming process has proven
beneficial in detecting site movement and relocation.
On the other hand, there are limitations that must be taken
into account to ensure that truly accurate pavement distress
information is obtained (13). One such limitation is the difficulty in perceiving low-severity cracking; in addition, such
surface distresses as bleeding, raveling, and weathering require extensive viewing experience to make valid comparative
evaluations.
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However, these limitations can be overcome through operator experience, the use of a slide projector adaptor to
enhance film resolution, and supplemental information gained
from videotapes and manual distress surveys when possible.
The distress data collected using the described procedure
(among other information available in the NPPDB) will be
used to satisfy the main LTPP design-related objectives, such
as (a) evaluation of existing design methods, (b) development
of improved strategies and design procedures for rehabilitation of existing pavements, and (c) development of improved
design equations.
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Latent Performance Approach to
Infrastructure Management
MOSHE BEN-AKIVA, FRANNIE HUMPLICK, SAMER MADANAT, AND
ROHIT RAMASWAMY
A new framework for the analysis of infrastructure performance
and the planning of inspection and maintenance and rehabilitation
(M&R) activities is described. The main facets of this framework
are (a) treating facility performance, the key variable in the process, as a latent variable that manifests itself through measun:u
condition indicators; (b) explicitly analyzing and including in the
decision process the errors and uncertainties in infrastructure
condition measurement and performance analysis; and (c) accounting for the interactions between the two decisions, inspection and maintenance strategies, by jointly selecting them within
an optimization algorithm. A model system relating the latent
facility performance to explanatory variables and to observed
indicators is developed and parametric studies using this framework are presented. The approach recognizes the errors inherent
in the measurement of the condition indicators; these errors are
quantified through the use of measurement error models, which
are estimated using a rigorous statistical method. The M&R activity planning model accounts for the presence of uncertainty in
the output of the inspection of facility condition and the forecasting of facility performance. Inspection activity decisions are
addressed jointly with the M&R activity decisions through a common stochastic optimization algorithm, which leads to the selection of cost-effective inspection activities. A parametric study
investigating the effects of uncertainty in condition measurement
and forecasting on life cycle costs is also presented.
The past decade has witnessed important developments in the
area of infrastructure management: the application of a large
number of automated data collection technologies such as
photographic and video imaging, laser, radar and infrared
nondestructive technologies (J). These developments have
made available a large quantity of data for the analysis of
infrastructure performance. On the other hand, existing approaches to performance modeling are based on indices calibrated using subjective ratings and a predetermined set of
indicators that were selected at a time when less-developed
data collection technologies (mainly visual inspection) were
being used. Examples include the pavement serviceability index (PSI) (2) and the pavement condition index PCI (3). An
improved performance modeling methodology is needed to
exploit these enhanced data collection capabilities.
Before adapting a new data collection technology, its accuracy and precision must be analyzed. The results of such
an analysis serve several purposes. First, they are inputs into
cost-benefit evaluation of new infrastructure inspection techM. Ben-Akiva and F. Humplick, Department of Civil Engineering,
Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Mass. 02319. S. Madanat, Cambridge Systematics Inc.,
222 Third Street, Cambridge, Mass. 02142. R. Ramaswamy, Bell
Laboratories, Crawford Corner Road, Holmdel, N.J. 07733.

nologies, with the aim of selecting among them. Second,
knowledge of the precision of the measurements made by
these technologies is a necessary input to the maintenance
and rehabilitation (M&R) strategy selection process, to incorporate the risk element in decisions on the basis of these
measurements. Finally, any algorithm determining the inspection frequencies for infrastructure facilities using these
technologies must be based on the knowledge of their precisions.
The infrastructure management process can be divided into
three main areas:
• Data collection and inspection,
• Performance modelling and forecasting, and
• Decision making for inspection and M&R.
These areas are related in the manner shown in Figure 1.
The facility condition data collected using different inspection
technologies are used in two ways: to estimate infrastructure
performance models and to select maintenance and rehabilitation (M&R) strategies. Infrastructure performance models
are used in planning present and future inspection and M&R
activities. The decision-making block not only selects M&R
activities, but also future inspection strategies and data collection procedures. This effect is represented by the feedback
loop of Figure 1.
A methodological framework to support the infrastructure
management process in Figure 1 is described. The main facets
of this framework are
• Treating the key variable in the process, facility performance, as a latent variable that manifests itself through measured condition indicators;
• Explicitly analyzing and accounting for the errors and
uncertainties in infrastructure condition measurement and
performance analysis in the decision-making process; and
• Accounting for the interaction between the two decisions,
inspection and maintenance strategies, by jointly selecting
them within an optimization algorithm.
Figure 2 shows the methodological framework of this research. In this figure, rectangles represent observed quantities, ellipses represent latent variables, and diamonds represent decisions. At the upper level of the diagram, the true
values of condition (or performance) indicators of an infrastructure facility are estimated from the indicator measurements obtained through different measurement technologies.
The relationship between the two is explained by a measurement error model, and it is a function of technological, en-
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are optimum inspection and maintenance activities that feed
back into the higher levels of the model.
Each of the three areas of the methodological framework
for infrastructure management is described in the following
sections. A parametric study demonstrating the framework
developed and areas of further research are also discussed .
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Infrastructure performance is characterized by a number of
indicators, for example, cracking, rutting, potholes, and
roughness, in the case of highway pavements. In order to
measure these indicators, a range of inspection methods exist,
ranging from manual to fully automated inspection. Technologies for surface inspection of distresses include photographic imaging, video imaging, and laser nondestructive
measurement. The measurements by these technologies are
subject to significant errors, which can be attributed to
1. Technological factors (e.g. , resolution and field of view);
2. Distress factors (e .g., dimensions of distress); and
3. Section or location factors (e.g., pavement type).
Measures of the accuracy of inspection technologies are
important for several reasons. First, they can serve as an aid
for developing new measurement technologies. Second, they
form the basis for selecting inspection strategies. Finally, they
can be included in a future inspection strategy and M&R
decision model, to take into account the effect of measurement uncertainty on strategy selection.
The present approach for quantifying measurement errors.
is based on measurement error models. These models are
mathematical expressions that explain the difference between
the true value of an indicator at a given location, and its
measured value, in terms of systematic biases and a random
error. A possible specification of a linear model is
(1)

factor costs, minimum
standards

FIGURE 2 The latent performance theoretical framework.

vironmental, facility and damage-specific factors. The true
values of condition indicators are an input in the second level,
where the performance of a facility is estimated through a
performance model. The other inputs to this model system
are exogenous variables such as usage, environment, past
maintenance and rehabilitation activities, facility characteristics, and possible performance ratings. This model system
provides unbiased estimates of the present performance of an
infrastructure facility, if the models are correctly specified,
and can be used to forecast future performance. Both present
and forecasted performance are inputs to the third level, in
which inspection and M&R decisions are jointly made. Other
inputs to the algorithm are the measurement error models
estimated in the first level, the performance models estimated
in the second level, the costs of different activities, and minimum performance standards. The outputs of the algorithm

where
measured value of a condition indicator on Section
i by Technology j;
true value of a condition indicator on Section i;
additive and multiplicative systematic biases of
Technology j; and
random error of measurement on Section i by
Technology j, with zero mean and variance denoted by aJ.
In order to use such a model, the values of ai, ~i' and aJ
need to be known. Ideally, these parameters would be statistically estimated using a sample of measurements by different technologies, for indicators for which the true values
are known. In the case of infrastructure facilities, the problem
is that it is either impossible or prohibitively expensive to
measure true values of condition indicators. Hence, estimation of such models is only possible if an assumption is made
that an unbiased reference measurement exists, such as from
an unbiased average of multiple technologies. Such a mea-
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by Humplick (4) . The goodness of fit (R 2 ) obtained from such
models is better than that obtained using traditional regression
techniques (4).
Estimated models such as these can be used for correcting
the results of inspection using the estimated values of o.i, and
f3i, and for calculating confidence intervals around the corrected values using crJ. They can also be used to select among
availablt: lt:dmulugit:s, l.Jy comparing at:t:uracit:s am.I p1t:cisions of a variety of technologies. For example, from the
models presented, photol would be selected over manu al on
the basis of lower additive and multiplicative bias. However ,
assuming systematic biases could be corrected for given that
they are known, manual would be selected over photol on
the basis of lower random error of measurement. Alternatively, the mean squared error (MSE), which is a quantity
combining the systematic bias and the variance of a measurement, could be used . Figure 3 shows plots of the MSE for the
alternative technologies represented in the data set as a function of the true value of alligator cracking area . The true
value of alligator cracking was extracted from the measured
data using latent variable modeling techniques as discussed
by Ben-Akiva and Humplick (5). The technology photol in
Figure 3 lies below all the other technologies and hence has
the lowest MSE. It is therefore dominant over all the other
technologies from a combined bias and variance perspective.
In this research, measurement error models were estimated
for seven different technologies, five types of condition indicators, and two pavement types. A more complete description of the work was given by Humplick (4,6). A further
application of this methodology was provided by Livneh and
Ben-Akiva (7).

surement can be obtained if technologies with radically different measurement principles (such as combining measurements from a video imaging technology with those from a
laser nondestructive measurement technology) are used in
such a manner that the average bias of the measurements
from these technologies is zero . Such averages were developed and tested by Humplick (4).
Given such a reference measurement, estimation of the
model parameters can be achieved using the technique of
factor analysis . This technique assumes that the true value of
a condition indicator is latent and uses a sample of measurements, including the reference measurement, to estimate o.i,
13i and crJ. The advantage of this approach over simple regression methods is that it produces unbiased estimates of the
model parameters (4) .
The approach was applied to a data set from an FHW A
study, Improved Methods and Equipment to Conduct Pavement Distress Surveys, conducted in Texas (J). The study
included measurement of surface distresses on highway pavements using a variety of existing and newly developed technologies and methods. The technologies included three direct
measurement techniques (mapping, manual , and logging) involving visual inspection by humans; and four indirect measurement techniques involving optical imaging (photol, photo2,
and video) and a laser nondestructive measurement technique . The technologies used had a wide range of capabilities
for resolution of measurement, sampling size, and data processing and reduction.
Examples of estimated models for measurements of the
area of alligator cracking on pavement sections in the study
by direct (manual) and indirect (photol) measurement technologies, respectively, follow :
Jm anu a1

= 132.2 + 0.39d*, 0-ma nu ai = 263 ft2 , R 2 = 0.94

PERFORMANCE MODELING

3 p ho1o1

= 53.3 + 0.87d*, 0-pho toi = 444 ft 2 , R 2 = 0.95

The scope of this part of the research is the estimation of an
infrastructure deterioration model. Such a model relates the
performance of an infrastructure facility to a set of causal
variables such as traffic , age, and maintenance history. Such
a model is required for planning maintenance and rehabilitation activities for infrastructure facilities.

These models were estimated using factor analytic techniques that do not require knowledge of the true value for
measurement bias estimation. The estimation procedure and
the major assumptions required for estimation were provided
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The main problem in estimating such a model is that performance is not directly observable. What can be observed are
indicators of performance, such as roughness, cracking, rutting, and skid resistance, as was discussed earlier.
Numerous studies have attempted to devise performance
indices that combine different indicators into a single quantity,
for example, pavement condition index (PCI) and present
serviceability index (PSI). These indices were based on the
subjective judgment of pavement experts. They lack rigorous
justification, have poor explanatory power, and use a predetermined set of indicators that precludes incorporation of
new condition indicators. Furthermore, when these indices
were used together with common causal variables to estimate
a deterioration model, the resulting fit to data was poor.
On the other hand, the present approach does not rely on
subjective judgment for devising a performance index. Indeed, it does not require the predetermination of such an
index. Instead, it treats performance as a latent variable S
that is linked to explanatory (or causal) variables (X) and
maintenance actions (A) through a deterioration model.
Moreover, it is linked to a set of condition indicators (D)
through a measurement model. These models form a system
of equations that are estimated simultaneously, thereby producing a much better fit to data than traditional deterioration
models. Figure 4 shows a schematic representation of the
process. In this figure, rectangles represent observed quantities, whereas the ellipse represents the unobserved latent
performance.
This approach was applied to a data set consisting of 3,837
1-mi pavement sections from Nevada. This set contained information on several condition indicators (such as cracking,
rut depth, and roughness) for each section, as well as a set
of causal variables (average daily traffic, percent truck traffic,
age, maintenance by several activities, and several environmental variables).
In the process of estimating the model system, a major
problem was uncovered that had not been resolved in existing
deterioration models that are estimated with data from inlndependenl variables
affecting
facility
deterioration

A,X
Deterioration
Model
S g(A,X,u)
0

Lalent PeJfomi.anca

s
Measurement
Model

D- h(S.£)

Condition
Indicators

D

FIGURE 4 An integrated
model of latent facility
performance and condition
measurement.

service pavements. Such pavements are subjected to maintenance performed by highway agencies in response to their
level of traffic, percentage of trucks, etc. As a result, pavements with the highest level of usage will receive higher levels
of maintenance. In other words, two conflicting mechanisms
are acting on these pavements:
1. A deterioration mechanism, because of which condition
decreases as traffic and age increase; and
2. A maintenance mechanism, because of which condition
increases as traffic increases.
An attempt to estimate a deterioration model from in-service
pavements without taking the second mechanism into account, as is usually the case with state-of-the-art deterioration
models, will result in biased, counterintuitive parameter estimates. The correct specification for such a situation is a
simultaneous equation model, including two separate relationships, one for each of the two mechanisms described earlier.
Several examples of an estimated deterioration equation of
a latent variable model system have been provided (8-10).
The results indicate that all the parameter estimates have
intuitively correct signs. This result follows from the simultaneous equation specification. The value of R 2 , which is a
measure of fit to data, is also reported and is higher than is
usually the case in existing deterioration models. It follows
from using the latent variable approach. A complete description of work in this area is also provided in the references.

DECISION MAKING

In the process of managing their systems of facilities, infrastructure agencies are faced with decisions. For example, to
which facilities should an M&R activity be applied in a given
year? These decisions are complicated by the difficulty in
accurately predicting the future performance of infrastructure
facilities because of the uncertainty in the deterioration process and in the effects of various M&R activities.
Several research efforts to develop a rigorous systematic
decision-making process (commonly using operations research techniques) to address these decisions have been made
in the last decade. However, most of these have ignored the
inherent uncertainty in measuring and forecasting facility performance, which have made them of little use when applied
in the field. Exceptions to this trend (11,12) adopted a stochastic optimization approach to account for the uncertainty
in predicted performance. However, this approach assumes
that there is no uncertainty in the measured facility condition.
Because infrastructure management requires a combination
of inspection and prediction of facility performance, and because the uncertainty in inspection is not negligible (as demonstrated in the research on measurement errors), there is a
need to develop a methodology that takes into account both
sources of uncertainty.
On the other hand, infrastructure agencies also need to
make decisions regarding the frequency of their inspections
and the technologies to use during these inspections. Traditionally, such decisions have been made with no explicit costeffectiveness considerations, such as the penalty for delayed
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detection of deterioration. A methodology that recognizes the
potential trade-offs between inspection costs and the added
costs of M&R is required to address the inspection decisions
in a systematic manner. As an example of this trade-off, increasing the frequency of inspections increases the inspection
costs but enhances the quality of information available to the
decision maker, which allows for better M&R decisions, hence
reducing life cycle M&R costs.
The proposed methodology addresses both these concerns.
It recognizes the uncertainty in both facility condition prediction and measurement, and it is based on the minimization
of the sum of expected M&R and inspection costs. The first
issue is addressed through the use of the latent Markov decision process (LMDP). The LMDP is an extension of the
traditional Markov decision process (MDP) methodology, but
differs from it in one major aspect: it does not assume the
measurement of facility condition to be necessarily error-free.
instead, it recognizes that the decision maker observes outputs from measurement (such as results of inspection using
the technologies discussed earlier), which are probabilistically
related to the true condition of the facility. This methodology
was developed in the field of manufacturing (13), and is often
referred to as a partially observable Markov decision process
(POMDP).
In order to select M&R policies in a meaningful manner
when there is measurement uncertainty, the decision maker
cannot make decisions only on the basis of the measured
condition of the facility. Instead, all the information available
to the decision maker about the facility (the history of measured condition states and M&R activities) can be relevant
to future decisions. This history is referred to as "the state of
the information." It can be shown that if the deterioration of
the facility is represented by a finite-state Markov chain and
the measurement uncertainty is represented by a set of discrete probabilities, then the state of the information itself will
evolve in a Markovian fashion (14). Hence, the M&R decision
problem is transformed from a problem of a latent state (the
condition state of the facility) to one of an observed state (the
state of information for the facility). Once this transformation
has been performed, the same solution method (namely dynamic programming) that is used to find optimal M&R policies by minimizing expected costs for an MDP can be adapted
to the LMDP.
The similarity between the LMDP and the classical MDP
can be best explained in terms of the underlying decision trees.
Figure 5 shows a classical MDP tree. At the beginning of time
Period t, the true state x, is observed. On the basis of this
knowledge, the decision maker selects an activity a,. Given
the condition state x" and the selected activity a" the facility
moves to one of the states x,+ 1 = j with probability P(x,+ 1
= fix" a,). The same process is then repeated in time Period
t + 1, and so on.
In Figure 6, part of an LMDP tree is shown. The process
starts in Period t, when the decision maker has available the
state of information !,. On the basis of this information, an
activity a, is selected. Given the information state I, and a"
the system moves to one of the states It+ 1 = K with probability
P(/,+ 1 = Kil" a,). The same process is then repeated in time
Period t + 1, and so on.
The second issue is addressed by making the decision of
when to inspect jointly with the M&R decisions. The basis
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FIGURE 5 Decision tree for the
MDP.

FIGURE 6 Decision tree for the
LMDP with annual inspections.

for this approach is that an M&R decision can be made without being preceded by an inspection if the information revealed by the latter does not improve on the quality of the
former. An inspection is only performed if the reduction in
life cycle costs, achieved by selecting a different M&R activity
as a result of the added information provided by this inspection, offsets the cost of inspection. This idea allows the agency
to jointly optimize expected inspection and M&R costs, thus
achieving lower costs than are possible by addressing each
decision separately. This joint optimization is performed within
the LMDP framework, leading to a model that is referred to
as the LMDP with "unconstrained inspection frequency."
The inputs to this decision-making algorithm are
1. Estimates of the uncertainties associated with the measurements obtained from inspection technologies, which were
obtained in the first part of this research,
2. Facility performance models, and their uncertainties, which
were estimated in the second part of this research,
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3. Agency costs, for the different maintenance, rehabilitation, and inspection activities; and
4. Minimum performance standards , which were required
in this model because of the lack of realistic user cost models .
When available, user cost models can be readily incorporated
in the optimization in place of the minimum standards.
The outputs from the measurement error models and the
performance models estimated in the first two parts of this
research are discretized before being used in the decisionmaking algorithm , because the latter operates on a discrete
facility performance state space.
The algorithm provides the decision-making agency with
the following outputs: (a) optimal maintenance and rehabilitation policies for all the years of the planning horizon ; (b)
optimal inspection policies (whether to inspect or not), for
all the years of the planning horizon; (c) minimum total expected cost of inspecting and maintaining the facility for the
duration of the planning horizon, for the optimal policies; and
(d) other statistics of interest, such as the expected number
of inspections for the facility for the duration of the planning
horizon , for the optimal policies.

PARAMETRIC STUDY

This new approach, beyond being a tool for selecting M&R
and inspection strategies, can serve as a means for quantifying
the expected benefits from using more precise , and more
expensive, measurement technologies . To investigate the value
of these expected benefits, a parametric study was performed,
in which the precision of the measurement technologies used
(as given by the standard deviation of the measurement) were
varied, while the inspection frequency was constrained to once
a year, and the minimum expected life cycle costs obtained
by the algorithm were plotted.
The study indicated that the expected life cycle cost increased monotonically with decreasing forecasting precision
of the performance model used. This is shown in Figure 7, in
which the horizontal axis represents the standard deviation

of measurement, the vertical axis represents the minimum
expected lifecycle costs , and different curves represent different forecasting precisions of the performance model. (The
inverse of precision is used, as given by the standard error of
the forecast , s.e.(S).] The study also indicated that there exists
an optimum value for the precision of the measurement technologies, as shown in Figure 7. For precisions above this
optimum value, the minimum total expected costs increased
because of the increase in the costs of inspection, using an
increasingly precise and expensive technology. For precisions
below this optimum value, the minimum expected total costs
increased due to the increase in the expected M&R costs, due
to the uncertainty in the output of the measurement technology. This trend is more pronounced for low precisions of
the performance model [s.e .(S) > 0.4 in Figure 7]. When the
performance model forecast becomes more precise, inspections provide less new information , so that their contribution
to reducing total cost is limited, as can be seen in the lower
curves of Figure 7. At the extreme, where the performance
model forecasts contain almost no uncertainty (the lowest
curve in Figure 7), increased inspection precision does not
provide any information at all , so that increased precision
only leads to an increase in inspection costs without reducing
M&R costs. This is why, if the forecast is perfect and if inspections are to be performed annually, the optimal inspection
technology is the one that is the least precise .
The same parametric study was repeated, this time without
constraining the inspection frequency to once a year. In Figure
8, the minimum expected life cycle costs are shown as functions of the standard deviation of measurement, with different
curves representing different precisions of the performance
forecasting model. The shape of the curves shown here is
somewhat different than in the constrained case.
In the case when the performance forecast contains no uncertainty (s .e.(S) = 0.2], the curve is flat, which means that
the minimum expected life cycle costs are independent of the
measurement uncertainty . The reason for this is clear: because
there is no uncertainty in performance forecasting, inspections
cannot contribute to reducing expected costs, so it is optimal
not to inspect. This can be verified by examining Figure 9,
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which shows the expected number of inspections for the
10-year horizon (using the optimal policy) as a function of
the standard deviation of measurement. The first curve of this
figure indicates that the optimum expected number of inspections, when s.e.(S) = 0.2, is zero. As the standard deviation of forecasting increases, so does the need for inspections. This result is shown in Figure 9, in which for a given
measurement technology, the number of inspections increases
as the precision of the forecast of the performance model
decreases.
For a given forecasting precision, the benefits of inspection
have to be traded off against the cost of inspection. When
the costs, and precision, are excessively high, as for the measurement technology shown at the left in Figure 9, the costs
of inspecting offset the benefits brought about by reduced
uncertainty. Towards the right in Figure 9, the optimal number of inspections increases as the measurement precision
decreases, until a point, after which it decreases. This variation in inspection frequency with decreasing inspection cost
can be explained intuitively: initially, the cost of a single in-

spection decreases faster than its precision (and than the value
of the information it provides) so it becomes optimal to inspect
more often. However, after some point the precision of the
measurement decreases faster than its unit cost, so that the
information revealed by each inspection no longer justifies
the cost, so it becomes optimal to inspect less .
The results of such a study can be used as part of a costbenefit evaluation of new inspection technologies with known
precisions. The reduction in expected life cycle costs resulting
from using more precise measurement technologies, which
are calculated in this study, can be compared to the fixed costs
of acquiring these precise inspection technologies. A more
detailed description of the work in this area was provided by
Madanat (14).

FURTHER RESEARCH
Several refinements on these methodologies are possible. Some
of them are

10

9
8

en
c
0

I

7

6

0

~

5

z"

4

E

l

3

ill

2

•

s.e.(S)-0.2

+

standard deviation of measurement
s.e.(S)-0.4 o s.e.(S)·0.6
"' s.e.(S)-0.8

x

s.e.(S)-1.0

FIGURE 9 Effect of measurement uncertainty on expected number
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1. Incorporation of the severity dimension into the analysis
of measurement errors. The measurement error models presented earlier did not investigate the effects of severity on the
measurement biases and variances in different situations , because this information was not available in the data used in
the study.
2. Linking the latent performance variable to different measures of user costs. This process will allow including user costs
in the cost minimization algorithm of the decision-making
model, instead of relying on minimum performance standards, as is the case now. This can be achieved by estimating
a system of user cost equations simultaneously with the performance model system described earlier. Such an effort is currently in progress at Massachusetts Institute of Technology.
3. Extending the joint decision-making algorithm to handle
network-level considerations, such as a budget constraint.
Possible approaches for this extension are currently being
evaluated.
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Evaluation of Field Inspection
Devices for Use with the PAVER
Pavement Management System
THOMAS F. FITCH,

H.

THOMAS

Yu,

AND MoHAMED

When properly implemented, the PAVER pavement management system has been found to be an extremely valuable management tool. The most important requirement the system imposes on users is the periodic update of the inspection data.
Without up-to-date condition information, meaningful analy e
cannot be performed. lf accurate condition information is available, an effective maintenance and rehabilitation plan that will
lead to significant avoided cost can be developed using PA VER.
Although the cost of inspection is small compared with the avoided
cost, it is a legitimate concern for many users. Some of the more
practical and readily available devices that can be used for field
data collection are identified and evaluated. A device from each
of the following categories was selected: (a) paper and pencil,
(b) portable computer (c) bar code reader, (d) hand-held computer, and (e) voice recognition sy tern. Each discu ion describes
the device explains how it is used and provides its advantages,
disadvantages, and costs.
PA VER is a pavement management system (PMS) developed
by the U.S. Army Construction Engineering Research Laboratory (CERL) for use by both military and civilian organizations. PA VER can be used to manage roads, streets,
parking lots, and airfield pavements. The system capabilities
include storing inventory and inspection data, determining
pavement condition, predicting future pavement condition,
comparing costs of maintenance and repair (M&R), and budget
planning. PAVER is designed to optimize the use of funds
allocated for pavement M&R.
Two versions of the system, Micro PA VER and Mainframe
PAVER, are available for operation on a microcomputer or
mainframe computer, respectively. Since its introduction in
1980, PAVER has been gaining widespread acceptance
throughout military and civilian agencies.
PA VER uses the pavement condition index (PCI) condition
survey and rating procedure developed at CERL. PCI is an
objective, repeatable rating system for identifying the present
condition of the pavement. PCI is calculated on the basis of
the results of a visual condition survey in which distress type,
severity, and quantity are identified. PCI provides a consistent
measure of a pavement's structural integrity and operational
condition.
When properly implemented and used, PAVER has been
found to be an extremely valuable management tool. The
most important requirement the system imposes on the user
is the periodic update of the inspection data. Without the upto-date condition information, meaningful analyses cannot be
U.S. Army Construction Engineering Research Laboratory, P.O.
Box 9005, Champaign, Ill. 61826-9005.
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performed . If accurate condition information is available, an
effective M&R plan that will lead to significant avoided cost
can be developed using PAVER. Although the cost of inspection is small compared with the avoided cost, the cost of
inspection is a legitimate concern for many users.
The results of field inspections are commonly recorded on
inspection forms, then manually entered into one of the PAVER
computer programs for analysis. This method (the paper and
pencil method) is reliable, yet time consuming. Recent advances in microcomputer technology make possible many alternate methods for the inspection data acquisition. Devices
such as portable computers, bar code readers, hand-held computers, voice recognition systems, optical mark readers, and
programmable calculators offer the potential to reduce the
time required to collect and transfer field data to the PAVER
program while maintaining data integrity, thus reducing the
costs associated with pavement inspections.

OBJECTIVE
The objective is to provide an evaluation of available technologies that could be used for PA YER data collection. This
information will aid the PA VER users in selecting a method
for collecting field data.

APPROACH
A literature survey was conducted to select the candidate
devices. Two criteria, device potential and cost, were used.
The following list indicates the categories of the devices being
considered for evaluation:
1.
2.
3.
4.
5.

Paper and pencil,
Portable computer,
Bar code reader,
Hand-held computer, and
Voice recognition system.

There is some degree of variability within each of the categories. Some of the devices are markedly different from other
devices in the same category. These differences, where applicable, are discussed in the next section. One device was
selected from each category for evaluation.
Each of the selected devices was programmed with Lht:
intent of exploiting its respective strength. The software pro-
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grams developed for the devices are not identical; however,
the final product from each device (excluding the paper and
pencil method), is a standard ASCII data file. Once the device
was programmed, it was evaluated by several inspectors in
actual field inspections.
The inspectors gathered distress data in the field and performed the steps required to transfer the data to the Micro
PAVER computer program . Each inspector then completed
a questionnaire that documented the view of that particular
device. The evaluation results are given in the next section.
The field inspection devices were evaluated on the basis of
the following criteria:
1.
2.
3.
4.
5.
6.
7.

Physical characteristics of weight and size,
Display size,
Training time,
Simple data entry in the field,
Simple data correction in the field,
Data transfer speed, and
Reliability of data and data transfer.

The focus of this evaluation was on the devices themselves
and not the software. In some cases, the hardware limited
the capabilities and user friendliness of the software that could
be developed.
Except where noted, it was assumed that two inspectors
will be working together to gather data.
PAPER-AND-PENCIL METHOD
Physical Characteristics
The paper-and-pencil method of inspection requires that the
inspector record the distress data on 8V2- x 11-in. inspection
forms. The four types of inspection forms are as follows:
1.
2.
3.
4.

Asphalt concrete roads and parking lots,
Portland cement concrete roads and parking lots,
Asphalt concrete airfields, and
Portland cement concrete airfields.

In order to perform an inspection, an inspector needs the
appropriate inspection form and a clipboard for use in the
field.
Operating Conditions
The paper-and-pencil method of inspection is possible so long
as the weather does not interfere with the recording of data .
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Field Inspection Methodology
The inspectors walk along the sample unit together with one
inspector calling out the distress, severity , and quantity as the
other inspector records the information on the appropriate
form. One inspector is needed to determine and measure
distresses; the other is needed to record the information on
the appropriate inspection form. The inspector writes the distress, severity, and quantity on the inspection form while in
the field . One form is used for each sample unit. The completed inspection forms are then taken back to the office for
data reduction.

Data Transfer
The data collected in the field need to be entered into the
Micro PA VER computer program. Entry can be done in one
of two ways . The first is to enter the data directly into the
data base using the Micro PAVER computer program, which
can be done using the INSPECTION DATA option from
within Micro PA VER. This option requires that all the common distress and severity combinations be manually summed
before being entered into the computer program. The second
option is to create a standard ASCII input file . A word processor or a spreadsheet can be used to create an ASCII file .
This file can then be read by Micro PA VER using the
INSPECTION DATA (BATCH) option from within Micro
PA VER. This option does not require that all common distress and severity combinations be summed before data input .

Advantages
The paper-and-pencil method of inspection is inexpensive and
requires little training.
Surveys of inspectors have indicated that this method is
very good in helping the inspector keep track of what distresses have and have not been recorded .
This method also allows the inspector to record preliminary
information , such as inspector name, date, branch , section ,
sample unit, etc., before the actual field inspection. This would
save some time in the field .
All the distresses for a given sample unit can be viewed at
once thus making the editing process simple. The paper-andpencil method also provides a permanent written record of
the inspection results.

Disadvantages
Cost
The costs associated with this method include those needed
to reproduce the inspection forms and a clipboard for each
inspector.
Training
The paper-and-pencil method of inspection requires less than
15 min of training.

The main disadvantages associated with the paper-and-pencil
method are associated with data reduction and data transfer.
If the user wants to enter the inspection data directly into the
Micro PAVER data base, then hand calculations to reduce
the data are required. The user sums the common distress
and severity combinations for each sample unit. The total
summed value for each sample unit is then manually keyed
into Micro PAVER using the INSPECTION DATA option.
For example, if an inspector recorded two occurrences of lowseverity alligator cracking, the two quantities would have to
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be manually added before being entered into Micro PA VER.
This procedure can be time consuming and it increases the
probability of errors in either the data reduction or the actual
keying in of the data.

Data Transfer

Operating Conditions

The Micro PA VER system includes a computer program written in BASIC that is used for data transfer from the Tandy
computer to the personal computer (PC). This program uses
the BASIC interpreter that is included with DOS. The Tandy
computer also includes a program that is used to transfer data
to the PC. These two programs work together to transfer the
data. The data are transferred to the PC by an RS-232 cable.
A file is created on the hard disk of the PC. After this file
has been created, the Micro PA VER program is run and the
INSPECTION DATA (BATCH) option is selected. This option reads the file on the hard disk that was created during
the data transfer. Once read, the inspection data is stored in
the Micro PA VER data base. Documentation for this procedure is provided in the Micro PAVER Users Guide.

The Tandy TRS 80, Model 102, should not be used in the
rain or extreme temperatures.

Advantages

PORTABLE COMPUTER, TANDY TRS 80, MODEL
102
Physical Characteristics
The physical characteristics of the Tandy TRS 80, Model 102,
are shown in Table 1.

Cost
The Tandy TRS 80, Model 102, sells for about $600.

Training
The Tandy computer requires less than 30 min of training.

Field Inspection Methodology
The inspectors walk along the sample unit together, with one
inspector calling out the distress, severity, and quantity as the
other inspector records the information using the Tandy computer. One inspector is needed to determine and measure
distresses; the other is needed to record the information. The
inspector is prompted by the computer to enter the appropriate information. All data are entered in the field.

The Tandy TRS 80, Model 102, has a display large enough
to exhibit four distresses at the same time. Having the distress
displayed on the screen is considered an advantage because
it helps the inspector keep track of which distresses have been
entered.
The Tandy TRS 80, Model 102, computer has a full-sized
keyboard.
Another advantage of using the Tandy TRS 80, Model 102,
is realized in the transfer of data to the PC from the Tandy
computer, which can be done electronically. The data are
recorded in the field using the Tandy computer; computer
programs provided with Micro PA VER and the Tandy computer make the data transfer quick and easy.
Once the data have been transferred to the PC, the
INSPECTION DATA (BATCH) option is selected. When
this option is used, the data do not need to be reduced. That
is, the common distress and severity combinations do not need
to be manually summed before being read into the Micro
PAVER program.
The file created during the inspection can be printed and
stored to provide a written record of the inspection.

TABLE 1 TANDY TRS 80 MODEL 102 PORTABLE COMPUTER
Microprocessor

Display

8-bit 80C85 CMOS

40 x 8 liquid crystal display, upper and lower
case ASCII characters, 240 x 64 dot-matrix
graphics

Clock Speed
2.4 Mhz

Memory
32K EPROM, 64K RAM

Input/Output
Parallel printer interface, RS-232C serial interface,
standard bar code reader interface

Keyboard

Dimensions

Full-size 56-key QWERTY style with
embedded 10 key datapad, plus 8
programmable function keys

Weight

1 % x 12 x 8 Y," IH x W x DJ

3 lbs .

Certification
FCC Class B

Power Supply
Four "AA" alkaline batteries for operation.
Internal recharoeable batteries for memory.
Optional AC adapter.
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Disadvantages

Field Inspection Methodology

The primary disadvantage in using the Tandy TRS 80, Model
102, computer for field inspections is that the computer is
rather cumbersome and heavy for field work over a period
of time. For two inspectors working together, it is not a serious
problem. One inspector uses the distress field guide and other
equipment as the other inspector records the distress information with the computer. The inspector using the computer
may find it difficult to handle the field book, tape measure,
etc., and the computer all at once.
The Tandy computer has a maximum of 64K of RAM.
Because the computer has limited memory, the software could
not be developed to allow the user to view and edit an unlimited number of distresses. The maximum number of distresses that can be viewed or edited is four. Once those four
distresses have been stored, they cannot be retrieved. This
problem was not a major disadvantage.

The inspectors walk along the sample unit together with one
inspector calling out the distress , severity, and quantity; the
other inspector records the information using the Micro Wand
Ill. One inspector determines and measures distresses while
the other records the information. The inspector recording
the information has a sheet of paper with the bar codes printed
on it. There is one bar code for each distress and a bar code
for each severity. The program prompts the user to type in
the date, branch , section, etc. This information is typed into
the Micro Wand III using the keyboard on the bar code reader.
The program then prompts the user to input the distress,
severity, and quantity. The distress and severity are recorded
by running the bar code reader over the appropriate codes
and the quantity is recorded by typing in the appropriate
number from the keyboard. All data are entered in the field.

Data Transfer
MICRO WAND III BAR CODE READER
Physical Characteristics
The physical characteristics of the Micro Wand III are given
in Table 2.
Operating Conditions
The Micro Wand III can be used in the temperature range of
32° to 113° F and a humidity range up to 95 percent noncondensing.

The inspection data are stored in the Micro Wand Ill. The
data are transferred by running a computer program on the
PC in conjunction with a program on the Micro Wand Ill.
These two programs work together to transfer the data. The
data are transferred to the PC by an RS-232 cable. A file
created on the hard disk of the PC can be read into Micro
PA VER by selecting the INSPECTION DATA (BATCH)
option from within Micro PA VER. When this option is selected, the user does not have to manually sum common distress and severity combinations.

Advantages
Cost
The Micro Wand III bar code reader with 128K RAM and
32K EPROM sells for $1,400. UDL 3.1 (development software) is $800 (a one-time cost), for a total of $2,200.
Training
The Micro Wand III requires less than 30 min of training .

The Micro Wand III is portable and lightweight and can be
easily handled by one inspector (see Figure 1). Data transfer
accomplished by file transfer between the Micro Wand III
and the PC takes little time and helps ensure the integrity of
the data.
Once the data have been transferred to the PC, the
INSPECTION DATA (BATCH) option is selected. When
this option is used, the data do not need to be reduced. That
is, the common distress and severity combinations do not need

TABLE 2 MICRO WAND III BAR CODE READER
Microprocessor

Display

68HC11

16 x 2 liquid crystal display, upper and lower
case ASCII characters

Clock Speed
1.23 Mhz

Memory
32K EPROM, 32K RAM (upgrade to
128K available)

lnput!Output
RS·232C serial
acoustic adapter

interface,

optical

interface,

Dimensions
1 Y. x 1 '% x 7" IH x W x 0)

Keyboard
35-key keyboard with embedded 10 key
numeric pad, plus 4 programmable
function keys

Certification
FCC Class B

Weight
7 ounces.

Power Supply
One 9 volt battery INiCad, Alkaline, Lithium) and
battery charger. Optional AC adapter
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Operating Conditions

NOSE - CONE TIP
-- LCD SCREEN
(WINDOW)

KEY

The recommended temperature range for the DC 3.0 is -5°
to 125° F.
Cost
The cost breakdown for the DC 3.0 is as follows:

ALPHA/NUMERIC l<EYBOARD
LED LIGHT

FIGURE 1 Micro Wand III bar code reader.

RAM Memory (K)

List Price ($)

128
384

1,995
2,495
2,795
3,245

640
960

to be manually summed before being read into the Micro
PAVER program.
The file created during the inspection can be printed and
stored to provide a written record of the inspection.

Training
The National DataComputer requires less than 30 min of
training.
Field Inspection Methodology

Disadvantages
The foremost problem with the Micro Wand III concerns the
display . The Micro Wand III has only two lines of 16 characters each. Because of the small display, only one distress
can be seen and edited at a time. Inspectors using the Micro
Wand III found this drawback to be significant. While collecting distress data, it is easy for an inspector to forget whether
or not a certain distress was recorded. If the inspector cannot
see previous entries, there is no way of knowing whether or
not the distress was recorded . This uncertainty leads to errors
and inaccurate PCI inspections.

NATIONAL DATACOMPUTER DC 3.0
HAND-HELD COMPUTER

The inspectors walk along the sample unit together, with one
inspector calling out the distress , severity, and quantity as the
other inspector records the information using the National
DataComputer. One inspector determines and measures distresses; the other records the information. The inspector is
prompted by the computer to enter the appropriate information. All data are entered in the field.
Because the National DataComputer can be held in one
hand, it is possible for an inspector to inspect PCC pavement
and record data. AC pavement requires two inspectors because a measuring device needs to be carried to measure the
quantity of each distress. When inspecting AC pavement, it
is too difficult for one inspector to carry all the necessary
equipment.

Physical Characteristics

Data Transfer

The physical characteristics of the DC 3.0 are given in Table
3.

The inspection data are stored in the National DataComputer.
The data are transferred by a computer program on the PC

TABLE 3 NATIONAL DATACOMPUTER DC 3.0 HAND-HELD
COMPUTER
Microprocessor

Input/Output

80C88

DB 25 serial port, DB 9 bar code port, 8 pin DIN
serial printer port, RJ-11 and 300-1200 or 3002400 baud internal (Hayes compatible) modem

Memory
128, 384, 640, or 960K RAM
64K EPROM

32 or

Dimensions
10x 5 x 2'h" (H xW xDl

Keyboard
full sized numeric
QWERTY keyboard

keys,

downsized

Weight
34 ounces .

Display

Power Supply

1O lines x 26 characters
80 x 160 full graphics capability
Backlit and Supertwist

4AA (plus room for 4 spares)
NiCad battery pack, cigarette lighter adapter
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that works with a program on the National DataComputer.
The data are transferred to the PC by an RS-232 cable. A
file created on the hard disk of the PC can be read into Micro
PA VER by electing the INSPECfION DATA (BATCH)
option from within Micro PAVER.
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have an interactive relationship with the device while in the
field. That is, given the correct spoken command, the device
will respond with synthesized words.
The device evaluated for this report is the type that requires
the users to record their voices on a standard cassette tape
and then play them back to the computer at a later time.

Advantages
The National DataComputer proved to work well for field
inspections. The computer is relatively light and ea ily held
in one hand . It enlarged numeric keypad makes entry of
numbers easy. The National DataComputer has a display large
enough to exhibit five distres es at any one time. The user is
not limited to viewing the last five distresses. The screen can
scroll up and down to exhibit all the distresses that have been
entered for that sample unit. Each line on the display contains
the distress code, description, everity, and quantity. Having
the distress description di played on the screen is considered
an advantage because it reduces the possibility of entering
erroneous distress codes.
Because the National DataComputer has adequate memory
and a relatively large display, it could be programmed to make
error correction simple. The user moves the cursor to the line
that needs to be edited and types in the changes.
Data transfer is accomplished by file transfer between the
National DataComputer and the PC. This process takes little
time and helps ensure the integrity of the data. The file created
during the inspection can be printed and stored to provide a
written record of the inspection.
Once the data have been transferred to the PC, the
INSPECTION DATA (BATCH) option is selected. When
this option is used, the data do not need to be reduced. That
is, the common distress and severity combinations do not need
to be manually summed before being read into the Micro
PA VER program.

Physical Characteristics and Hardware Requirements
The AstroVOIS system requires an IBM or compatible computer with DOS 3.1 or higher and at least 10 MB of free harddisk space. The computer should have at least 640K RAM
and one free expansion slot for the TI speech hardware kit.
Cost
Item

Sony Walkman Professional
Marantz PMD430 Cassette
Recorder
Noise canceling microphone
Audio cables
AstroVOIS Audio Tape System
Total

Cost ($)

230
450

200
25
5,500
6,405

The costs of the Marantz cassette recorder, audio cables, and
AstroVOIS audio tape system are one-time costs. Each inspector would need the Sony Walkman Professional and the
noise-canceling microphone.

Operating Conditions
The Sony Walkman Professional should not be used in high
humidity or extreme temperatures.

Disadvantages
Training
Some inspectors found that the shift keys on the National
DataComputer were a little awkward to use. The National
DataComputer has the shift key located on the keypad next
to all the other keys. Other hand-held computers have the
shift key on the side of the unit near where the thumb would
rest while holding the unit. Having the shift key next to the
thumb on the side of the unit would make using the shift key
a little easier. Although the National DataComputer does not
have the shift keys located in the most convenient way, it is
not a significant problem.

ASTROVOIS AUDIO VOICE RECOGNITION
SYSTEM
Within voice recognition technology, there exist two distinct
categories. The first category includes devices that record the
human voice on tape. The tape is then played back to a
computer that recognizes the words recorded on the tape.
The second category includes devices that allow the user to

Each inspector needs to train the AstroVOIS system to recognize his or her voice.
This i done by connecting a headset to the Marantz tape
recorder, which in turn is connected to the Texas Instruments
speech board that is installed on the computer. Once the
Astro VOIS program is executed it prompts the inspector to
say aloud the words that appear on the screen. While the
inspector is verbally responding, the AstroVOIS system measures and stores characteristics of the inspector's voice. This
procedure is repeated until the AstroVOIS system can correctly recognize all the words. The AstroVOIS system uses
PA VER words to enroll an in pector. These words include
sample unit, asphalt, concrete, alligator crack, and corner
spall . Once the AstroVOIS system recognizes the inspectors
verbal responses a mock pavement inspection hould be performed to ensure that the AstroVOIS ystem will recognize
voices from a tape recording. Training time varied from 6 hr
to 3 days. Pavement inspection using the AstroVOIS system
is described in the following paragraphs.
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Field Inspection Methodology
The AstroVOIS system recognizes words by comparing the
spoken word against a list of possible alternatives. For this
reason, the inspector needs to meticulously follow a script of
possible words. For example, permissible responses tallowing
inspection date include branch. Likewise, permissible responses following sample unit include sample type .
Because the Astro VOIS system allows the user to have both
hands free, one person is capable of conducting an inspection.
The inspector takes the Sony Walkman and headset and
microphone to the field. Then, the inspector follows the script
and records the distress data by speaking into the microphone
that is connected to the Sony Walkman. The inspector records
all the inspection information on the cassette tape . Error correction in the field is accomplished by rewinding the cassette
and taping over the erroneous data.

Data Transfer
The inspection data are stored on the cassette tape on which
the data were recorded while the inspector was in the field.
In order to transfer the data to the PC, the cassette tape is
placed in the Marantz tape recorder, which is connected to
the Texas Instruments speech board on the computer, and
played back to the computer. The AstroVOIS system then
matches words on the cassette tape with the words from the
inspector's enrollment. Once AstroVOIS has processed the
cassette tape, a file is created on the hard disk of the PC.
This file can be read into Micro PA VER by selecting the
INSPECTION DATA (BATCH) option within Micro
PA VER. When this option is selected, the user does not have
to manually sum common distress and severity combinations.
Once this has been done, the inspection data will be stored
in the Micro PA VER data base.

To provide a permanent record of the inspection the cassette tapes can be stored or transcribed.
The cassette can be processed while it is unattended thus
allowing employees the freedom to attend to other tasks.
Data transfer is accomplished electronically between the
AstroVOIS system and the PC. This process takes little time
and helps ensure the integrity of the data.
Once the data have been transferreci to the PC, the
INSPECTION DATA (BATCH) option is selected. When
this option is used, the data do not need to be reduced . That
is, the common distress and severity combinations do not need
to be manually summed before being read into the Micro
PAVER program.

Disadvantages
The training procedure is time consuming and difficult for
some people. One inspector was unable to train the Astra VOIS
system to reliably recognize his voice .
The AstroVOIS system is somewhat sensitive to loud noises.
If loud noises are recorded, the AstroVOIS system may have
problems recognizing words recorded on the tape.
Another major disadvantage with the AstroVOIS system
is data correction. In order to edit data, the user must rewind
and play back the tape to the point where the change needs
to be made. Once that point is found, the correct data are
recorded over the old data. Several inspectors reported that
this process was inconvenient .
In order to view the data, the tape must be rewound and
played back. Inspectors reported that this was inconvenient
and may have reduced the reliability of the data. If recorded
distresses are not easily viewed, the inspector can easily forget
to enter a distress or may enter a distress twice.

Advantages

CONCLUSION

Normally, two inspectors are needed to inspect pavements
but with the AstroVOIS system the user has both hands free;
thus one person can inspect both AC and PCC pavements.

Current technology offers many alternate methods of data
acquisition and transferral. A summary of the features of the
devices tested is presented in Table 4 and Figure 2. Portable

TABLE 4 DEVICE SUMMARY
DEVICE

weight

PHYSICAL CHARACTERISTICS
dimensions
dis ploy

manual calc.
required'

OPERATING CHARACTERISTICS
training
data
dot•
entry'
time
edldng

COST
d111

lnltllll

pert...,•

trenIfI!

Paper/Pencil

NIA

8~x11"

8~x11"

yes

< 15 min

5

5

manual

$ 10

$ 10

Tandy TRS 80

48 oz

1 ~x12x8~"

40x8 char

no

< 30 min

4

3

electronic

$ 600

$ 600

no

< 30 min

3

2

electronic

$ 2,200

$ 1,400

Micro Wand Ill

7 oz

1 \14)(1%x7"

16x2 char

National Datacomputer

34 oz

10x5x2~·

10x26 char

no

< 30 min

4~

5

electronic

$ 2,495

$ 2,495

AstroVOIS

10 oz

5x3%x1 Y4

no display

no

4 - 6 hours

3·

1

electronic

$ 6,405

$ 430

1
Data manually entered into Micro PAVER must be reduced. All common distress - severity combinations must be summed before being entered into Micro PAVER. If a data
file is produced during the inspection, that file can be read directly into Micro PAVER and thus manual data reduction is not necessary .
1

5-excellent

3

This c:n~t rP.('lrP.fi.r.nts thP. c:nst ner insnection team after the initial cost.

4-good

3-fair

2-poor

1-unsatisfactory
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$7000

Cost

$8000
$5000
$4000
$3000
$2000
$1000

so ...i....._ _ _:....._J
Papar/Pencll Tandy TR880 Micro Wand Ill
Natlonel
Model 100
Datacomputar

AatroVOl8

Device

FIGURE 2 Start-up cost comparison.

computers , bar code readers, hand-held computers, and voice
recognition systems all have the potential to help facilitate
the acquisition and transferral of field data.
Portable and hand-held computers are relatively light, inexpensive, and easy to use. Depending on the software, collecting and editing data while in the field can be easy.
Bar code readers are generally much smaller and lighter
than most portable and hand-held computers. The display on
most bar code readers is small and makes field data collection
and editing somewhat difficult.
Voice recognition systems are initially expensive and require more training than other devices. Editing data while in
the field is difficult.
All the devices mentioned offer the user electronic data
transfer that can significantly decrease the amount of time
required to transfer field data to the PC.

FIGURE 3 Scantron optical mark reader.

FUTURE RESEARCH

Other technologies that have the potential to expedite field
data collection are optical mark readers (OMRs), programmable calculators, and electronic notepads.
OMRs scan a preformatted form (see Figure 3). OMR forms
can be developed exclusively for PA VER inspections. The
information is recorded on the form by blackening an oval or
rectangle with a pencil. The data are transferred to the PC
by passing the form through the OMR. The OMR can be
equipped with a multiple-sheet feeder that would allow multiple forms to be processed automatically . One advantage of
using an OMR would be that field inspectors could record
data using paper and pencil and still be able to transfer data
to the PC quickly and accurately. A typical rate for a multiplesheet feeder is 40 sheets per minute.

TRANSPORTATION RESEARCH RECORD 1311

204

FIGURE 4

GridPAD pen-based portable computer.

Programmable calculators are fast becoming hand-held
computers. Calculators now have up to 288K RAM, multiple
line displays, printers, and serial ports for transferring data
to and from the PC. Calculators are relatively inexpensive,
small, and lightweight, and have many other uses besides field
data collection.
Electronic notepads (see Figure 4) are computers that recognize written characters. The computer is the size of a clip-

board and allows the user to handprint data and diagrams.
The computer allows the user to create customized forms that
could be used for PA VER data collection. One of the advantages of this type of computer is that the user inputs data
just as if he or she were writing on a piece of paper.
Publicalion of 1his paper sponsored by Committee on Pavement Managemenl Systems .
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Assessing Composite Distress Evaluations
RICARDO BARROS
Composite indices provide a convenient means of standardizing
the effects of incongruous parameters, such as those encountered
in the management of pavement distress. With these indices, the
relative needs of one pavement can be compared with the needs
of another even though they experience different distresses. This
particular application often leads to a priority list for resource
allocation. Composite index development is studied to learn the
extent to which statistical analyses will support objectivity in the
management of pavement distress. The major findings include
the following. (a) The systemwide average composite index is an
excellent estimator of the true value. (b} Composite indices are
generally effective in sort ing pavement according to their relative
need . (c) On an individual , section-by· ection basi , composite
indices do not and cannot reliably identify the upper population
percentiles generally sought. Approximately one-third of the systemwide worst 20 percent may fail to be identified as such .
{d} Relatively coarse increments of measurement can be used in
multiple parameter indices with small practical effect on index
efficiency, facilitating system wide data collection. (e) Statistical
analyses will indeed help-but must not be allowed to hide-the
extremely subjective process of composite index development.
The term "pavement distress" changes in meaning as it is
passed from one engineer to another. Thus a consensus on
its definition often eludes experts in the management of pavement distress. What may be surprising is that even if such a
consensus were to exist, formidable obstacles would remain
that would hinder composite evaluation of the various distresses.
The management of pavement distress must ultimately reduce to a rank order list describing the relative priority of
candidate pavements competing for limited resources. This
one-dimensional list is the force-fit representation of a multidimensional condition. Pavements experiencing one distress
are ranked relative to pavements experiencing another, as
well as still others experiencing a combination of different
distresses. Although some loss in precision must be tolerated,
care should be taken to ensure that the required toll is not
overpaid.
It was the objective of this research to lay groundwork in
developing a procedure for the management of pavement
distress. Fundamental questions are addressed to discover
what can be known about the options to choose from, not to
evaluate which of the known options is best.
Three broad topics are addressed in this study. These are

1. The scope and conduct of the expert panel survey used
to evaluate pavement distress,
2. The role played by statistics in clarifying ambiguous data,
md

'

Bureau of Transportation Structures Research, New Jersey Department of Transportation , 1600 N. Olden Avenue, Trenton, N.J. 08625 .

3. The computer simulation used to quantify the effectiveness with which statistical procedures can achieve the objectives established by the expert panelists.
These inquiries are necessary to pursue factual detail to an
appropriate level-and not beyond-in tailoring a distress
management procedure to an agency's needs.
ROLE OF DISTRESS IN PAVEMENT
MANAGEMENT
A rank order list of distressed pavement sections clearly identifies those sections most needing attention. With such a list,
high-level managers can be easily apprised of the number of
sections exceeding any threshold, of the marginal number of
sections affected by an additional expenditure, and of historical trends reflected in the list.
However, it is difficult to specify how this rank order list
should be formulated because pavement distress actually covers the effects of many diverse influences. These distresses
may occur concurrently in any combination of low, medium,
and high values and these various combinations seemingly
defy logical ordering. Therefore, it is unclear as to how the
various distresses (and levels of distress) should be weighted.
Expert panels within transportation agencies are therefore
asked to provide guidance in developing the ranking procedure. The que tions these panels are asked to address typically
include the following:
• Which distress parameters are of concern t the agency
and are to be included in the systemwide di tress analysis?
• How are each of these distresses to be scaled such that
the tolerable threshold can be identified for each?
• On the scale developed for each distress, what is the finest
increment with which levels of distress can be differentiated
and still retain practical meaning?
•What is the relative significance of each distress? (Often
a pavement may have a lot of one and a little of another. Is
this situation of less overall distress than if the relative quantities had been reversed?)
PROBLEMS IN CONVENING AN EXPERT PANEL
ADDRESSING DISTRESS
Seating an expert panel raises questions of comparable difficulty to the questions addressed by the panel members themselves. Consider the following:
• What qualifies an individual as an expert entitled to sit
on this panel? Who meets these qualifications, and are there
enough of these people to ensure the averaging process works?
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• Is it possible to and can any panel meaningfully scale the
relative value of two or more independent distress parameters?
• If an authentic panel of experts cannot be seated , are
further developments in the management of pavement distress
pointless?
• To what extent can statistics be relied on to filter
the experimental error commonly associated with human
responses?

PANELIST QUALIFICATIONS
Panelist expertise is sought in two basic areas: the identification and evaluation of distress. With respect Lu lhe purely
technical aspects of these areas, the principal criteria qualifying each panelist is an appreciation of the significance of
the various pavement distresses. This appreciation may be
either objective or subjective, but it must be supported by
experience.
Expertise will be required in identifying characteristics
symptomatic of an already diminished pavement serviceability
or symptoms that foreshadow future reductions . Once these
symptoms are identified , the panel will be expected to scale
the degree of severity suggested by each symptom for each
distress.
A host of individuals may qualify as experts on pavement
distress. These range from top-level managers to resident
engineers.
More than simply technical assessments will be required,
and the qualifications to meet these additional needs may be
more difficult to satisfy. The panelists will be asked to assess
the relative significance of various combinations of distress.
Trivial cases aside, one might speculate that a pavement manifesting symptoms of two distress parameters, both at a severe
level, may be worse than another pavement manifesting one
severe distress-but even this inference is not necessarily
correct. More complex yet are assessments involving combinations of several moderate distresses. Such assessments
have not yet been determined within the state-of-the-art .
Thus the qualification of panelists will also involve our confidence in the value of their subjectivity, for the answers they
provide are bound to extend beyond the realm of empirical
evidence. In essence, the panelists are asked to share their
wisdom so that apples and oranges can be compared. Unlike
lay people, who may acknowledge an inability to make such
a comparison, experts forge ahead as licensed by our credibility.

CONVERGENCE TO THE MEAN
The basic statistical model routinely used to describe empirically observed variability is the following.
Experimental observation

=

true mean + random error component

In most engineering applications, it can be proven that
averaging a large number of experimental observations produces a reliable estimate of the true (but unknown) mean.
Errors of positive sign balance out those of negative sign and

the confidence interval about their balancing point narrows
in proportion to the square root of the sample size, thus
converging on the correct value .
Implicit in the foregoing are the assumptions that the true
mean is a parameter whose attributes can be meaningfully
described and that these attributes are of practical significance
to the analyst. For example, the systemwide average roughness level of a pavement network reflects one measnre of
serviceability rendered to motorists using the roadway system.
This systemwide average may be mechanically measured and
related to user opinion in a panel study.
Quantification of human responses may be achieved through
panel ratings, in which a randomly selected sample of individuals independently report their subjective responses to
controlled stimuli. Although the error component in subjective responses is generally large, replicate pane] rating experiments have demonstrated that statistical estimates are capable of efficiently converging towards stable means (1,2). In
fact, in these particular panel studies the mean responses
between years were virtually indistinguishable even though
individual responses varied so widely that lack of control was
initially suspected.
Expert panels are a special case of the more general panel
rating experiment. They differ in that, by virtue of either
experience or acquired knowledge, the panel members are
considered more capable of meaningful insight or appropriate
response . For example, an expert panel of experienced pavement engineers could share its collective experience to produce an overall assessment of the effectiveness of a particular
pavement repair. The average of their respective opinions
would provide one good estimate of the experience a new
user would be likely to have with this repair.

USE OF STATISTICS
As a safeguard against spurious results, the use of statistics
is programmed to interpret and clarify the panel consensus.
Three problems then surface:
1. Statistical Independence. The extent to which the panel
members interact affects interpretation of the outcome produced. If the panel members contribute their thoughts independently , as in an anonymous ballot, then they could all be
right in accordance with their own criteria and still disagree.
If the panel members are encouraged to consult one another
in reaching a decision, then their individual contributions are
not independent and may really reflect the opinion of the
most knowledgeable or most persuasive panelist. In the latter
case, a similar result could be achieved more efficiently by
consulting that particular panelist (or inner core of panelists)
directly.
2. Appropriate Statistical Model . Use of the statistical error
model previously cited implies that within each of the individual sample observations lies information pertinent to the
specific characteristic of interest . Thus it is assumed that the
expected value of any individual observation is the true mean
being estimated. Ignoring the issue of independence, it remains questionable whether experts in pavement distress are
intuitively knowledgeable about information not presently
available in the state of the art. Rigorous scrutiny suggests
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that each panelist's response originates in his subjective opinion of this type of information. This subjectivity further suggests that logic will not necessarily support any one panelist's
opinion and that , even if the opinions are consistent , they
could be based on false premises.
3. Definition of Consensus. Technically, a consensus is defined as a general agreement or majority of opinion. Use of
the arithmetic mean to characterize a consensus is vulnerable
to many awkward representations. If, as in one recent small
panel study, each member is particularly sensitive to a different concern, then the average of the panelist's individual
ratings may poorly represent what any of the experts actually
think . The diversity in perspective may be simply too great.
Further, it is difficult to fathom the concepts of an "average
expert" or that each of the panelist estimates approximates
the opinion of a " true expert." A consensus of experts is thus
seen to have meaning only when the overwhelming majority
closely agree. Whether such a consensus exists may be unclear, but this type of consensus would not necessarily be
reflected by the statistical factors such as the mean, median,
or mode.
In short, the use of statistics may obscure rather than resolve ambiguities inherent to the context in which a question
is asked . It appears genuinely impossible to qualify any panelist as an expert in answering certain fundamental questions
of relative value. Acknowledgment of this fact is not synonymous with the surrender of objectivity. Rather, it is more
rightfully the mandate to define and exercise judgment. It is
the appropriate empowerment of other criteria, such as employee acceptance and management endorsement, in shaping
distress management policy.

APPLICATION OF COMPOSITE INDICES TO
DISTRESS

Assume for the present that a panel of true experts in pavement distress has been convened and that it has independently
arrived at a unanimous consensus in scaling three distresses,
A, B, and C. The severities of these distresses are measured
as continuous variables from 0.0 to 5.0, with the low values
representing the more severely distressed pavements. Further, this panel unanimously agreed that Distress B is 20.0
percent less important than Distress A, and that Distress C
is 20.0 percent more important than Distress A. These panel
findings are used to develop the following composite index
for pavement distress.
COMPOSITE INDEX =A + 0.8B + l.2C
Substitution of the true values for the distress parameters
A, B, and Con any pavement section into this formula will
produce the correct distress composite index for that section.
In this particular example, the composite index may have a
minimum value of 0.0 and a maximum value of 15 .0. These
coefficients are factored by 0.33 below to reset the maximum
value to 5.0 without affecting the relative weights.
COMPOSITE INDEX

=

0.33A + 0.27 B + 0.40C

Such a composite index provides an extremely useful mechanism with which to evaluate the relative condition of jointly
distressed pavements. Consider, for example, the following
combinations of observed distresses:
Distress

Pavement
Section

A

B

c

1
2
3

3.5
4.8
5.0

4.5
5.0
4.2

3.0
2.2
3.3

Composite
Index

3.57
3.81
4.10

Without a composite index, it would be extremely difficult
to assess the relative standing of these three hypothetical sections, let alone the relative standing of several thousand such
sections. The services provided by composite indices are recognized to be so useful that such indices are incorporated into
many analyses.
Statistics are capable of piercing illusions. In the present
case, a promise of rational order has been implied-and the
question of significant figures is raised. Whether the indices
are statistically significantly different depends entirely on (a) the
precision with which the distress parameters A , B, and Care
determined, and (b) the precision with which the coefficients
multiplying each parameter (0.33, 0.27, and 0.40) have been
determined . Both considerations are sidestepped here by assuming perfect knowledge . In practice , when such knowledge
can scarcely be assumed, the issue of significant figures is
thought to be avoided by a second rationale: "It matters not
whether 3.81 is worse than 4.10, what really matters is that
both composite indices have values of about four. Practical
significance suggests that a value of about four need be distinguishable only from, say, other values below three."
The issue of significant figures may not be so easily dismissed. The argument of distinguishing low numbers from
high numbers may divert attention from the issue of measurement precision, but it still fails to address a practical concern.
Because the parameter of interest is that of the relative distress rank, the question is to what degree the rank of a distressed pavement section might be misrepresented. For example, in a system of 500 sections could one of the five worst
sections be misranked in the hundreds? By chance , exactly
this result was observed in a computer simulation. This particular result and its implications are presented after the
illustrative example of composite index development that
follows.

EMPIRICAL DEVELOPMENT OF A COMPOSITE
INDEX

In practice, the empirical development of a composite index
may be achieved in four steps. These are
1.
2.
3.
4.

The seating of an expert panel,
Identification of the critical parameters ,
Uniform scaling of each parameter , and
Assignment of relative weights to each scaled parameter.

Clearly, the element of subjectivity permeates this development process . Determination of who sits on the panel and
their decisions of which parameters are to be monitored are
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essentially unquantifiable decisions. On the other hand, although the scaling and weighting of the parameters may be
no less subjective, they do lend themselves to quantification.
However, in this writer's opinion, the processes of scaling and
weighting should not be combined, because the contributions
they make are distinct.
A prototype, in-house expert panel survey was conducted
to provide reasonable data with which to test the quantifiable
aspects of composite index analyses. In this survey, experts
were expediently defined as 10 engineers within the Bureau
of Transportation Structures, Research. Four engineering parameters were selected for inclusion in the prototype (bituminous pavement) composite index purely on the basis of
their ease of measurement and availability. These were rutting, percent cracking (as estimated through windshield), skid
resistance, and ride quality.
Each expert was asked to independently scale rutting, percent cracking, and skid resistance in a fashion analogous to
the AASHTO PSR scale on the survey form presented in
Figure 1. (The scaled values of ride quality were obtained
from a previous investigation and were supplied as a guide.)
Especially for the percent cracking parameter, several panelists commented that the gradations sought were finer than
practical to measure or meaningful to apply. This point is
valid and is addressed in the following paragraphs. However,
for the present a continuous gradation in scale is maintained .
A graphical analysis of these data was performed and is
presented in Figures 2a, 2b, and 2c. The complete, segmental
curve for each panelist was plotted as a function of the 0 to
5 uniform index. A smooth line was then fit to the family of
panelist responses. Distress parameter values were not averaged at each increment of the uniform scale and across
panelists, because to do so would obscure the trend infor-

mation for that parameter suggested by each of the individual
panelists.
Inspection of the plotted curves in Figure 2 highlights certain fundamental observations. The first is the variability among
individual responses. Although no argument is made that these
test panelists are truly experts, they are somewhat knowledgeable and may well suggest the degree of consensus to be
expected from genuine experts. The seconci is thllt the fitted
curves do represent the overall trends well despite the fluctuation of individual opinions. Third, these graphs make obvious that the individually scaled parameters are already, at
best, very generalized indicators of any particular pavement
condition.
In developing the relative weights for each of the scaled
parameters, several rational strategies are possible. The qualitative descriptors used to establish the uniform scale might
justify equal weights on all. Or, citing the weak link in a chain
analogy, equal weights may be chosen unless the minimum
value exceeds some minimum threshold (e.g., 2.0), in which
case a substantially larger weight is applied. Another alternative is to bias the composite index towards certain parameters (e.g., skid resistance and rutting, because of the associated liabilities) in favor of others. If unequal weights are
chosen, a second questionnaire could be filled out by each
panelist indicating his or her assessment of the appropriate
weights.
For illustrative purposes, it is assumed that a weighting
survey produced the coefficients for each of the four models
presented in Table 1. (In practice, only one such model would
be specified. Four models are listed here for use in the sensitivity analysis that follows.) Analogous to the arguments
made in subjectively scaling the individual parameters, it is
recognized that these weights nominally represent values con-

This is an in-house, preliminary survey to assist in understanding the mathematical properties of
composite indices. To achieve greater realism, it would be desirable to scale the individual
parameters in the test composite index in an intuitively meaningful manner which also generally
corresponds to the traditional PSR scale. Pleaae indicate the levels of rutting, skid resistance, and
cracking in bituminous pavements which, in your opinion, correspond
to the scaled qualitative
descriptors listed below. Results from the 1986 NJDOT ride quality panel study have already been
entered to illustrate the nature of the information requested.
(Feel free to decline responding if
you are not personally familiar with any parameter.)

Uniform
Rating
Scale

Qualitative Descriptor of Bituminous
Pavement Performance

5.0

Perfect.

Ride
Quality
(Mays)

Rutting
(Inches)

0

0

4.5

Excellent.

5

4.0

Very Good.

25

3.5

Good.

55

3.0

Satisfactory. Action not yet warranted
by current performance.

105

2.5

Marginal. Performance may be unreliable,
objectionable to some.

185

2.0

Clearly undesirable. Consensus indicates
remedial action warranted by deficient
performance level.

300

1.5

Very serious problem. Action required.

495

0.0

Intolerable

FIGURE 1 In-house survey to estimate preliminary settings of parameter levels.
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characteristics may be studied through computer simulation.
The simulation model presented in the following paragraphs
is thought to be reasonably well calibrated although, for the
present purposes, its calibration is not germane to the major
findings. (These findings are presented in dimensionless units.)
The simulation procedure itself is rather simple. The systemwide population of distresses A, B, C, and Dare specified in
terms of their means and standard deviations. For each simulated pavement section, a single value from each of these
distributions is randomly selected and assigned to that section.
The true composite index for that section is calculated in
accordance with the weighting formula appropriate to the
number of parameters included in the index. The actual field
measurement procedure is then simulated by tacking a random measurement error to each of the true distress values.
The field-measured composite index is then computed as a
function of these estimated distresses and is available for direct
comparison with the true (i.e., error-free) composite index.
The degree of measurement error tacked on to each true
distress is determined by the actual measurement error associated with the observation of that distress in the field. For
rutting as measured by the ARAN, for example, the measurement precision is approximately Vs in. In the region of particular interest on the uniform scale, i.e., the 2.5 to 3.0 region,
this magnitude of error proportionately corresponds to a precision of approximately 0.5 unit. A similar analysis is performed to estimate the errors of the ride, skid, and cracking
distress parameters to be 0.2, 0.2 and 0.8 unit, respectively.
The systemwide mean and standard deviations for each of
the four parameters were set to generally correspond to the
current state of the New Jersey pavement network. The specific settings used in the simulation are presented in Table 2.
The distributions of true and estimated composite indices produced by the four-parameter model are shown in Figure 3.

Uniform Rating Scale

FIGURE 2 Prototype expert panel evaluation of three
engineering parameters: (a) crack; (b) rut; (c) skid.

MEASURES OF COMPOSITE INDEX
EFFECTIVENESS

TABLE 1 ASSUMED RELATIVE WEIGHTS OF
DISTRESS PARAMETERS
Number of
Parameters
In Model
1

2
3
4

If the central point of interest were to be exclusively the

Relative Weight of Parameter
A

B

c

D

1. 0
1. 0
1.0
1. 0

0
0.8
0.8
0.8

0
0

0
0
0
1. 5

1. 2

1. 2

sistent with an agency's policies. Greater value is placed on
the acceptance of a particular set of weights by panel and
agency members than on the statistical precision with which
the weighting coefficients can be estimated.

correspondence between the estimated and true distributions
of composite indices, then a summary inspection of Figure 3
would be sufficient. In Figure 3, this correlation was good.
If, on the other hand, one were also to be interested in the
general correctness of the distress rating for a particular section
(as it is used in the rank order priority list) then
two additional measures of effectiveness are especially
informative.
The distribution of rank-miss compares the true (error-free)
rank with the estimated (measurement error included) rank
TABLE 2 ASSUMED SYSTEMWIDE DISTRESS FOR
COMPUTER SIMULATION
Parameter Setting, 0-5 Scale

SIMULATION OF COMPOSITE INDEX
PERFORMANCE

Parameter
A (Ride)

The actual performance of a composite index may be surprisingly well determined despite gross uncertainties supporting the development of the index. These performance

(Cracking)
c (Rutting)
D (Skid)
B

Network
Mean

Network
Std Dev

Measurement
Precision

3.5
3.0
3.3
3.0

0.5
0.7
0.6
1. 0

0.2
0.8
0.5
0.2
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The dispersion of the rank-miss distribution reveals that,
on an individual basis, particular sections may be ranked with
considerable error. The standard deviation in this particular
simulation was 101, and the 90 percent confidence interval
for the true rank based on the estimated rank was approximately ± 165. In other words, the section that truly rankt:J
50th could be estimated to rank 1st or 200th because of normal
statistical variability.
The significance of this observation should not be underestimated. It establishes the resolution with which meaningful
engineering decisions can be made on the basis of the composite index alone. It is reasonable to expect that the effect
of uniformly applied policy decisions may be reflected in the
average composite index, but it may be unreasonable to expect the composite index to consistently flag individual pavement sections of particular interest to the engineer.
This particular point is emphasized by the top 10 list presented in Table 3 in which the 10 pavement sections with the
lowest estimated composite indices are presented along with
their true rank as well as their true composite indices (both
known within the simulation). Although several of the worst
sections were detected, this list does incorporate two obvious
ranking errors: a section that should have been ranked 236th
of 500 actually made the top 10 list and a section that should
have been ranked 2nd was misranked as 115th.

Fl'eQuency

160
1315
120
1015
Q()

715
60
415
30
115

0 +--..---1"""---t
1.75 2.00 2.25 2.50

2.715 3.00 3.215 3.l50
UnHonn Rating Scale
TRUE lNDlCES

3.715

4.00

4.26

fftlquency
120
1015
Q()

715
60
45

TABLE 3 SIMULATED ESTIMATION OF
TOP TEN MOST DISTRESSED PAVEMENT
SECTIONS

30
115

1.715

2.00

2.25

2.l50

2.76 3.00 3.215 3.l50
UnHonn Rating Scel9
FS11M.4TFJ) /NDla!S

3.715

4.00

4.215

FIGURE 3 Simulated distributions of (top) true and (bottom)
estimated composite indices for three-parameter model.

of each section on a section-by-section basis. Thus, a pavement section whose true rank was 10th but was estimated to
rank 5th would have a rank-miss of +5. (Had the estimated
rank been 16, the rank-miss would have been -6.) The complete rank-miss distribution of one simulation encompassing
500 pavement sections is shown in Figure 4, in which the
average rank-miss is zero.

Estimated
Rank

True
Rank

True
Composite
Index

1
2
3
4
5
6
7
8
9
10

24
1
19
16
57
10
21
7
43
236

2.45
2.09
2.43
2.41
2.61
2.35
2.43
2.33
2.55
3.02

115

2

2.17

Frequency

120

90
75

60
45
30
15
0
·260.00 ·200.00 ·160.00 ·100.00 ·60.00

0.00

60.00

100.00 160.00 200.00 260.00 300.00

RANK MISS ( ESrlMA1'ED • TRUE RANK)

FIGURE 4 Simulated rank-miss distribution for three-parameter model.
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An alternative measure of composite index effectiveness
formalizes the efficiency with which the most critical pavements are identified. Ideally, in a network of 500 pavement
sections the worst 50 pavements should be ranked 50 or lower.
If 25 of these pavements were misranked higher, such that
25 better-designated pavements were misranked to be included in the top 50, then the efficiency of the index might
be said to be 50 percent. The practical significance of the top
50 pavements changes if the total network includes 100, 500,
or 5,000 sections. (The top 50 would represent 50.0, 10.0, or
1.0 percent of the overall network, respectively.) It is consequently necessary to refer to the population percentile for
which the efficiency is being measured. The convention followed here is to refer to a composite index efficiency for the
5th, 10th, 20th, and 40th population percentiles.
The efficiency of the composite index in the previous example is estimated to be 44 and 48 percent for the 5th and
10th population percentiles, respectively. That is, approximately one-half of the most distressed pavement sections would
not be individually recognized as such. As the population
percentile grows to 20 and 40, these estimated efficiencies
improve to 65 and 77 percent. By this second measure, also,
the resolution of the composite index as it may be applied to
the ranking of pavement distress is observed.

stantially unchanged regardless of the parameter settings, then
not only are calibration refinements unnecessary but also a
greater credibility is conferred on the resultant conclusions.
This sensitivity test addressed five concerns:
1.
2.
3.
4.
5.

Calibration of model to actual network condition,
Impact of relative parameter weights,
Number of parameters included in index,
Correlated versus independent distresses, and
Individual parameter scale resolution .

A summary of the sensitivity analysis findings is presented
in Table 4. The baseline results against which all other results
were compared are those of the simulation model previously
introduced. These results are presented at the top of Table
4.

Each of the individual simulation parameter settings of the
baseline composite index was increased and decreased by a
factor of 1.5 . That is, if the systemwide average level of Distress A were to be 3.0, then the simulation was also run with
this parameter set at the levels of 4.5 and 2.0. Similarly, the
population dispersion and measurement error of each distress
parameter were increased and decreased by this same factor
in additional tests.
As reflected in the ranking efficiency and the dispersion of
the rank-miss distribution, the particular parameter settings
do not greatly influence the composite index performance .
At the 10th population percentile level (i.e., for the worst 10
percent of the pavement network), the composite index could
identify from approximately 40 to 65 percent of the critical
sections. The standard deviation of the rank-miss distribution
ranged from approximately 80 to 130. Although a legitimate
argument could be made that the range of these values is
statistically significant, the absolute magnitude of these num-

SENSITIVITY ANALYSIS

Although a reasonable effort was made to calibrate the simulation model to realistic conditions, it is recognized that some
error undoubtedly remains in the particular settings selected.
The potential influence of this error on the simulation results
was addressed through a sensitivity analysis. If, as was subsequently found to be true, the simulation results remain sub-

TABLE 4 SENSITIVITY OF COMPOSITE INDEX PERFORMANCE TO
SIMULATION SETTINGS
Composite Index Efficiency
Fopulatfon Percentile
Variable Tested

Std Dev
Rank-Miss

5

10

20

40

44

48

65

77

101

24
32
68
32
24
56

40
38
64
42
38
66

53
60
74
50
48
69

67
74
81
67
69
80

127
106
79
128
132
79

Initial setting, equal wts.

40

46

53

70

120

One param index. (B)
One param index. (D)
Two param index. (C,D)
Four param index. (A,B,C,D)

36
80
48
48

42
88
74
56

54
90
77
62

66
93
86
73

126
30
58
96

52
56

44
68

60
71

73
81

96
74

48
28

54
40

53
51

66
65

126
134

Initial setting.

(A,B,C)

increased
decreased
increased
Std dev
decreased
Measmt error increased
Measmt error decreased
Mean values

Correlated params.
Correlated params.

l.5X.
l.5X
1. 5X
l.5X
1. 5X
1. 5X

(A,B,C)
(A,B,C,D)

None-Some-Much: B. (A,B,C)
None-Some-Much: A,B,C. (A,B,C)

212

bers is in a region where their distinction affords little practical
value. Thus it is concluded that meaningful inferences may
be drawn using this model as presently calibrated.
In the baseline composite index model, the relative weights
assigned to the second and third parameters were set to be
plus and minus 20 percent that of the first. In order to test
the sensitivity of these relative weights, the simulation was
rerun with all parameters given equal weights. This alternative
weighting scheme had a negligible influence on the composite
index performance.
The number of parameters included in the composite index
was also varied. The maximum possible efficiency was found
to be associated with the inclusion of only one parameter in
the composite index for those cases in which the measurement
error of lhal parameter was small. Distress D was observed
to have an efficiency of 80 percent and higher when it was
the only parameter used in the index. [The measurement error
for this parameter was 0.2. If the single parameter used had
a relatively large measurement error (such as Distress B, with
an assumed measurement error of 0.8), the benefits of a oneparameter index would be lost.] Otherwise, the effect on performance of the number of parameters included in the composite index was found to be practically negligible.
Interparameter correlation was a purely statistical concern
addressed in this sensitivity analysis . Although data are not
presently available to quantify the magnitude of this correlation, the impact it might have on composite index performance could potentially invalidate the simulation results . As
a check, all random normal deviates generated by the computer simulation were prescribed to be correlated at the r =
0.30 level. The simulation results indicate that the three-parameter composite index performance was practically unaffected by this correlation . A small improvement in the precision of the rank-miss standard deviation was observed for
the four-parameter index , largely attributable to the small
measurement error associated with the fourth distress parameter that was introduced. Overall, however, the simplifying
assumption of independent distresses was thought to adequately represent correlated distresses with respect to composite index performance .
The resolution of the individual parameter scales was also
investigated. Recall that several respondents to the prototype
expert panel survey questioned the merit of small distinctions
between progressive levels of cracking. These distinctions were
retained for clarity in theoretical development. However, at
this point , the effect of this decision can be tested.
All three parameters were rescaled to a none-some-much
gradation. Distress values higher than 3.5 were classified as
None, values lower than 2.5 were classified as Much, and the
values in between were classified as Some. (The numerical
values actually assigned were the category midpoints of 4.25,
3.0, and 1.25, respectively .) This coarser gradation scale had
a minimal effect on the composite index efficiency although
it did increase the standard deviation of the rank-miss distribution . Previous values of about 100 were typically increased
to about 130, which does not greatly affect interpretation of
the composite index effectiveness . Therefore , the simplest
convenient scaling increments for each of the distress parameters may be adequate and hair-splitting refinements in distress measurement simply may not be warranted.
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In summary, the performance of composite indices was
found to be generally insensitive to the particular parameter
settings used in the simulation. This result implies the study
conclusions are broadly applicable without further refinement
of the model's calibration. Recognition of this fact supports
a shift in focus away from statistical pursuit of a numerical
optimum or an absolute value. Attention should be directed
towards the articulation of subjective value-towards the
evaluation of which distresses are to be measured, onto how,
and onto when distress levels are thought to be criticalwhere the true focus belongs.
SUMMARY AND CONCLUSIONS
In most statistical analyses, the effect of experimental error
is overwhelmed by, if nothing else, the sheer quantity of empirically observed data. Thus more data generally lead to
better precision. However, under certain conditions statistical
analyses may fail to achieve the desired results. To a limited
extent, these conditions are present in the management of
pavement distress.
Pavement distress is an umbrella term encompassing a diverse population of pavement deficiencies, each of which is
measured in different engineering units and which may occur
in levels of varying severity and with varying frequency . Pavement engineers routinely assign relative priority in evaluating
various combinations of pavement distress. Clearly, their decision process must be formalized if an agency is to achieve
consistency in the administration of its distress management
program.
Composite indices afford the consistency sought and will,
in fact, provide an excellent overall status report of the pavement network condition. Simulation analysis reveals that, in
a population of 500 pavement sections, the average composite
index was generally within 0.1 (PSR) units or less of the
correct value.
However, if rigorous objectivity is required the development and calibration of composite indices can be problematic.
The essential problems are that there is no single, correct
answer to which statistical estimates converge, and that tangible interpretation progressively deteriorates as additional
parameters are included in the composite index. Thus, regardless of the effort applied, engineers in pursuit of objectivity are bound to be frustrated. The ambiguities encountered
will outlive their statistical explanations.
Composite indices are also sometimes used to assist engineers who make project-level decisions. The issue of subjective criteria aside, statistical imprecision affects the ability of
the composite indices in resolving distinctions of potential
consequence to these engineers. The rank-order list of distressed pavement sections, as prioritized by a composite index, provides general guidance but cannot be expected to
reliably detect all of the most severely distressed pavement
sections. Misranking a pavement by 100 places or more may
not be uncommon. Further, no numerical adjustment is possible that will make the index completely reliable . Acceptance
of this fact facilitates appreciation of the many benefits that
composite indices do afford.
The benefits of a realistic appreciation of composite index
performance include
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• Assurance that composite indices will indeed generally
stratify distressed pavement sections in accordance with the
specified criteria,
• Consistency in the administration of policy,
• Substantially diminished need to finely gradate the evaluation of pavement distress,
• More efficient data collection through the tolerance of
coarser increments in measuring pavement distress,
• More directly serving agency needs through the increased
emphasis placed on the subjective determination of relative
value, and
• A stronger likelihood of success as individual experts within

the agency tailor the program and ally themselves with the
overall distress management effort.
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Calculation of Aggregate Pavement
Condition Indices from Damage Data
Using Factor Analysis
RoHIT RAMASWAMY AND SuE McNEIL
Aggregate pavement condition indices are used by many agencies
in the United States and abroad to select maintenance strategies
and program network rehabilitation strategies. These indices are
usually calculated as weighted sums of several individual damage
measurements such as length of transverse cracks, rut depth, and
roughness. Existing approaches to condition index calibration are
reviewed and a statistical procedure for developing pavement
condition indices from distress measurements using factor analysis
is described. This method is used to reestimate a condition index
from the data collected in the AASHO Road Test for calibration
of the present serviceability index (PSI) . The new index is compared with the PSI.
The measures used for evaluating pavement condition differ
depending on the perspective of the evaluator. Different terms
are used in the condition evaluation literature to reflect these
perspectives. For example, the broadly defined terms "distress" or "damage" or an aggregate measure such as "condition" have been used to describe the surface quality of the
pavement and to schedule maintenance based on this quality.
Similarly, the term "serviceability" has been used to define
the roughness or ride quality characteristics of the pavement
from a user's perspective. Terms like "skid resistance" describe the pavement condition from a safety perspective. These
aggregate evaluations of pavement condition are often referred to as indices.
Even though these different terms for pavement condition
have been identified in the literature, there has been a tendency to use them interchangeably, and policy decisions on
pavement mainten mce have not adequately reflected the different characteristics measured by the different indices. However, there is an advantage in being able to precisely tie a
condition index to the specific characteristic of pavement deterioration measured by the index, because maintenance decisions can then be taken to correct that characteristic. For
example, if a condition index can be defined as roughness
related, then this information can be used to plan strategies
that improve the pavement ride quality. It is therefore desirable to develop indices that can be defined in terms of their
primary deterioration characteristics rather than in terms of
broad and sometimes misunderstood terminology. By doing
so, it is then possible to identify the different dimension of
deterioration of the pavement and to schedule maintenance
R. Ramaswamy, AT&T Bell Laboratories, Holmdel, N.J. 07733 . S.
McNeil, Department of Civil Engineering, Carnegie-Mellon University, Pittsburgh, Pa. 15213.

to correct this deterioration. Factor analysis techniques are
used herein to estimate such indices. The indices are developed from the AASHO Road Test data that were used to
calibrate the familiar PSI equation. This procedure is for purposes of easy comparison with existing indices such as the
PSI.
Another reason for using factor analysis as a technique is
that it does away with the reliance of traditional indices on
inspector judgments for their calibration, if required . Although experienced inspectors can provide valuable information on the relative condition of different pavements, it is
difficult to evaluate the precision of these judgments. Models
developed using these evaluations may not be as easily transferable to other locations as models developed from data
collected through a standardized measurement scheme. The
initial models estimated only use measured information for
the calculation of the condition index; subsequent models use
the inspector ratings as additional information, but these can
be omitted if there is reason to believe that these ratings are
inaccurate or biased. The factor analysis models are therefore
not intrinsically dependent on judgments for their estimation.
The following section describes some common deterioration indices used in practice. Specifically, the calibration of
the PSI equation from AASHO Road Test data and some of
the problems associated with its use are discussed along with
some background on methodology. The following section,
which is a mathematical specification of factor analysis models,
describes estimation methods. Estimation results are presented, and finally, conclusions.
PAVEMENT CONDITION INDICES:
DESCRIPTION AND CALIBRATION
The basic problem with the calibration of aggregate indices
for pavement condition is that it is not possible to directly
measure the condition of a pavement. Although natural measurements exist for the different components of pavement
damage (e.g., area cracked, rut depth, and slope variance)
pavement condition itself is an unobservable (or latent variable) and as discussed in the previous section, can be defined
in different ways depending on the evaluator's perspective.
Calibration of aggregate pavement indices is often performed by regressing a measure of serviceability or condition
against a set of damage measurements. In order to obtain a
quantitative measure for condition, experienced pavement
inspectors are asked to rate the pavement on an arbitrary
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quantitative scale . The scale of measurements and the inspectors chosen may differ depending on the particular deterioration characteristics (e .g., surface quality , structural
strength, or safety) that the index is intended to capture. The
estimated parameters are the weights assigned to each damage
measurement . After calibration, the fitted value of the index
can be simply calculated from future damage me'asurements
using the estimated weights.
In order to illustrate the form and use of aggregate indices,
four examples are presented . The first and probably the most
widely used in the United States is the present serviceability
index (PSI) . It was developed by Carey and Irick (1) as a
means of establishing a failure condition for the AASHO
Road Test in terms of the users' response to pavement condition. It is an approximation to the present serviceability
rating (PSR), which is the mean value of ratings assigned to
a pavement on a discrete scale from 0 to 5 (where 5 is a new
pavement and 0 represents complete deterioration) by a panel
of experienced raters representing highway users. The original
definition is based on the following five assumptions:
1. Safe and smooth highways are desirable;
2. Users' ratings of highways are subjective ;
3. Weighted, measured pavement characteristics can be developed that relate to the users' subjective evaluations;
4. Serviceability is the average of all users' evaluations; and
5. Performance is the overall serviceability history.
The third assumption is the basis for developing PSI as a
mathematical combination of physical measurements of
cracking, patching, rut depth, and slope variance to predict
PSR. The PSI , on the basis of measured quantities, is both
less expensive to obtain than the PSR and intuitively more
appealing to engineers. It is used to predict performance over
time and is used by the Highway Performance Monitoring
System (2) to provide an overall evaluation of the U .S. highway system .
The second example is the pavement condition index (PCI),
which was developed by the U.S. Army Corps of Engineers
at the Construction Engineering Research Laboratory. For
flexible pavements , the PCI is constructed from 19 different
damage types and is an aggregate measure of pavement surface damage on a scale from 0 to 100. It is used in the PA VER
pavement management system to identify maintenance and
rehabilitation alternatives and to forecast pavement condition. This management system has been adopted by several
military bases, cities, and counties .
The third example is a series of indices used in Canada .
They are the visual condition index (VCI) or surface damage
index, the roughness condition index (RCI), and the structural
adequacy index (SAI). Each index is based on a weighted
function of observations of pavement damage to give an index
on a scale of 1 to 10 (3-5) . They are aggregated into the
pavement quality index. They are also used for street maintenance programming and network rehabilitation programming (6).
The final example is a simple distress index used in Finland
(7) . It is a weighted , linear function of the area of alligator
cracking, length of longitudinal cracking, length of transverse
cracking, number of holes, and area of worn surface. This
index is then used to determine rehabilitation needs.

As discussed in the previous section, although trained inspectors are able to make relatively accurate assessments of
the aggregate pavement condition, the introduction of a judgmental measure introduces an uncontrollable arbitrariness into
the procedure for calibration. As a result , these models need
to be used with caution, especially in locations different from
where they were originally estimated. Carey and Irick (1)
point this out in their discussion about the PSI concept, and
the warning is subsequently reiterated by Haas and Hudson
(5). However, because of the expense and effort of calibrating
a new model for each application, these limitations have been
largely ignored . The problem of transferability is magnified
in this particular instance because the slope variance is now
measured with a device that is calibrated differently from the
type used in the AASHO Road Test (5) .
Another problem relates to the lack of statistical information reported with the models. Because typically somewhat
ad hoc measures have been used to measure and calibrate the
models , information on t-statistics or goodness-of-fit is rarely
found in the literature. Therefore, future users of the model
have no knowledge of how well the model fits the data, or
even if the model was properly specified. This makes the
transferability of these models uncertain as well.
In order to illustrate this point , a reestimation of the basic
PSI equation for flexible parameters was conducted to obtain
the statistics not reported in the original literature. The data,
comprising ratings and damage measurements from 74 sections in Illinois, Minnesota, and Indiana, was provided by
Carey and Irick (1).
The functional form of the PSI equation was based on transformations of the measurement of slope variance, mean rut
depth, and area of cracking and patching developed through
plots of the data against PSR. The results from the reestimation using ordinary least-squared regression are as follows:
PSI

=

S.06 - 0.01 (C

+ P) 112

- 1.96 log 10 (1

+ SV)

-

1.36 RD 2
(1)

where

(C + P) = area of alligator and linear cracking and

log 10

RD 2
(1 + SV)

patching (ft 2 );
square of rut depth (in .2 ); and
log of slope variance to base 10 ( x 106).

The t-statistics for the coefficients are 37. 73, - 0.84, -3 .88,
and -13 .21 and the R 2 value is 0.83 . The coefficients in
Equation 1 are the same as those developed by Carey and
Irick (1) except for the second decimal place. The differences
are probably caused by rounding errors. Although the fit is
good, the I-statistics indicate that the cracking and patching
term is not significant. As also noted (8,9) , the main emphasis
is on roughness measured in terms of slope variance . However, despite the lack of significance of some of the dependent
variables, this model has been widely used.
The factor analysis methodology, described in detail in the
following section, seeks to address some of the issues mentioned in this section. The procedure , as mentioned before,
does not need inspector ratings for calibration, though this
can be included as additional information. Also, the goodnessof-the-information is used to determine the extent to which
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each measurement contributes to the calibration of the performance index. This provides an analytical basis for distinguishing between different indices.

by examining the variance of the observed variables of Equation 2. Considering the first of the three equations, for example,
(3)

FACTOR ANALYSIS: AN OVERVIEW
A factor analysis model describes the covariance relationships
among many variables in terms of a few underlying, but unobservable random quantities called factors (10) . Factor analysis
models have been widely used in psychometrics for extracting
unobservable measures of quantities such as verbal or analytical ability from standardized test scores. More recently , it
has been used in engineering applications for identifying uncorrelated pavement distress categories for pavement design
and long-range planning (11), and to determine true distress
from measurements made by a set of different inspection
technologies (12).
Suppose there exist some observed variables that are grouped
by their correlations. Then all variables that are highly correlated with each other but are not highly correlated with
members of other groups can be thought of as measuring a
single underlying variable . A factor analysis model is a parametric construct of this concept, and the parameter estimates
indicate the extent to which the measured variables represent
the unobserved factors . From the earlier discussion, it is clear
that the problem of extracting a performance index from several damage measures can be modeled using the factor analysis approach. The performance index is the underlying unobserved factor, and can be represented by a group of damage
measurements. The formal specification is now presented.

Equation 3 partitions the variance of the observed measurement into two parts: the variance of the latent factor multiplied by Af and the variance of the error term. Analogous to
a regression equation, a goodness of fit statistic for Equation
3 is the ratio of explained variance [that is, Af Var (S)] to the
variance of Ii. As Ai increases in magnitude , the explained
variance term increases and the corresponding measurement
plays a greater part in explaining the latent factor.

Estimation of the Parameters of the Factor Analysis
Model
The parameters A1 , A2, and A3 of Equation 2 are estimated by
comparing the observed covariance matrix of the measured
variables with a calculated covariance matrix expressed as a
function of the parameters. To illustrate this, consider Equations 2a and 2b. Assuming S and e are independent, the
covariance between Ii and 12 can be calculated as follows :
Cov [(>.. 1S + Ei)(A2S+ Ez)]
A1A2 Var (S)

+ Cov

(E 1 , E 2)

(4)

If the variance of the latent factor is denoted by iii, and the
error term covariance by 0 12 , then Equation 4 can be written
as
(S)

Specification of a Factor Analysis Model for Highway
Pavements
For purposes of illustration, a single latent factor S is assumed
to be represented by three measurements of damage, Ii, I2 ,
and I 3 • Clearly, it is possible to have more than one unobserved factor represented by the same set of measurements.
The specification assumes that each observed variable can be
expressed as a linear function of the latent factor plus an error
term. In algebraic terms, this can be written as
(2a)
(2b)
(2c)
where

I 1 , I2 , and I3 = measurements of damage,
S = unknown factor,
Ai. A2 , and A3 = factor loadings, and
e1 , e2 , and e3 = error terms .
The factor loadings reflect the extent to which each measured variable represents the latent factor. This can be seen

Comparing Equation S with the observed covariance between
11 and 12 calculated from the sample data provides an equation
in terms of A1 , A2 , iii, and 0. Similar equations can be written
for six observed variances and covariances between Ii , I2 , and
I 3 • Obviously, only six parameters can be estimated from these
equations; the others have to be set to zero. The choice of
which variables to set to zero depends on the assumptions
made from a priori knowledge about the independence of
error terms in the model specification; for example, in Equation S, if there is no reason to believe that the measurement
errors of 11 and I 2 are correlated, then 0 12 can be set to zero.
In addition to setting all but six parameters to zero, one
parameter for each factor has to be fixed to set the scale of
the model. From Equation S, it can be seen that for any
nonzero constant M, AiM and A2M will satisfy the equation
as well as A1 and A2 • There are therefore infinite solutions to
the factor analysis problem unless one of the parameters is
fixed. Typically, one of the AS (for example, A1) is set to a
fixed value of 1. The other parameters are then calculated
relative to this value.
In practice, the parameters are estimated by an iterative
least-squares-like procedure that minimizes the weighted
squared distance between the observed and calculated covariance matrices. If the observed covariance matrix is denoted
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by V and the calculated covariance matrix by l, then the
objective function F to be minimized is given by
F =

[(v - :£)' w- 1cv - !)J

(6)

The factor S2 produced from this model is highly correlated
with the PSI. The fact that two different factors, S1 and S2 ,
can be extracted from the data indicates that a two-factor
specification is a more appropriate model. This specification,
called MODEL3, is given in Equation 15 .

where
V = observed covariance matrix of the parameters,

:£

=

W =

MODELl: Factor Analysis Model with PSI
Measurements

calculated covariance matrix , and
a matrix of weights.

The estimator is called the "asymptotic distribution free"
(ADF) estimator and produces consistent estimates irrespective of the sampling distribution of /. If W is set to be an
estimate of the covariance matrix of V (that is , products of
second and fourth order terms in/), then the estimates produced are also best in the sense of having minimum variance.
Further details on factor analysis models and the estimation
procedure have been provided elsewhere (10,13,14).

The specification of MODELl is as follows :

(9)

where

+ P) 112 , RD 2
and log 10 (1 + SV) , respectively;
S1 = unknown factor;
Acp, ARD • and Asv = parameters to be estimated, and
Ecp, ERo and Esv = error terms.
l c p, /RD• lsv = measurements for (C

Extraction of Factor Scores
Estimation of the parameters of Equation 2 does not produce
a value for the latent factor S . This value is obtained by an
ad hoc regression-like procedure after the parameters have
been estimated. In order to compare the factor analysis procedure with an existing model such as the PSI model, it is
necessary to express the factor S in terms of its associated
measurements I. Such a model can be specified as follows:

S =al + v

(7)

where a is a vector of parameters, and v is an error term.
Equation 7 looks like a regression model, and so an expression for a can be written analogous to a traditional least
·s quares estimator as follows:

a

=

Var (I)- 1 Cov (I,S)

(8)

For each observation (or pavement section), given a vector
of damage I, the value of Scan now be calculated from Equation 7. This is the value of the latent pavement condition for
that section. The variance and covariance terms of Equation
2 can be calculated after the parameters have been estimated
from equations such as Equation 5. Further detail on the
extraction procedure has been provided elsewhere (15).

MODEL RESULTS
In order to compare the factor analysis model results with the
PSI equation, the first specification given by Equation 1 (referred to as MODELl) uses the same measurements as the
PSI [that is, (C + P) 112 , RD 2 and log 10 (1 + SY)] as determinants of the unknown factor S 1 • Comparison of this model
with the PSI indicates that the factor S 1 is in fact slightly
different from the PSI. The second specification given in
Equation 13 and referred to as MODEL2, is an attempt to
produce a PSI-like factor; this is done by adding the PSR as
an additional measurement to the specification of MODELl .

Computational requirements necessitate a transformation
of the measurements so that the diagonal elements of the
observed covariance matrix V are all of the same magnitude.
The following transformations are used in this specification
of MODELl:
log 10 (1 + SV) • (10.0) 112
RD 2 * 10
(C

+ P) 0 · 5 /10.0

(10)

The parameter estimates are presented in Table 1. As discussed in the previous section, one of the parameters needs
to be fixed to set the scale for the model. In Table 1, Asv is
set to 1, and the other parameters are estimated relative to
this fixed value.
There is no single standard method that can be used to
interpret the parameter estimates of Table 1. The magnitudes
of the parameters are not meaningful because they are dependent on the scale of the individual measurements. Similarly,
the reported t-statistic can only be used as a broad guideline
for statistical significance if the data come from a distribution
that is Kurtose , because the distribution of the parameter
estimates is unknown in this case (14). The signs of the parameter estimates and the fit of each equation, reported in
TABLE 1 PARAMETER ESTIMATES FOR MODELl

Estimate (t-statisticl
1.00 (-)

R2

),.RD

-0.07 (-0.51)

0.003

Acp

0.70 (0.97)

0.72

Parameter

Asv

0.58
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Table 1 as the R 2 value, provide insight into the nature of the
unknown factor S 1 • The sign of the rut depth parameter is
negative, indicating that the pavement improves in the dimension of S 1 as the rut depth increases. However, the low
I-statistic and negligible fit imply no contribution of the rut
depth measurement to S,. The best fit is obtained for the
cracking equation, indicating that the factor S 1 probably describes some underlying index that is a mixture of cracking
and slope variance with an emphasis on cracking. In this way,
it differs from the PSI, which places emphasis on the slope
variance.
This difference between S, and the PSI can also be seen
when the factor is expressed as a function of the damage
components in an equation similar to the PSI relationship
using the extraction method described in Section 3. The positive signs of Xcr and Xsv imply that as the measurements fer
and lsv increase, the value of S, increases. In other words,
increasing values of S1 reflect decreasing condition of the
pavement. Because this is opposite to the direction of the PSI,
the negative PSI (referred to as - PSI) is used for comparison.
The PSI equation (Equation 1) also needs to be transformed
so that the variables in both the PSI and the factor equation
have the same scale. When this is done, the following equations are obtained:

The parameter estimates obtained for this model are presented in Table 2.
From Table 2, it can be seen that the factor S2 places an
emphasis on the roughness-related measurements. This is evident from the fit of the slope variance and PSR equations.
Rut depth has no effect on S2 whereas the cracking and patching has a smaller, less significant effect. S2 can therefore be
referred to as a ride-quality-related factor.
S 2 can be expressed as a function of its constituent
measurements.

- PSI = lsv + 0.22/RD + O. lllcp

(11)

S

S1 = lsv - 0.04/Ro + 3.261cr

(12)

It is evident from this equation that the rut depth and cracking

where - PSI and S, represent the fitted values and the other
variables have been defined before. As is evident from these
equations, the ratio of the slope variance coefficient to the
cracking coefficient is approximately 10 in Equation 11 and
is 0.3 in Equation 12. This indicates that the PSI equation
places a greater relative importance on the slope variance
measurement than the latent factor equation.
This difference is also shown in Figure 1, which is a scatter
plot of - PSI against S1 • For good-condition pavements, there
is relatively close correlation, probably because pavements in
good condition have low cracking and low roughness. For
more deteriorated pavements, a higher degree of scatter is
observed.
Factor analysis of the PSI measurements therefore produce
a factor reflecting different underlying characteristics than the
PSI. S1 has more to do with the structural strength of the
pavement than with the ride quality. In order to estimate a
roughness-related factor, the pavement rating, PSR, is included in the model as an additional measurement. This specification, called MODEL2, is now described.

MODEL2: Factor Analysis Model Including PSR

The use of rating information such as PSR is valuable as it
reflects engineering judgment and field experience. This information has been integrated into the second model. The
specification of MODEL2 is similar to that of MODELl,
except for an additional measurement equation for the PSR.
The complete specification can be written as follows:

(13)
where
IrsR = measurements for PSR,
S2 = unknown factor,
Acr• XRD• Asv. and ApsR = parameters to be estimated, and
Ecp, eRD• e5 v, and ersR = error terms.

2

= lsv - 0.0051Ro

+ 0.034lcp + 0.171rsR

(14)

terms are less signifisant than the roughness terms (compare
with Equation 12). S2 is more similar to the PSI (compare
with Equation 11) than S,. This similarity can also be seen
from the scatter plot of Figure 2 that plots the fitted value of
PSI against S2 • Compared with Figure 1, Figure 2 shows a
much tighter relationship.
MODELl and MODEL2 have identified the presence of
two underlying factors: (a) a structure-related factor that is
measured largely by the extent of cracking, and (b) a ridequality-related factor that is measured by the extent of pavement roughness. Even though the two factors have different
emphases, they are highly correlated with a correlation coefficient of 0.85. The high correlation is understandable, because in general poor ride quality (or high roughness) is accompanied by a high level of cracking and vice versa.
In order to make the factor from MODEL2 more comparable to the PSI, the PSR term in Equation 14 was dropped
and a modified factor was calculated that used the same measurements as the PSI:

S2x

= fsv - 0.005TRD + 0.034fcp

(15)

Figure 3 is a scatter plot of the modified factor Six and the
fitted value of - PSI. Similar to Figure 2, the plot shows a
much smaller degree of scatter than Figure 1. The latent variable of MODEL2 is therefore much closer to the deterioration characteristic represented by the PSI.
The analysis of MODELl and MODEL2 indicates that a
more realistic specification should include both factors in the
same model. This leads to a specification of a two-factor model,
MODEL3, which is described in the following section.
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Scatter plot of S 1 versus - PSI for cracking-related factor.

TABLE 2 PARAMETER ESTIMATES FOR MODE1-2

Parameter

Estimate (t·statistlc)

R2

Asv

1.00 (·)

0.98

~D

-0.05 (·0.62)

0,01

>.cp

0.36 (6.01)

0.36

A.psR

0.67 (9.61)

0.85

contribute to either latent variable, it was dropped from consideration. Instead, the rut depth variance , which is a measurement available in the original road test data set, was used.
The rut depth variance divided by 10 112 is referred to as I Rv ·
In the two-factor model, a roughness-related factor S31 and
a cracking-related factor S32 are specified. The slope variance
and PSR are assumed to be measurements for S31 and the rut
depth variance and cracking and patching are assumed to be
the measurements for S32 • The specification is as follows :

+

Esv

/RV= ARv1S32

+

ERv

lcp =

Ac p2S32

+

Ec p

/PSR =

ApsR1S31

lsv =

MODEL3: The Two-Factor Model
The specification of the two-factor model differs slightly from
the specification of the one-factor models described in the
previous sections. In addition to the difference in specification, this model is not directly comparable to the PSI or the
latent variables S 1 and S2 because the measurements are different as well. Because the rut depth measurement did not

As v1S31

+

EpSR

(16)

In Equation 16, it is assumed that the cracking and rut
depth measurements only affect the cracking-related latent
variable, whereas the slope variance and PSR measurements
affect only the roughness-related latent variable. However,
the two latent variables themselves may not be independent,
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FIGURE 2 Scatter plot of S2 versus -PSI for roughness-related factor.

because the onset of cracking affects the pavement ride quality. It is therefore assumed that correlations exist between S3 J
and S32 • The measurements of slope variance, cracking, and
rut depth are made by different instruments, so the measurement error terms are assumed to be uncorrelated. In order
to set the model scale, Asvi and AcP2 are set to 1. The model
results are presented in Table 3.
Obviously, other assumptions about the model structure
give rise to other specifications. Several alternate model specifications of MODEL3 were tested as part of this study. For
the purposes of illustration, only the simplest meaningful specification has been presented here.
All the estimates in Table 3 have the expected sign and are
significant. The fit of the two roughness measurement equations is high and the fit of the cracking and rut depth equations
is moderate, but higher than the values obtained in MODEL2.
These results indicate that the two-factor model describes the
Road Test data better than either of the one-factor models.

these indices differ in the assignment of priority lists for maintenance. This can be measured by ranking each of the indices
and testing whether the ranking sequence is the same under
all the indices. The Spearman's rank order correlation coefficient is a statistic that measures the closeness between two
ranked lists. A value of 1.0 indicates that the ranking is identical; values closer to 0 indicate increasing, rando1!1ness.
The rank order correlation between - PSI and SJ was 0.88,
whereas that between - PSI and S2 was 0.98. This indicates
that S2 and the PSI produce almost identical rankings, and SJ
is fairly close as well. The picture changes somewhat when
only the poorer pavements are considered. For pavements
with - PSI greater than 0 (see Figure 1) Lhe correlaliun wilh
S1 dropped to 0.67, whereas the correlation with S2 was 0.90.
This indicates that as the pavement condition decreases, ranking pavements for maintenance by different criteria may give
rise to different maintenance priorities. It is important to
consider this while making maintenance decisions.

Implications for Setting Maintenance Priorities

CONCLUSION

A practical lest fur the difference between the PSI and the
latent variables of MODELl and MODEL2 is to study how

The traditional PSI equation, of the form presented in Equation 1, has been in use for 30 years. Alternate methods for
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TABLE 3 ESTIMATION RESULTS FOR MODEL3
Parameter

Estimate (I-statistic)

R2

Asv1

1.00 (-)

0.88

ARD2

1.16(3.88)

0.54

~P2

1.00 (·)

0.41

ApSR1

0.75 (17.95)

0.92

analyzing the data can be used to calibrate the PSI equation.
Rather than specifying an a priori model linking the PSR to
the damage components, the factor analysis method examines
the correlations between the measured damage components.
From this kind of analysis, it appears that these measurements
by themselves are more highly correlated with a cracking-type
performance variable rather than with a roughness-type index
such as the PSI. In order to produce a PSI-like index, the
PSR data were included in the measurement set. The existence of two different underlying deterioration characteristics
indicates that merely substituting measured values of damage

into the traditional PSI equation and using the PSI as the sole
determinant of pavement condition for scheduling maintenance activities may not be accurate. This is not to say that
the PSI equation is incorrect and should not be used. The
roughness-related factors of MODELl and MODEL2 are highly
correlated with the PSI, and so the PSI is a good measure of
the ride quality characteristics of the pavement. However,
other factors related to cracking or structural strength can
also be identified in the data, and maintenance activities need
to be performed to correct these aspects of deterioration as
well, especially for pavements in worse condition. It has been
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reported before in the pavement deterioration literature that
it is necessary to use multiple performance indices to capture
all aspects of deterioration, but since the different indices were
calibrated differently, often with different data, there was no
analytical basis for determining exactly which indices address
which deterioration characteristics, and consequently how many
indices form a sufficient set. The methodology presented allows for this determination.
Some additional research is required in several areas. First,
in the area of multiple factor models other specifications should
be explored. Also, if an index of this type is adopted, additional research is required to relate the value of the index to
maintenance and rehabilitation activities. However, it appears
that the use of the factor analysis methodology has the potential for producing condition indices that provide valuable
information to practitioners in the field.
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Pavement Performance Data: An
Attempt To Relieve the Logjam
BERNARD H. HERTLEIN AND ALLEN

G.

DAVIS

An unfortunate side effect of the information age is that it is so
easy to amass vast tables of data that few individuals have the
time to analyze or get any meaningful information from. A logjam
of data is particularly evident in the field of highway performance
assessment and rehabilitation. The search goes on for a comprehensive pavement management system that can accommodate
and use the vast amounts of deflection data being generated by
such nondestructive tools as the Dynaflect, falling weight deflectometer, and Road-Rater, plus other performance data such as
skid resistance, ride quality, and so forth. An attempt to alleviate
part of the logjam has been made by Testconsult CEBTP in
developing a new test method for evaluation of concrete pavement support and, by processing the data on the test vehicle, in
producing maps of the test results that can be readily used by the
engineer. The aim is to incorporate this method into a program
designed to maximize the efficiency of current nondestructive
deflection testing methods. It will reduce the amount of data
acquisition necessary by eliminating duplication and screening out
areas that do not require more comprehensive testing.

In addition, the nature of these calculations, and the number involved, creates significant scope for subjective and
mathematical error. Lytton makes it clear that minimizing the
errors and guiding these analyses to the correct solution require an expert knowledge at several crucial steps in what can
be a time-consuming procedure.
There is also some disagreement as to the suitability of
certain systems for use on both asphaltic and concrete pavements. For the most part, this debate centers around the
methods of analysis of the data and the number and spacing
of the measurements that need to be made to provide a representative sampling of a piece of pavement. Again the amount
of data involved becomes of significance. Decisions on how
many tests need to be carried out may be influenced more by
the time available to process the data than by consideration
of the statistical validity of the number of samples.

The advent of the information age has had many effects, one
of the most noticeable and underestimated being the ease and
rapidity with which large amounts of data can be collected.
It is often the case that so much data are gathered that few
individuals have the time or expertise to sift, analyze, and
extract any meaningful information from it.
Pavement evaluation and rehabilitation has been afflicted
by this "logjam" of data. Many state and private groups have
masses of figures from which only the most rudimentary analyses have been made. The increasing use of nondestructive
testing (NDT) systems for measuring deflection and the quantity of data generated were part of the reason for developing
the test that is the focus of this paper. Devices such as the
Dynaflect, Falling Weight Deflectometer, and Road-Rater
can gather data at a phenomenal rate, producing upwards of
20,000 lines of data in a day. All of this data must be stored,
sifted, related to known reference points, and subjected to
complex analysis before any meaningful information can be
derived.
There is also some controversy over the actual handling of
these data, particularly in the backcalculation of layer moduli.
This particular aspect will not be addressed other than to refer
to Lytton's work on the backcalculation of layer properties
(1) as an example of how complex the data analysis can be.
Lytton describes what is involved in deriving meaningful information from large numbers of measurements.

APPLICATION FROM CURRENT PRACTICE

B. H. Hertlein, ESSI Testconsult Inc., Suite 306D, 31 College Place,
Asheville, N.C. 28801. A. G. Davis, Testconsult CEBTP Ltd.,
11-12 Trinity Court, Risley, Warrington, England WA3 6QT.

The data-handling task has caused many problems in pavement management. The result is often that systems are used
inefficiently or run in tandem, duplicating the test effort. Some
state agencies have used or purchased two or three different
NDT systems and tend to use each for a specific set of circumstances. They then have difficulty reconciling the different
data types for integration in pavement management systems.
Equipped with a tool such as the Dynaflect or the falling
weight deflectometer (FWD), the engineer has only two choices:
• Test the entire highway system every few feet and employ
a large staff purely to deal with the mass of data; or
•Selectively test where it is deemed necessary.
In the case of concrete as opposed to asphaltic pavements,
usually the latter choice is made. The criteria for selection
are based on damage already done, such as visible cracking,
rough ride, subsidence, or monitoring repairs. A further restriction imposed by the mass of data is that often only two
points are tested on each slab. The measurement is made
across the joint in an attempt to simultaneously assess the
load transfer mechanism and the degree of support. Unfortunately, research in Oklahoma and Arkansas reported by
Pederson and Senkowski (2) has indicated that, for example,
the portion of a slab in the offside wheel path can behave
differently to the nearside. The more severe problems could
occur on either side, depending on drainage and construction
details. Further information on this research is provided later.
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A similar problem occurs with delamination of continuously
reinforced concrete pavement, concrete bridge decks, car park
decks, and transport yards. Investigation is usually only started
after visible damage has occurred. Some states and authorities
rely solely on visual inspection. Many stfltes investigate damage and monitor repairs by means of pole sounding or chain
dragging. These methods rely entirely on the operator's experience and acuity of hearing in picking up audible differences between sound and delaminated concrete. In an attempt
to reduce the subjectivity of this method, it is usual to have
several different operators perform the same test independently. The report is then based on the consensus of their
opinions. It is not uncommon to have five or more duplicated
sets of data gathered in this way that then need to be reduced
into one composite result.
The evidence indicates that these tools are more often used
as damage assessment devices than as part of a preventive
maintenance program. This is because of the difficulty in handling the data that would be generated if these tools were
used for routine, state-wide condition appraisals.
With these considerations in mind, two courses of action
seemed appropriate:
• Reduce the amount of testing needed by improving selection criteria, and
• Present these criteria in the ready-to-use form of maps
or graphs rather than as mere columns of figures.
Since 1985, in connection with both U.S. and European research projects, Testconsult and its parent group, the Centre
Experimental des Recherches et d'Etudes du Batiment et des
Travaux Publics (CEBTP), France, have been developing a
pavement assessment tool, and tailoring it to meet these circumstances. At the time, the NDT systems either in use or
in development for and by state authorities in the United
States and Europe could be divided into two categories of
operation:
• Static or Quasi-Static (Low-Speed) Loading. These include such methods as the Benkelman beam, LaCroix deflectograph, and CEBTP curviameter.
• Dynamic Loading, Either Vibration or Impact. The most
commonly used of these systems include the FWD, Dynaflect
vibrator, and Road-Rater.
The curviameter, with a moving test speed of 18 km/hr, actually falls somewhere between the two categories.
FHWA (3) found that in 1987 at least 13 U.S . states used
the Dyna test FWD, 23 states used the Dynaflect vibratory
load system, and at least 9 states used the Road-Rater vibratory load system. The Benkelman beam is still widely used
by state and turnpike authorities and is sometimes used as a
correlation for the dynamic methods .
A common feature of all these methods is that they cause
a physical movement or deflection of the pavement. The analysis of the data is aimed at calculating pavement layer moduli
from the deflection values and shape of the deflection bowl.
More recently, frequency-based methods investigating the
wave propagation properties of the pavement have been developed, such as the spectral analysis of surface waves (SASW)
method.
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Most of these systems were developed specifically for use
on asphaltic pavement. Most of the empirical experience with
them had likewise been with asphalt. Attempts to use them
on concrete pavements met with mixed success, in part because of the different assumptions necessary for the analysis.
The CEBTP in France already had considerable experience
in the investigation of concrete structures using spectral analysis techniques, and it seemed likely that these methods could
be extended to pavement investigation. In particular, experience with civil engineering construction indicated that dynamic investigation methods with suitable correlations could
significantly reduce the need for more time-consuming traditional methods such as load-testing, coring, and destructive
testing.
Research efforts were therefore concentrated on finding a
simple-to-use method that would provide a fast, economical
assessment of pavement condition. The method should produce information that would enable the engineer to use the
other tools at his disposal more effectively by screening out
areas that did not require more extensive testing. In addition,
because of comparative data for large extents of pavement,
fewer tests with such methods as the FWD or Benkelman
beam would be needed to evaluate pavement performance.
This latter hypothesis had already proven correct in the field
of deep foundation testing.

HISTORY OF THE TRANSIENT DYNAMIC
RESPONSE (TDR)

In 1968, Paquet (4) found that the resonant response of a
concrete caisson, when subjected to vertical axial vibration,
yielded information on the integrity of the shaft and the quality of the caisson-soil complex.
Field experience with the method was described in 1974 by
Davis and Dunn (5). The test was proven able to provide
information on the integrity of the caisson, dimensions of the
shaft, and damping effects of the lateral soil. However, the
equipment was heavy and cumbersome, and computer technology was not yet able to speed up the test process.
With the advent of the microcomputer, a derivative of the
method was developed. The heavy vibrator was replaced by
a hammer with a built-in load cell. Response was monitored
by a geophone velocity transducer. Depending on the choice
of material for the hammer tip, a single blow could generate
energy throughout the frequency range of 0 to 5000 Hz. This
input is capable of stimulating resonance in a column of concrete even though a single, transient pulse is used rather than
a steady-state vibration. Although the method became known
as the TDR method, it is more properly called the "mechanical impedance" test. It has gained popular acceptance in
Europe as the latest generation of integrity tests for piles and
caissons, as described by Stain (6).
The real time records of force input and velocity response
are digitally processed by means of a fast Fourier transform
(FFT). The resulting harmonic response spectra represent the
force and velocity in terms of amplitude versus frequency.
Division of velocity by force yields the transfer function, which
indicates mechanical mobility. The harmonic response curve
is the characteristic frequency signature of the test point.
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DEVELOPMENT
From the work of Davis and Dunn (5), it was evident that
the harmonic response of a concrete structure could provide
important information on the quality of the concrete and the
damping effects of supporting soils. Figure 1 shows a typical
response from a deep foundation, for which the two parameters of interest in this case are derived from the following:
• The mean amplitude N of the curve in the range 100 to
800 Hz. This amplitude is defined as
(1)

where
Pc = density,
Ve = velocity of bar wave propagation, and
Ac = cross-sectional area .
N is referred to as the average mobility for the shaft. Thus,
the mean height of the curve is a function of the cross-sectional
area, concrete density, and velocity of propagation of the bar
wave generated within the material.
• The damping factor, the difference between the minimum
(Q) and maximum (P) values of the resonant portion of the
curve, is a function of the intrinsic damping of the concrete
and the damping effect of supporting soils.

A third important parameter is the dynamic stiffness of the
structure, calculated from the slope of the low-frequency portion of the curve, in the range 0 to 40 Hz. When the caisson
is excited at low frequencies, inertial effects cause the caissonsoil complex to behave like a spring, yielding a linear increase
in the response curve from 0 to the onset of resonance. The
inverse of this slope gives the dynamic stiffness, from the
equation
(2)

where f M (frequency) and (V0 /F0 )M (mobility) are the coordinates on the response curve of the point M.
This stiffness value is therefore, in part, a function of the
strength of the supporting soils.
Following several enquiries concerning the integrity and
support quality of concrete pavement, it was determined that
the TDR method should be capable of measuring these same
parameters in a concrete slab as effectively as in a caisson.
Research and trials were carried out in Europe from 1983
to 1985. A half-scale mock-up was built of a construction
problem on a runway for Jakarta airport , Indonesia. Tests
proved the method capable of detecting low-density honeycombed concrete, delaminations , and voids within or beneath
the concrete. Figures 2a to 2d show some typical slab test
responses. Paquet (7) reported the results of this research in
1985.
The low-frequency portion of the response curve was similar to that obtained for a caisson, indicating that the slab-soil
complex, where good support existed, behaved as a unit. The
resultant stiffness measurement was therefore a guide to the
effective support beneath the slab. Where poor or no support
existed, the slab acted either as a cantilever or simply supported beam. The stiffness measured was markedly reduced,
being that of the slab alone .
As a result of these trials, a full-scale research project was
set up with the Oklahoma Department of Transportation
(DOT). The TDR method was used to locate voids beneath
pavement slabs and monitor the effectiveness of a grout undersealing program to fill these voids. The results of this research were presented to the TRB Conference in 1986 by
Pederson and Senkowski (2) of the Oklahoma DOT.
The method proved capable of identifying a variety of conditions in and beneath the pavement, which consisted of
15-ft-long PCC slabs, 12 ft wide on a base of sand-asphalt.
The transverse joints were undowelled, though the lateral,
lane-to-lane joints were dowelled .
The conditions interpreted from the test results were verified in a test section both by coring and by cutting and lifting
selected slabs.
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These conditions were
•Void between slab and base material;
• Distress within the concrete-fine cracking, etc.;
• Delamination of the slab and base material; and
• Low-density concrete.
In an additional series of tests, the method also proved capable of detecting horizontal cracking along the plane of the
reinforcing steel in doweled slabs, where no damage was apparent on the surface. Examples of test data as mapped results
are shown in Figures 3 and 4.
Subsequently, the method was also tried in Arkansas, and
compared with the FWD, Benkelman beam, and Dynaflect.
Arkansas State Highway and Transportation Department was
running a special experimental project to evaluate pavement

rehabilitation techniques. As part of this project, a series of
tests were set up on a section of I-40 to compare the data
from several different NDT systems currently available. The
findings were included in a report to the FHWA in 1987 (8).
From these tests, it became evident that, because of the difference in method and measured parameters, these systems
were complementary rather than competitive. The TDR method
directly assessed pavement condition, whereas the deflectionbased systems measured performance.
For these early trials, the method was applied manually.
The operator assessed each result as it was produced, and
presented the interpretation as a map of the slab, indicating
areas of voiding or distress. In addition, in Oklahoma, the
raw data were presented to the Oklahoma DOT for their own
analysis.
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FIGURE 3 Typical void maps for US-69, Oklahoma.
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Additional experience was gained with the method on airport runways and hardstands. At Geneva airport, Switzerland, it was successfully used to locate areas of honeycombed
concrete in a new apron slab, where compaction equipment
problems had been encountered .
Later, the method was used at Charles de Gaulle and Orly
airports, in Paris, France, to assess taxiway condition and help
in the investigation of drainage problems.
A paper (9) detailing this development and providing more
information on the case histories was presented at the 1987
International Conference on Structural Faults and Repairs in
London.
Subsequently, an assessment of cantilevered balconies in
England was carried out. Direct correlations between dynamic stiffness and static load and deflection measurements
were made, and a reasonably uniform correlation factor
emerged. It was determined that while the method could not
claim to accurately predict deflection under load, it was an
excellent comparative guide to performance, and could consistently determine which were the weakest areas.
Although the method was proving its capabilities, the rate
of testing was considered unsatisfactorily slow. The next stage
of development was to produce an automated trailer-mounted
system, with three sets of electrically operated transducers,
which gave an increase in output of better than 400 percent.
At this point, the mass of data became a significant problem. The equipment is sampling the pavement response at
10,000 Hz for approximately 100 millisec, on both the hammer
and the geophone. Thus it is making some 2,000 measurements at each test point. Typically, nine points were tested
on each 15-ft slab, and one day's production was one lanemile or 352 slabs. This meant that a total of 6,336,000 data
points per day were amassed .
An initial reduction of this data is carried out when time
signals of force and velocity are converted into the frequency
domain by means of an FFT and velocity is divided by force
to provide the transfer function. Even so, each response curve
is composed of 150 data points, so a mile of pavement still
represented 475,200 pieces of data.
One other element considered at this time was the subjective influence of the operator's judgment in interpreting the
data. The next stage of development thus focused on further
data reduction and minimizing any subjective influence. This
process was achieved by developing software to analyze and
interpret the data and present the results in two forms . These
forms were maps of the test areas showing any defects, and
bar graphs of dynamic stiffness (see Figures 5 and 6). The
stiffness indicates not only the local variations caused by voids
and support failure, but also the global effects on larger areas
of such characteristics as poor drainage and inadequate compaction.
In this way, the data are reduced to a map and a graph ,
clearly showing affected areas and providing fixed references
for the engineer to relate the data. Thus, for a mile of pavement over 6 million measurements are reduced to 6,336, representing stiffness and condition of nine points on each of 352
slabs. Because these data are presented in a ready-to-use
graphical form, no further processing is needed for it to be
useful to the engineer. It provides a much more comprehensive picture of the pavement condition than current techniques
could provide in the same amount of time.
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INTEGRATION INTO CURRENT PRACTICE
Used in the current trailer-mounted form, the application of
the TDR method will depend on the degree of resolution the
engineer requires and the type of surface being tested. Typically, on a bridge deck, testing at 3-ft intervals will give a
3 x 3 matrix covering each lane.
On PCC slabs, testing before and after each joint and on
the slab midpoint will give nine stations covering the offside
and nearside wheel paths and the lane centerline.
For global trends and overall condition reports, testing every
fourth or fifth slab greatly increases the coverage, yet still
identifies weak areas.
The resulting maps quickly and clearly indicate to the engineer where the potential problems lie. They indicate the
places at which such tools as the FWD could be used to
maximum efficiency, thereby further reducing the collection
of unnecessary or irrelevant data. This graphical output also
makes simple the comparison of condition before and after
repairs, so that such operations as undersealing or joint repair
can be controlled with practical results.
FUTURE DEVELOPMENTS
Interpretation of TDR responses of pavement slabs is presently based on empirical experience with confirmation of analyses coming from physical investigation.
Research is continuing with the TDR method to further
increase the rate of testing, and to enhance the automated
analysis and interpretation of data.
A research program investigating the dynamic behavior of
slabs is being pursued jointly with Manchester University in
England. The program is aimed at establishing a theoretical
background to the current empirical experience, thus facilitating the simulation and interpretation of responses.
Purdue University carried out assessment of the TDR method
in conjunction with the departments of transportation in Florida, Indiana, and Ohio. Trials were held on sites in all three
states, and several corroborative procedures were carried out.
These procedures included taking cores where epoxy had been
injected to verify existence and depth of voids. Subsequently,
the TDR method was included as one of the evaluation tools
that Purdue proposed to use on its part of the SHRP SPS-4
project.
In addition, research is being carried out into the possibility
of extending the TDR application to cover all-asphalt pavements. The incorporation of additional sensors would take
advantage of the information contained in surface waves generated by the impact, using the SASW technique.
As technology continues to improve, the use of computers
to analyze and interpret data during the acquisition process,
rather than simply storing it, will become increasingly practical. The development of expert systems should apply to more
and more of the tools presently at the disposal of the highway
engineer, thus speeding up the decision-making process and
increasing the efficiency of maintenance programs.
CONCLUSION

It is a common misconception that many of the NDT systems
available to the highway engineer are considered to be com-

petitive rather than complementary. Because of this misconception, the systems are often not being used as efficiently as
might be possible. Much of the data collected is either unnecessary duplication or is not analyzed to the fullest extent.
NDT is more often used for damage assessment than for
preventive maintenance. Furthermore, the subjective influence of the operator, both in testing and in analysis, is significant in many methods currently used.
Integration of a nondeflective general condition assessment
method, such as the TDR test, into current NDT programs
will enable the rapid identification of distressed pavement
before visible damage is caused. It will then allow existing
tools to be directed where they will be used to most effect.
Judicious selection of a combination of test methods can
have the effect of significantly reducing the amount of data
needing analysis. It will also reduce subjective error, improve
efficiency, and make preventive maintenance more feasible.
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Development and Implementation of a
Pavement Management System for
Minnesota
LOREN HILL; ALAN CHEETHAM, AND RALPH HAAS
The Minnesota Department of Transportation (Mn/DOT) began
the planning for its network level pavement management system
(PMS) in the early 1980s, with actual development and implementation in the mid to late 1980s. Staging, preimplementation
planning, and strong organizational support were major factors
in the success of the PM . A background summary of 1he PMS
development is provided and the requirements for preimplementation planning are identified. A system overview is presented of
the overall logic and the major products. The PMS is comprehensive and incorporates a number of programs for data management functions, user interface, analysis, and reporting. It operates on a personal computer workstation and is linked to the
Transportation Information System on the Mn/DOT's mainframe
computer. The PMS is flexible in the options provided to the user
and in the range of detail for summarized graphical and tabular
reporting functions. Two major ubsystems are incorporated in
the PMS : (a) Status and Need Sub ystem, and (b) Rehabilitation
Optimization Subsystem. The former is capable of displaying the
present status of each segment of the network, or the network
as a whole, in terms of present serviceability rating, structural
adequacy rating, surface rating, and a composite pavement quality index. The latter is able to consider a large number of alternatives. It calculates capital, maintenance (optionally), and user
delay (optionally) costs for each combination of alternative segment and possible implementation year (i.e., projects are considered in advance, and deferred, from the ne ds year). The
outputs range from detailed calculations of optimized effectiveness for individual segments to summary reports of changes in
an average performance index parameter for the network for
different budget levels. Minnesota has a comprehensive, flexible
PMS in place and operational, tailored to its requirements. Among
the key reasons for the successful development and implementation were careful preimplementation planning; strong support
throughout the department including senior management; a sound
technical basis for the system in terms of the data base, models,
programs, and reporting functions; and a commitment by those
responsible for its operation and use.
Minnesota's trunk highway system represents a large public
investment. Like any investment, it deserves good management through timely and effective maintenance and
rehabilitation.
Several years ago, a number of engineers and administrators in the Minnesota Department of Transportation (Mn/DOT)
felt it was desirable to develop and implement a pavement
L. Hill, Minnesota Department of Transportation, 1400 Gervais Ave.,

Maplewood, Minn. 55109. A. Cheetham, Pavement Management
Systems Inc., P.O. Box 191, olumbia, S.C. 29202 . R. Haas, Department of Civil Engineering, University of Waterloo, 200 University Avenue West, Waterloo, Ontario, Canada N2L 3Gl.

management system (PMS) specifically geared to the state's
requirements, resources, and conditions. One resulting action
was the establishment of a pavement management section,
within the Office of Research and Development. An initial
part of this section's responsibilities was to review the available information on pavement management and the implementation experience of several other states and provinces (1).
It was also recognized that for a PMS to be accepted and
serve the needs of different users, the support , cooperation,
and guidance of various offices and people would he required.
Consequently, a steering committee was formed with broad
representation ranging from the district level to several headquarters divisions and offices. Mn/DOT already had a number
of key elements of a PMS, including a basis for linking all
data files through the Transportation Information System (TIS).
It was desired to take full advantage of these working methods
and procedures.
In September 1984, the steering committee wrote a pavement management work plan, and followed this up in December 1984 by identifying a number of key analysis capabilities and requirements for the PMS. The steering committee
was well aware that the full-scale development and implementation of a PMS required careful planning, including proper
staging and taking full advantage of both Mn/DOT's own
procedures plus outside expertise and assistance. Consequently, it was decided in early 1985 to retain an outside
advisor, with the following responsibilities:
1. Review the current Mn/DOT process of programming
pavement projects, the existing data bases, methods, resources, plans for future development, etc.;
2. Establish whether the commonly defined network versus
project levels of pavement management were also appropriate
to Minnesota's conditions and requirements;
3. Define the different levels of PMS users within Mn/DOT,
and their general requirements from the PMS;
4. Define a set of building-block requirements for an
Mn/DOT PMS, compare current methods and procedures
plus future development plans with these requirements, and
identify strengths and potential areas of concern; and
5. Recommend a staged implementation plan, including a
suggested schedule and the role of outside consulting help.
The study, primarily directed to the network level of pavement management, was completed in June 1985 (2).
The following sections first briefly define the PMS users
and the building blocks that were identified for subsequent
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development and implementation of the PMS. Then the actual
PMS is described in terms of its staging, components, operation, and products. The requirements of different types of
levels of PMS users in Mn/DOT were defined by Haas (2) as
a basis for identifying the building blocks and key elements
of the actual PMS.
Figure 1 shows three major levels of Mn/DOT users and
some of the requirements they expected from a PMS. The
basic building blocks for Mn/DOT's network level PMS are
shown in Figure 2. They represent the logical progression of
activities required to go from the data base to the final programs and budget. All these building blocks, and their component data files, are linked through a common reference
base (i.e., the TIS). An expansion of the basic blocks into
detailed sets of components and specific outputs for each
component were also developed as a basis for the design of
the PMS.
STAGING OF THE PMS
A staged implementation plan was developed for Mn/DOT's
PMS, as shown in Figure 3 (2). It was important that each
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e ffect s of varying budgets;
budget requirements for
spec i fied standards

FIGURE 3 Major stages in the development and implementation of
Mn/DOT's PMS.

stage in the implementation had distinct , usable products,
which are noted in Figure 3 and subsequently illustrated in
more detail.
The first stage, preimplementation, included the prior work
of the early 1980s, previously noted. The second stage , a
pavement information and needs system, also had many of
the components in place, such as the TIS and related data
files, before actual design and implementation of the stage
began . The third stage of the network PMS involved a multiyear priority programming model.
Overall , the development and implementation of the three
stages required about 4 years .

SYSTEM OVERVIEW
The overall logic of Mn/DOT's PMS is shown in Figure 4. It
operates on two primary data files: SEGSUM (segment data),
and SURFDIS (surface defect data by Reference Post) , which
are transferred from the TIS on the mainframe to a PMS
workstation. The system documentation report (3) provides
detailed documentation of the PMS.
The major outputs of the PMS , as shown in Figure 4, are
status and needs reports and plots, and optimization reports
and plots.
The Mn/DOT PMS operates on a personal computer workstation (TBM PC or compatihle) running under DOS and
utilizing PC/FOCUS for data base management functions .
The system requires 640 kB of memory (RAM) and hard disk
storage of approximately 20 MB (not including space required
for PC/FOCUS). PC/FOCUS is also used to provide the user
interface (which is menu based), segment list reporting, and
segment data subset screening. The analysis programs and all
reporting programs (other than segment lists) are FORTRAN
programs. SPF/PC is used to edit user input parameter files
for program execution.

USE OF THE PMS
The PMS, which is intended normally to be used for annual
updates, involves the following steps:
1. Field work to update ride , deflection, and surface defect
data on a segment basis, and entry of data to mainframe
computer;
2. Extraction and transfer of the data stored in the TIS on
the mainframe to the PC (files SEGSUM and SURFDIS) ;
3. Execution of the pavement performance program
(PNSCAL) from the system utilities menu to produce the
main data file (SEGSNEW);
4. Creation of data subsets using PC/FOCUS as required
for the status and needs reporting programs, through the status and needs reports (standard report segment subset) menu;
5. Generation of status and needs reports through the status
and needs reports (standard reports) menu;
6. Updating the rehabilitation alternatives analysis parameter files as required through the system utilities menu;
7. Analysis of rehabilitation alternatives through the rehabilitation optimization menu ;
8. Optimization analysis through the rehabilitation optimization menu ;
9. Creation of data subsets using PC/FOCUS as required
for the optimization reporting programs through the optimization reporting (optimization report segment subset) menu;
and
10. Generation of optimization reports through the optimization reports menu .
As part of the analysis procedures , it is likely that the rehabilitation alternatives analysis and the optimization analysis
will be run several times with variations in the user inputs to
test various scenarios and to answer what-if questions.
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FIGURE 4 Overview of Mn/DOT's PMS.
MAJOR PROGRAMS IN THE PMS AND THEIR
OUTPUTS
The PMS incorporates 14 FORTRAN programs, as presented
in Table 1, together with their key purpose or outputs.
Illustrations of these outputs, with summary descriptions
of the analysis procedures (e.g., equations and models) are
provided in the following sections. These illustrations are subdivided into status and needs (see Figure 4), represented by
the first seven programs of Table 1, and optimization (see
Figure 4), represented by the last seven programs of Table 1.
The example outputs of the following paragraphs should
be viewed as illustrative only, because they are based on
preliminary runs of a newly installed system, and in some
cases on incomplete data. Consequently, any actual numbers
should not be considered as absolute at this time.

Performance Predictions
Performance predictions in the Mn/DOT PMS involve the
following for each segment:
1. Input the data (SEGSUM) record,
2. Predict surface distresses (for 20 years), calculate surface
rating (SR), and calculate average SR values; and
3. Predict present serviceability rating (PSR), structural adequacy rating (SAR), and composite pavement quality index
(PQI).
Details of the models used and the input factors are contained in the system documentation report (3), along with
typical curves.
Status Reports

STATUS AND NEEDS
The Status and Needs Subsystem is shown in Figure 5. Of the
seven total FORTRAN programs in this subsystem, one is
used for performance prediction, two produce printed reports, and four produce graphical outputs.

A segment summary report (present status) is presented in
Table 2, for a particular Interstate route in the Metro district
of Oakdale. Also presented at the bottom of the table are
the totals for the network. The distributions for these totals
can also easily be displayed in graphical form, as shown in
Figure 6.
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TABLE I

MAJOR FORTRAN PROGRAMS IN THE PMS

PROGRAM
NAME

MENU

PURPOSE

PNSCAL

SU

Performance Predictions

SEGSUMR
NEEDS
PERF
INDHIST
HISTJD
BARCHRT

SNR
SNR
SNR
SNR
SNR
SNR

Segment Summary Report
Segment Needs Report
Segment Performance Graphs
Index Distributions
Index Distributions (J-D)
Needs Year Distributions

RAA

RPO

ROS
ROS

Rehab. Alternatives Analysis
Rehab. Priority Optimization

RORRPS
RORAPH
RORHJD
RORPRF
RORRLR

ROR
ROR
ROR
ROR
ROR

Performance summary Report
Annual Performance Distributions
Performance Distributions (3-D)
Segment/Alternative Performance
Network Remaining Life Report

Menu:

SU • SYSTEM UTILITIES
SNR •STATUS AND NEEDS REPORTS (PDR in PMS.FMU)
ROS • REHABILITATION OPTIMIZATION
ROR = OPTIMIZATION SUBSYSTEM REPORTS

SUlfACE
DEFECTS DATA
FILE

SECMENT
SUMMART FI LE
(SECSUM. ext)

(SUIFDIS.ut)

PISCAL
---------

COIVEU DATABSE
AID PlEDICT
PEIFDIMAICE

-

PEIFOIMAICE
COEFFICIEIT
FILE

f------1

SECMEIT LIST
IEPOITB

----------COEFFIC

SECMEI? DATA
FILE

REPORT
PARAMETEI
Fl LE

... . . . . . .......
(SECSIEW .ut)

SCRTCHI

Needs Reports

A segment needs report is presenled in Table 3. It indicates
the needs or trigger years, on the basis of application of the
performance models. The trigger year occurs when the predicted performance, for any particular index or parameter
noted earlier, reaches a minimum acceptable level, as specified by the user. An example application of the performance
prediction models for a particular segment is shown in
Figure 7.
The needs year distribution summary presented at the bottom of Table 3 can also be shown graphically (Figure 8), on
the basis of surface rating (SR).

PC/FOCUS

·-------·-···

CIEATE
SECMEIT DATA
SUBSET

l_---SECMEIT DATA
SUBSET

TllCCEl VALUE
FILI
~

---------TllCC

REHABILITATION OPTIMIZATION

The Rehabilitation Optimization Subsystem is shown in Figure 9. It incorporates seven FORTRAN programs (see Table
1), the first two of which carry out the analysis and optimization; the five remaining are used to produce reports .
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l_---FIGURE 5

Status and Needs Subsystem.

The set of rehabilitation alternatives used in Minnesota as of
1991 is presented in Table 4. A selection of alternatives from
this set to be analyzed for any particular segment can be
determined by using decision trees or by using an override.
There are three basic decision trees: one for concrete (CON
and CRC); one for bituminous (BIT and BOB) ; and one for
bituminous over concrete (BOC). The decision tree is applied
to each possible implementation year (i.e., projects are advanced and delayed from their needs or trigger year) because
the conditions used in the decision tree can change from year
to year.

TABLE 2 EXAMPLE PRESENT STATUS SEGMENT SUMMARY REPORT
SEGMENT SUMMARY REPORT

Mn/DOT PAVEMENT MANAGEMENT SYSTEM
ISTH ROUTE SYSTEM

MAR 9, 1989

INTERSTATE

PAGE 31

SEGMENT DESCRIPTION

L
D
A
I
ND
S CTRL LENGTH E I SURF SUBGRD
T SECT MILES S R TYPE MODULUS AADT

ISTH 0694 038+00.723 040+00.492
ANOKA-RAMSEY CO LN
.3 MI WOF TH-35W END CONC/BEG BOC

9 6285

ISTH 0694 040+00.492 041+00.111
.3 Ml WOF TH·35W END CONC/BEG BOC
.3 Ml E OF TH-35W END BOC/BEG CONC

9 6285

ISTH 0694 041+0D.111 045+00.200
.3 Ml E OF TH-35W END BOC/BEG CONC
.1 Ml E OF TH·49,RICE ST CHG IN SURF YR

9 6285 4.081 4 I

1.751 4 I

CONC

.620 4 I BOB

NCADT

x

HCADT

-1989PSR SR

SRVY
YEAR

CR

1989 SRVY
SAR YEAR POI

N/A 74473 6599 11.1

3.0

2.5

(85)

3.4

2.4

N/A 59592 5215

2.9 3.7

(86)

3.6

3.0

2.4

(85)

3.2

2.3

8.6 3.0 2.9

(85)

3.5

2. 8

2.7

(85)

3.5

2.6

3.1

2.6

(85)

3.7

2.5

29263 3410

15.6 3.1

2.6

(85)

3.7

2.5

N/A 35352 2523

.0 3.5

3.4

(87)

3.8

3.5

CONC

N/A 56288 4943

.200 4 I CONC

N/A 59480 5196

9 6285

.638 4 I

CONC

N/A 60124

ISTH 0694 046+00.043 046+00.240
BN RR, BR 9196 & 9197 CHG IN SURF YR
. 2 MI E OF BN RR
CHG IN SURF YR

9 6285

.197 4 I

CONC

N/A 33493 3665

ISTH 0694 046+00.240 046+00.449
. 2 MI E OF BN RR
CHG IN SURF YR
W JCT ISTH·35E

9 6285

.209 4 I CONC

ISTH 0694 045+00.200 045+00.400
.1 Ml E OF TH-49,RICE ST CHG IN SURF YR
.3 Ml E OF TH-49,RICE ST CHG IN SURF YR 9 6285

GRTH
RATE

9.4

18.7 3.1

ISTH 0694 045+00.400 046+00.043
.3 Ml E OF TH-49,RICE ST CHG IN SURF YR

BN RR, BR 9196 & 9197

CHG IN SURF YR

N/A

5269 15.4 3.0

15.1

ISTH 0694 047+00.104 058+00.187
JCT ISTH·94, JCT ISTH-494

9 6286 11.066 4 I

CRCP

TOTAL FOR ROUTE-SYS : I STH
ROADWAY PAVEMENT QUALITY (POI) MILEAGES
BELOW
2.1 TO 2.6 TO 2.9 TO 3.1 TO 3.6 TO ABOVE** TOTAL AVG
2.0
2.5
2.8
3.0
3.5
4.0
4.0 ** MILES POI
**
178.8 501.7 477.4 155.7 278.1
95.6
111.4 1798.6 2.8
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FIGURE 6 Summary distribution of present status for the Interstate network.

Analysis of the alternatives (i.e., performance predictions
and calculation of capital, maintenance, and user delay costs)
is similarly then carried out for each possible implementation
year. As well, alternatives can be defined for implementation
at a fixed repeat cycle (RC). Performance models for the
rehabilitation alternatives, as well as the improvement (or
jump) in the performance parameter when the rehabilitation
is applied, are described in the system documentation report
(3). For some alternatives, such as minor joint reseal, the
jump is 0 for some of the parameters (e.g., ride) .
Economic analysis of each alternative inclucles 011c.11l:ition
of the present worth of costs of the rehabilitation for each
implementation year, ongoing maintenance, and user costs.
As well, cost-effectiveness for each combination of alternative
and implementation year is calculated. Details of the models
used are contained in the system documentation report (3);
a summary of the cost-effective calculation is provided by Hill
and Haas (4). Of particular interest is the comprehensive userdelay cost model, which may or may not be included in the
analysis as an option. It considers such factors as traffic handling method , traffic volumes , length of the rehabilitation or
maintenance zone, number of days, speeds, capacity, type of
facility (multilane, two-lane, shoulders, etc.), and direction
of travel.
Detailed reports of the alternatives analyzed for each segment for each year of the program period can be generated
in the Mn/DOT PMS. However, only network summary report examples will be provided in this document.

Optimization Analysis
The optimization used in Mn/DOT's PMS is based on marginal cost-effectiveness calculations, as described by Hill and

Haas (4). Although it is a near optimization rather than a
true optimization method, the results are not significantly
different for practical purposes.
The analysis can be performed in either of the following
modes:

1. Effectiveness max1m1zation, where the primary constraints are specified budget limits for each year of the program period ;
2. Cost minimization , where the constraints are either
• Minimum average network performance (PSR, SR, SAR,
or POI), or
• Maximum percent of mileage below the minimum acceptable level.
Consequently, eliminating budget constraints is only appropriate for cost minimization whereas eliminating performance
constraints is only appropriate for effectiveness maximization .
An example summary report for the effectiveness maximization mode is shown in Figure 10 for an annual budget limit
of $15,000,000. (Actual predicted costs, which are slightly
lower, are listed in the third row of the diagram.) This example
is based on effectiveness maximization for PSR.
Figure 10 shows, on the left part of the diagram, how average PSR will change for the expected budget (solid line)
from about 3.4 in 1989 to about 3.2 in 1998, and for 0 budget
(dotted line) to a low of about 2.7 in 1998. The right part of
the diagram shows the associated accumulation of deficient
mileage, in terms of percent below the minimum or trigger
PSR level. For the expected budget, this would increase from
about 10 to 32 percent over the program period , whereas for
0 budget it would increase to about 65 percent.

TABLE 3 EXAMPLE SEGMENT NEEDS REPORT
M/n PAVEMENT MANAGEMENT SYSTEM

SEGMENT NEEDS REPORT

MAR 9, 1989
PAGE 31

INTERSTATE
D
I
S CTRL
T SECT

LNTH
(Ml)

L
A
ND
E I SURF
S R TYPE

ISTH 0694 038+00.723 040+00.492
ANOKA-RAMSEY CO LN
.3 MI WOF TH -35W END CONC/BEG BOC

9 6265

1.6

4 I

CONC 69-SR

JS TH 0694 040+00.492 041+00.111
.3 Ml WOF TH · 35W END CONC/BEG BOC
.3 Ml E OF TH-35W
END BOC/BEG CONC

9 6265

.6

4 I

ISTH 0694 041+00.111 045+00.200
.3 Ml E OF TH -35W END BOC/BEG CONC
.1 Ml E OF TH-49,RICE ST CHG IN SURF YR

9 6285

4. 1

ISTH 0694 045+00.200 045+00.400
.1 Ml E OF TH-49,RICE ST CHG IN SURF YR
.3 Ml E OF TH · 49,RICE ST CHG IN SURF YR

9 6285

ISTH 0694 045+00.400 046+00.043
. 3 Ml E OF TH -49,RICE ST CHG IN SURF YR
BN RR, BR 9196 & 9197
CHG IN SURF YR

1st
NEED
YR-NDX

-----INDEX PRESENT VALUE & EARLIEST NEEDS YEAR---I
I

PQI TRIG YR SAR TR IG YR

SR TRIG YR

I
I

PSR

TRIG YR

2.4-(2.5)-69

2.5-(2.5)·69 3.0-(2.9)-90

BOB

90 -PSR 3.0-(2.5)-93

3.7-(2.5)-99 2. 9-(2.8)-90

4 I

CONC

89·SR

2.3-(2.5)-89

2.4·(2.5)-89 3.1-(2.9)-92

.2

4 I

CONC 90-PSR 2.8-(2.5)-92

2.9·(2.5)·94 3.0-(2.9)-90

9 6285

.6

4 I

CONC 90-PSR 2.6·(2.5)-90

2.7·(2.5)-91

ISTH 0694 046+00.043 046+00.240
BN RR, BR 9196 & 9197 CHG IN SURF YR
. 2 MI E OF BN RR
CHG IN SURF YR

9 6285

.2

4 I

CONC 89-PCI 2.5-(2.5)·89

2.6-(2 . 5)·90 3.1·(2.9)-92

ISTH 0694 046+00.240 046+00.449
.2 Ml E OF BN RR CHG IN SURF YR
W JCT ISTH-35E

9 6285

.2

4 I

CONC 89·PQI 2.5-(2.5) -89

2.6-(2.5)-90 3.1-(2.9)-92

9 6266 11.1

4 I

CRCP 93-SR

3.4·(2.5)-93 3.5·(2.9)-99

3.0·(2.9)-90

ISTH 0694 047+00.104 058+00.187
JCT ISTH·94 , JCT ISTH-494

3.5-(2.5)-93

SEGMENT NEEDS MILEAGE SUMMARY
1969 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2006 2009
PSR
SR
SAR
PC!

446 61 130 93
73 132 176 117
486 229 125 167 194 86 126 109
0
0
0
0
0
0
0
0
680 177 148 234 178 54 36 122

TOTAL MILEAGE :

1796.6

67 111
57 14
0
0
36 " 26

68

46
0
6

33
53
0
12

66

22
0
26

49
0
0
0

50
2
0
0

3
2

0
0

25
43
0
11

0
18
0
21

13
0
0
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23
9
0
0

21
0
0
0
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4.0

YEAR BUILT
1970
YEAR LAST REHAB 1972
LAST REHAB
9.oo•

FUNCTIONAL CLASS Oi
SURFACE WIDTH
24.0
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FIGURE 7 Example application of the performance prediction models to a segment.
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FIGURE 9 Rehabilitation Optimization Subsystem.
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TABLE 4 CURRENT SET OF REHABILITATION
ALTERNATIVES IN Mn/DOT's PMS
Dec.

Cost

Description

$/mi

c

Tre.

Res .

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Overlay l" - 2341
Overlay 1. 5 11 - 2341
2361
Overlay l"
2331
Overlay 3"
2361
Overlay 5"
2361
Overlay 6"
Mill 2" Overlay 3 11
Mill 3" Ov~rlay 4 11
Seal Coat
Partial Reconst.

25000
36000
33000
75000
150000
180000
82000
97000
t\000
350000
500000
750000
30000
125000
100000
60000
180000
332000
50000
500000
195000
6000
45000
35000
90000
179245
100000
81000
500000
300000
165000
207165
221455
235045

5
0
5
0
0
0
0
0
3
0

BIT
BIT
BIT
BIT
BIT
BIT
BIT
BIT
BIT
BIT
BIT
BIT
CON
CON
CON
CON
CON
CON
CON
CON
CON
BOC
BOC
BOC
BOC
BOC
BOC
BOC
BOC
BOC
BOC
BOC
BOC
BOC

BOB
BOB
BOB
BOB
BOB
BOB
BOB
BOB

Reconstruct
Reconstruct

Minor Joint Reseal
Major Joint Rep/Res
Overlay 3 11
Overlay 1. 5"
Overlay 5"
Unbonded
Plane & Reseal
Reconstruct

Plane, Joint Rep/Res
Seal Coat
2361
Overlay l"
2341
Overlay l"
2331
Overlay 3"
Mill 4" Overlay 5 11
Mill 2" Overlay 3"
Rehab Crack/O. L 1. 5"
Reconstruct

Partial ReconjReseal

Mill 3

11

Overlay 4"

Mill 5" Overlay 6 11
Mill 6" Overlay 7"
Mill 7" Overlay 8 11

b
0
0
0
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
0
0

BIT
BIT
BIT

BOC
BOC
BOC
BOC
CON

BIT

0311211989

REHABILITATION PERFORMANCE SUMMARY REPORT

Mn/DOT

1989

YEAR

COST

R

Alternative
No.

($1000)

1990

14897 14929

1991

1992

1993

1994

1995

1996

1997

1998

14880 14998 14933 14987 14952 14864 14969 14986

NON-REHAB

AVERAGE PQI

3.3

3.2

3.2

3.1

3.0

3.0

2.9

2.8

2.8

2.7

REHAB

AVERAGE POI

3.3

3.3

3.2

3.2

3.2

3.1

3.1

3.2

3.1

3.1

NON-REHAB

% PQI <MIN

9

12

15

19

26

33

43

52

60

64

REHAB

% PQI < MIN

8

10

11

14

16

20

22

27

31

31

5.0

4 ,6

--

80
REHAB

70 .

NON-REHAB

-

REHAB
NON-REHAB

4.0

a:

~
w

~

3.6

z
~
v

3.0

w
~ 2.6
2.0

1.6 ·

1989 90 91 92 93 94 95 96 97 98

FIGURE IO

1989 90 91 92 93 94 95 96 97 98

Example performance summary report for network optimization.
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TABLE 5 CHANGES IN ALL THE PERFORMANCE INDICES FOR THE OPTIMIZATION OF FIGURE 10
Mn/DOT

REHABILITATION OPTIMIZATION SYSTEM

03/13/1989

PERFORMANCE SUMMARY REPORT:
DISTRICT 2
ANALYSIS MOOE

:Effectiveness-Maximization - 1989 to 1998

TOTAL NO . OF SEGMENTS:

338

TOTAL MILEAGE:

YEAR

1989

TOTAL BUDGET
PREDICTED EXPENDITURE
PSR

RPO RUN 1.D.:

1798. 6

NO. OF SEGMENTS WITH REHAB:

IN1
MILEAGE:

188

505.4

1990

1991

1992

1993

1994

1995

1996

1997

15000000

15000000

15000000

15000000

15000000

15000000

15000000

15000000

15000000

15000000

14896812

14928770

14880217

14998219

14933333

14987280

14951803

14864090

14969476

14986425

1998

% > 3.0

REHAB
NON-REHAB

75%
74%

74%
71%

67%
63%

63%
57'.4

58%
53%

51%
44%

46%
37'.4

41%
30%

38%
26%

35%
20%

PSR
% < 1.5

REHAB
NON-REHAB

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
1%

SR

REHAB
NON-REHAB

75%
73%

64%
61%

59%
52%

46%
34%

40%
26%

34%
17%

27%

11%

26%
10%

25%
9%

1%
1%

2%
2%

5%
5%

5%
5%

7%
8%

7%
8%

10%
13%

13%
17'.4

16%
22%

23%
30%

% > 2.5
SR

REHAB
% < 1. 5 NON-REHAB

54%
44%

SAR
% > 3.0

REHAB
NON-REHAB

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

SAR
% < 1.5

REHAB
NON-REHAB

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

0%
0%

PQI
% > 3.0

REHAB
NON-REHAB

32%
28%

30%
23%

30%
18%

26%
13%

23%
8%

22%
5%

17%
3%

17%
3%

18%
2%

18%
2%

PQI
REHAB
% < 1. 5 NON-REHAB

4%
4%

5%
6%

7'.4
7'.4

9%
10%

12%
13%

15%
18%

23%
28%

30%
37'.4

35%
44%

40%
53%

Because Figure 10 is based on effectiveness maximization
for PSR, changes in the other performance indices may also
be wanted, as given in Table 5.

CONCLUSION
The Mn/DOT has a comprehensive network-level PMS in
place and operational. Developed in stages, it was based on
careful preimplementation planning, both as to scope and to
service to the various users in the department. The PMS components are linked through the TIS plus a number of programs
for data management functions, user interface, analysis, and
reporting. Two major subsystems are contained in the PMS:
(a) Status and Needs Subsystem, and (b) Rehabilitation Optimization Subsystem. Each incorporates considerable flexibility and is capable of providing the user with a number of
detailed and summary reports .
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Use of Expert Opinion in Two Pavement
Management Systems
WILLIAM

V.

HARPER AND KAMRAN MAJIDZADEH

The application of a pavement management system (PMS) to
optimize the allocation of scarce budgeting resources for a network of highways is becoming more common both in developed
and in developing countries. The use of expert opinion and expert
systems may help to improve a PMS as well as to ease the computational burden in some cases. In such systems, degradation
models are necessary to predict the impact of scheduled maintenance so that both the long- and short-term results are optimized. Expert opinion is also often used to determine the feasible
maintenance and rehabilitation actions for pavement in different
condition states. From the set of feasible actions, the network
level optimizer will select a multiyear optimal strategy. Two different approaches are illustrated: one for the Ohio Department
of Transportation, and the second for Saudi Arabia. An algorithm
is presented for updating expert opinion-based degradation models
for pavements. Bayesian updating procedures are given that automatically update the degradation models with new network survey
data. These procedures continually self-adjust the PMS to fit the
specific conditions found in the network. This process results in
improved prediction models and a better use of resources.
A pavement management system (PMS) should be able to
predict the future degradation of the pavement as well as the
improvement that results from a particular maintenance action . This ability to predict may depend on many parameters
and may be the result of empirical, mechanistic, or empiricalmechanistic models. In order to provide a network-level
solution, the condition prediction models must depend on
readily available information on every segment in the network. Test results that will be available for only a small portion of the network may be used in a project-level analysis,
but such information often cannot be incorporated into a
network optimization model.
Condition prediction models usually are based on actual
field data relevant to the network being modeled. A PMS
requires a well-planned data base. Even with such a data base,
degradation models are not always readily available for a
given network even in well-developed countries.
Selected aspects of two different PMSs are briefly covered.
One developed for the Ohio Department of Transportation
(ODOT) has deterministic degradation models that are based
on detailed statistical analysis of historical data. The ODOT
PMS (1) predicts pavement condition rating (PCR) deduct
values for a given pavement segment strategy considered in
its network optimization. The second PMS discussed is part
of a highway maintenance management system (2) developed
for the Kingdom of Saudi Arabia that integrates a PMS, a
bridges and structures management system, and a nonpaveResource International Inc., 281 Enterprise Drive, Westerville, Ohio
43081.

ment management system. It is a stochastic optimization system based on minimal historical data. It predicts the probability of a pavement segment transitioning from Condition
State i to Condition State j for the feasible maintenance and
rehabilitation (M&R) actions.

ODOT PMS
The ODOT network level optimization model is an integer
0-1 linear program that is approximated by a standard linear
programming (LP) solution using generalized upper bounding
(GUB) techniques. The use of the GUB in the standard LP
allows large 0-1 problems to be solved quickly. For the few
noninteger solutions [theoretically there will be only a small
number (J)], these require a project-level choice by the decision maker.
The pavement condition rating (PCR) is one of the key
ODOT factors in determining both the condition of given
segment as well as the condition of the entire network. The
PCR is a weighted average of many distresses, e.g., raveling,
bleeding, patching, rutting, and cracking. Expert opinion from
both ODOT and other pavement engineers was used to develop lumped distress groups. On the basis of the severity
and extent of these lumped Jislress calegories, feasible M&R
actions were selected for the different pavement types (rigid,
composite, flexible, and continuous reinforced concrete) using a panel of experts.
The ODOT PMS develops 6-year plans for each segment
within the state-wide network. The plan is an ordered set of
six M&R actions. Only a limited number of applicable plans
can be associated with each segment while maintaining the
entire highway system in satisfactory condition. Expert opinion was used to construct an expert system that develops the
potential 6-year plans on a segment-by-segment basis. These
feasible plans are then input to the optimization. On the basis
of the available budget and desired performance goals specified, the optimization selects one of the individual segment
feasible plans for each segment. The optimization will either
maximize performance (in terms of PCR) subject to budgetary
limitations or it will minimize cost subject to performance
constraints.
The feasible 6-year plans are developed independently for
each highway segment and thus represent the possible plans
from a project-level point of view for a given segment. The
optimization then selects one plan for each segment that is
optimal from a network perspective. Thus the plan chosen
for a given segment is determined considering all segments
in the network simultaneously. This process could not be done
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without the use of sophisticated optimization packages. An
engineer can consider the possible 6-year plans in isolation
for a segment, but it would not be possible for that individual
to perform the trade-offs necessary to arrive at a networkoptimal solution. This expert system also reduces the solution
space considerably and has resulted in lessening the computational burden.

ODOT'S DETERMINATION OF FEASIBLE M&R
ACTION PLANS

Conceptually, the PMS network optimization models could
allow the possibility of assignment of any M&R action to a
pavement segment. Although this assignment would not theoretically cause any difficulties, it may create problems in
practice. It is often mandatory to follow agency policies that
may not permit certain M&R actions for pavement segments
in given conditions. Thus it is reasonable to develop an expert
system for the network-level selection procedures that determine the feasible M&R alternatives available to the optimizer.
The PCR for a given segment is the sum of weighted deduct
values representing the severity and extent of many pavement
distresses. Table 1 indicates how these individual distresses
are lumped into categories for the four ODOT multilane pavement types. Jointed concrete, for example, has three lumped
distress categories: surface, Joint 1, and Joint 2. Table 2 presents the possible M&R actions that may be applied to a
segment in a given year. Table 3 presents the feasible M&R
actions for Interstate jointed concrete pavements as a function
of the severity and extent of these lumped distress categories.
Majidzadeh et al. (1) give similar information for both Interstate and other multilane pavements for the four pavement
types seen in Table 1.
Table 3 is used to select the maintenance actions that would
be appropriate for each of the different distress groups. The

TABLE 2 DEFINITION OF ODOT M&R ACTIONS
Description

Action Code

Do nothing

000

Routine maintenance

010

Seal coat

020

Joint crack underseal repair

030

CPR

040

Non-structural overlay with minimum repairs

050

Non-structural overlay with repairs

060

Structural overlay with minimum repairs

070

Structural overlay with repairs

080

Crack and seat

090

PCC structural overlay

100

Reconstruction with flexible

110

Reconstruction with rigid

120

Reconstruction with composite

130

individual distresses are combined, and on the basis of expert
opinion-established limits (1) the lumped distress categories
are characterized by severity and extent.
As an example, let a given segment of jointed concrete
Interstate have medium severity and extensive extent for both
Joint 1 and Joint 2. This segment also has low severity and
occasional extent for surface. These values result in Actions
010, 040, and 080 for Joint 1 and Joint 2, and Action 000 for
surface. Thus, the possible actions for this pavement are 000,
010, 040, and 080. (The possible actions from each distress

TABLE 1 COMPOSITION OF ODOT PCR GROUPS FOR DIFFERENT PAVEMENT TYPES
Flexible

Composite"

Jointed Concrete

CRC

Structural 1:
•potholes
•bleeding
•settlement

Surface 1:
•raveling
• popouts
• longitudinal
cracking
• crack sealing

Surface:
• surface deterioration
•pumping
•settlement
• longitudinal cracking

Structural 2:
•rutting
• wheel track cracking
• block and transverse
cracking
• corrugation
Surface:
•ravelling
•bleeding
• random cracking
• crack sealing
deficiency
• longitudinal cracking
• edge cracking

Surface 2:
• rutting
• debonding
• settlement

Joint 1:
• pumping
• faulting
• transverse cracking
• corner break

Pavement:
•patching
• settlement
• transverse cracking
• longitudinal
cracking
• punchout
Surface:
• spalling
• pressure damage

Joint I:
• pressure damage
•patching
•pumping
• shattered slab

Joint 2:
• pressure damage
•patching
• joint spalling
• seal damage

Joint 2:
• transverse cracking
• joint reflection
cracking
• other reflection
cracking
"Either jointed concrete or CRC covered with an asphalt overlay.
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TABLE 3 ODOT M&R SELECTION CHART FOR INTERSTATE JOINTED
CONCRETE PAVEMENTS
Distress

Group

Joint

1 &2

Surface

Extent

Severity

Occasional

Low

000

000

010

010/070

High

030/080

040/ 09 0/1 00

040/ 09 0/120

Low

000

000

000/010

Medium

000/010

High

050

010/070

010/ 040/ 080

000/ 010

060

060

060

1. Actions An are selected on the basis of pavement condition e,,. The maximum number of actions is five for the first
year, four for the second year, and three for subsequent years
(see Rule 3 of Table 4) .
2. If Action A., <:: 050, P,, = 100; otherwise only those
distresses directly addressed by Action A n are eliminated.
3. Using Action A ,,, the amount of distress in each distress
group expected in Year n + 1 is predicted from the PCR
performance prediction equations. The condition e" + 1 is obtained from the condition en and the predicted distresses developed during 1 year.
4. For mandatory projects k 1 = 1 and the action is that
specified for the mandatory project for Year n = 1. Actions
for years n > 1 can be selected in the normal fashion or the
entire action plan over the planning period can be input as
mandatory.
This expert system has been extensively tested and validated. It is an important part of an efficient multiyeur PMS
that also provides guidance to the project-level analyses that
TABLE 4 ODOT RULES FOR REDUCING THE POSSIBLE
NUMBER OF ACTION PLANS
Rule No .
1.

Rule

2.

~

If year n action
:<:;

020, year n+i

action

010. 1 - l, 3

If year n action 2:, 040, year n+i action$

010, i - 1,5
3.

The maximum number of actions considered
each

year

are

k 1-4,

k 2 - 3,

k3

to k 6 -2

=

either action 000 or 010 are among the

=

feasible actions;

number of actions in Yearn,
pavement condition at the beginning of Yearn,
A,, = action taken in Yearn, and
Pn = PCR at end of Yearn (after Action A" taken) .

en

Extensive

Medium

group are rank-ordered and duplicates eliminated.) Of course,
only Action 080 (structural overlay with repairs) would repair
all problems, but the other actions cannot be ruled out as
being cost-effective when considering a multiyear planning
period and a finite money supply.
The above scheme has resulted in reducing the possible
number of actions from 14 to 4 in the example given , although
some combinations of pavement distresses may result in more
actions. Only the highest four actions are chosen if this list
also contains Actions 000 or 010 (do nothing or routine maintenance); if one of these actions is nut part uf the list, Action
010 is inserted as a fifth action . This is necessary in order to
deal with budget constraints .
The same procedure is used in other years of the planning
horizon. First, the condition of the pavement 1 year after
applying a particular action is predicted using PCR performance prediction models ; then the appropriate tables are used
to determine the proper actions for these (new) conditions.
This procedure is carried out for each year in the planning
period, except that the number of actions is restricted to three
(or four if Action 010 has to be added) for the second year
and two (or three if Action 010 has to be added) for the third
through the sixth years .
Although this procedure has drastically limited the number
of possible action plans for a particular pavement segment ,
the resulting number of plans (a maximum of 1,620 plans are
possible) is still too large to be practical either in real life or
as far as the optimizer is concerned. Therefore , a set of heuristic rules has been developed to further reduce the number
of possible plans to be considered by the optimizer. These
rules have been developed in consultation with ODOT design
and maintenance engineers.
By definition,
kn

Frequent

if

otherwise action 010 is

added to the list

and the maximum number

of actions is increased by one.

The rules used to reduce the number of action plans are
presented in Table 4. The rules to reduce the possible number
of actions for Year n + 1 are applied according to Table 5
for Yearn. The following considerations apply:

~-

If year n action is
cannot equal m;

~

020, year n+i action

i - 1,4.
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TABLE 5 APPLICATION OF ODOT RULES FOR YEAR
n TO DETERMINE FEASIBLE ACTIONS FOR YEAR
n + 1
App l y rule(s)

Year n action

000/010

Obviously , the computational burden of solving these three

LP models can be considerable. This is especially true of the
latter two models that are large linear programs.
The notation for the multiyear model objective function is
defined as follows:

No n e

020

Parameter notation:

4 ,1

<: 040

I

4,2 , l

M;
Note:

If

~ ... 1

-

0 as a resul t

above rules,

then ky,. 1

..,

of applying

the

2 and actions are

000 and 010

follow the completion of the optimization runs. Complete
documentation of the entire system was provided by Majidzadeh et al. (J).

= index set of condition states ( = 1, 2, ... , n);
= index set of feasible Maintenance Actions a for

pavement segments in Condition State i (a 1 , a2 ,
. . ·,am) ;
C;0 (s)
average cost of applying Maintenance Action a
to one pavement segment in Stratum s and Condition State i; and
r = discount rate for computing net present value.
Decision variable notation:
w~ 0 (s) =

SAUDI ARABIAN PMS
Saudi LP Formulation Illustrating Restriction to
Feasible M&R Actions

The Saudi PMS uses a different approach that is more applicable to the situation with limited historical data. The Saudi
PMS uses a stochastic network-level optimization that is based
on a Markov process and automatically updates its condition
prediction models using Bayesian procedures discussed later.
In addition, it also uses expert opinion to determine the feasible actions for pavement in any condition state. It explicitly
addresses the limited number of feasible M&R actions in its
network optimization models. An example of this is given
later, but it is worthwhile to briefly describe the three network-level LP models used in this PMS .
The first is a long-term (or steady state) goal-setting model.
It determines the optimal condition states of the network so
that cost is minimized subject to top management's performance objectives. In all three models (solved for each stratum) , top management specifies lower and upper bound constraints for the minimum and maximum proportion of the
stratum that should be in desirable and undesirable condition
states, respectively.
The second network optimization model is the multiyear
model that determines the optimal policy to move from the
current network condition levels to the optimal steady state
levels determined by the long-term model mentioned in the
previous paragraph. This model is also solved separately for
each stratum. If the sum of the desired budget from all strata
is within the amount that can be obtained, then this is the
last model run in the sequence of the three optimization models.
These first two models closely parallel the Arizona models
(4) that have become well known.
The third network model is a financial exigency model that
ties together all the strata with a global first-year budget constraint. This budget constraint links together the individual
multiyear optimization models described briefly in the previous paragraph by the use of a Lagrange multiplier and parametric programming techniques.

proportion of the segments in Stratum s that is in
Condition State i and should receive Maintenance
Action a in Year t.

Dependent variable notation:

C(s) = expected net present value of cost per segment in
Stratum s of a maintenance policy.
The multiyear optimization model objective function for
Stratum s follows:
T

Minimize C(s)

LL L
r= l

(1 + r) 1 - 1 w~a(s)C;.(s)

(1)

iE / a E Mi

As seen in Equation 1, the summation of the objective
function is over Time t, Condition States i, and Actions a.
However, instead of all possible Actions a, only those that
are determined to be feasible (based on expert opinion) for
Condition State i are allowed as choices in the LP (as indicated
by the summation over a E M; instead of over all possible
actions). This procedure results in savings of computational
resources because only a subset of the possible M&R actions
is considered for each condition state.

Saudi Prediction Models

Expert opinion has played a major role in the development
of the initial condition prediction equations for the Saudi
PMS. An extensive search of the literature as well as use of
mechanistic models was used to develop initial empirical
regression equations. Because of the lack of historical field
data, the initial regression equations could not be directly
developed for actual Saudi conditions. Expert opinion from
pavement engineers was used to modify published prediction
models , where available, for the variables used to determine
the condition state of each pavement segment in the Markovian-based network optimization models used in this PMS.
The Saudi PMS classifies a pavement segment into one of
324 possible condition states on the basis of rutting, cracking ,
delta-cracking (1-year change in cracking), index to first crack,
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and roughness . Three condition prediction equations are required for each M&R action within each stratum. Within the
PMS, there are 20 possible M&R actions (Table 6) and various
strata (based on functional class, climate, etc.). Condition
prediction equations for the change in rutting, change in
roughness, and change in cracking were developed. These
equations predict the 1-year change in the corresponding distress for a given M&R action. The change in cracking prediction model is used to produce joint probabilities for cracking and delta-cracking. No prediction equation is required for
index to first crack because it is a table look-up based on the
chosen M&R action .
Past published work for a similar climate in the state of
Arizona (5) in the United States resulted in empirical linear
regression models for cracking and roughness; however, the
literature review could not find any similar empirical prediction equations for rutting. Stepwise regression analysis of
available data combined with expert opinion was used to develop an empirical regression for rutting. A team of pavement
engineers worked to modify these equations to adjust them
as much as possible to conditions in Saudi Arabia.
Automated annual surveys will be performed for the entire
pavement network in the Kingdom. This procedure provides
the field values for the variables defined earlier as well as
others, e.g., raveling and skid resistance. These annual network surveys will provide the field data necessary to improve

The condition prediction models mentioned earlier generate
the transition probabilities that drive the Markov-based linear
programs. They also provide the prior distributions required
for the Bayesian updating (6) . The regression parameters of
the prediction models are self-adjusted using new annual survey data and result in improved transition probabilities. This
automatic adaptation of the condition prediction models results in more accurate degradation estimates over time.
A general description of Bayesian updating of the regression parameters follows. The notation is generalized from the
explicit equations used for the condition prediction of individual variables. The following notation is to be used:

TABLE 6 LIST OF POSSIBLE M&R ACTIONS FOR SAUDI
HIGHWAY NETWORK

Then the least squares solution for the initial prediction equations is

Action No .

Y

X

b

Vector of dependent values, e.g., the data for the
actual change in cracking;
Design matrix created from the independent variables, e.g., from the variables in the right hand side of
a condition prediction equation; and
Regression parameter vector to be estimated. These
are the coefficients of the prediction models.

(2)

The prior distribution for the b is then a multivariate normal
(MVN) as follows :

Minor Maintenance

(Crack Sealing, Pothole , Patching)

Seal Coat (Sand, Slurry, or Fag Sealine;)

4

Bayesian Updating of Condition Prediction Parameters

M&R Action

Do Nothing
2

all the prediction equations. The initial regression equations
will be automatically adjusted using Bayesian statistical updating techniques.

Surface Treatment (Aggregate Chip Seal)

Overlay with Repair - 30 mm
Overlay with Repair - 50 mm

30 mm mill + 30 mm replace
30 mm mill + 60 mm replace
50 mm mill + 50 mm replace

10

50 mm mi 11 + 80 mm rep lace

11

80 mm mill + 80 mm replace

12

80 mm mill + 110 mm replace

13

110 mm mill + 110 mm replace

14

>110 mm mill + >110 mm replace

15

50 mm Recycling

16

80 mm Recycling

17

110 mm Recycling

18

> 110 mm Recycling

19

Reconstruction on Aggregate Base

20

Reconstruction on Asphalt Concrete Base

Prior distribution of b = MVN(b;";" V;n;,)
where Vini• = covariance matrix of bini•·
These equations address the development of the initial
prior distribution. i.e.' vinit becomes the first v prior and binit
becomes the first bprior· After each Year t, the prior will be
updated to develop a posterior distribution that will be used
to calculate updated transition probabilities. Upon completion of that , the posterior distribution for Year t becomes the
prior distribution for Year t + 1. In the development of the
posterior distribution, it is assumed that Year t data have just
been collected. From this, ordinary least squares parameter
estimates for Year t data will be used to perform the Bayesian
updating resulting in posterior parameter estimates.
For Year t,
(X'X) - 1X'Y

b,

=

V,

= Year t covariance matrix for b,

(3)

where X and Y now represent the current year's data .
Then the posterior distribution for the desired regression
parameter vector bposi is calculated.
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Posterior distribution of b = MVN(bp

0 ,,,

VP 051 )

[

where
(4)

21.49

-1.45]

-1.45

0.11

From these updated parameter coefficients, the desired transition probabilities are generated.

(5)

This process will continue annually, and the posterior parameters will be used to develop the updated transition probabilities. In the following simple example, the regression is
modeling only a simple straight-line relationship between the
dependent variable y and a single independent variable x . The
prior estimates were formed using ordinary least squares with
the following results:

y =_11.33 + 4.38x
b~rior =

vprior

=

Pavement management systems are becoming more sophisticated with the use of both expert opinion and expert systems.
Two PMSs that make use of expert opinion in reducing computational burden by forcing the network optimization models
to select from a subset of the possible M&R actions were
described. Additionally, a Bayesian statistical procedure that
provides automatic condition prediction model updating was
given for a Markovian-based linear program.

(11.33, 4.38)
[

-4.56]

69.80
-4.56

0.32

The current survey data (time period t) results in the following
(using ordinary least squares):

+ 3.92x

y

= 17.43

b;

= (17.43 , 3.92)

v,

= [ 31.40
-2.16

-2.16]
0.16

Following these mathematical formulations results in the following posterior parameter estimates.
y = 15.56
b~OSI =

CONCLUSION

REFERENCES
1. K. Majidzadeh, G. J. lives, J.C. Kennedy, and C. Saraf. Implementation of Ohio Pavement Management System. Volume I, Final
Report, Nov . 1990.
2. W. V . Harper, K. Majidzadeh, G. J . lives, and C . Mount-Campbell. Optimal Allocation of Highway Budgeting Resources in Saudi
Arabia. Proc., 11th /RF World Meeting in Seoul, Korea, Volume
I, 1989, pp. 160-162.
3. L. S. Lasdon. Optimization Theory for Large Systems. McMillan,
New York, 1970.
4. K . Golabi, R. B. Kulkarni , and G . B. Way. A Statewide Pavement
Management System. Interfaces, Vol. 12, Dec. 1982, pp. 5-21.
5. R. Kulkarni, K. Golabi , F. Finn, E. Alviti , and L. Nazareth.
Development of a Network Optimization System, Final Report,
Volume I, May 1980.
6. W. V . Harper, K. Majidzadeh, and B. B . Hurst. Application of
Expert Opinion in Customized Pavement Management Systems .
In Highways and Data Processing, Presses de !'Ecole Nationale
des Ponts et Chaussees , Paris, March 13-15, 1990, pp. 549-557.

+ 4.04x

(15.56, 4.04)

Publication of this paper sponsored by Committee on Pavement Management Systems .

TRANSPORTATION RESEARCH RECORD 1311

248

Implementation of a Pavement
Management System for Municipally
Maintained Roads in Rhode Island
GARY
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An attempt ha been made to implement a pavem nt management system (.PM ) for municipally maintained rouds in Rhode
Island. The primary objectives of the project \Vere to select the
most appropriate microcomputer-based PMS software and to implement the selected system in cities and towns throughout the
state. A questionnaire survey distributed to all 39 Rhode Island
municipalities revealed that only one community was actually
instilutfog a functional PMS when the project began. Micro PA VER
was identified as the most appropriate microcomputer-based PMS
for municipally maintained roads, primarily because it is one of
the simplest menu-driven programs. A workshop manual was
prepared that used Micro PAV ER as the core of the PM procedure and statewide implementation of this developed procedure was conducted through a serie of 1raini11g worksh ps for
the technical staff of the municipalities. Visual observation of
surface distress was the only procedure used for pavement condition evaluation becau e of the need for a simple objective,
and repeatable survey methodology and the prioritization was
based on the derived pavement condition index (PCI). Duri11g
the standardization process, a 10 percent ampling technique wa.
recommended for pavement condition surveys. At least 16 Rhode
Island municipalities have decided to implement Micro PAVER,
and several other communities may begin implementation in the
near future. Potential enhancements to the municipal-level PMS
were also identified and recommended.
In September of 1986, the Rhode Island League of Cities and
Towns (RILOCAT) published a report indicating that Rhode
Island ranked at the bottom of all states on state highway aid
to cities and towns and near the bottom on per capita highway
spending (J). Unlike most other states, Rhode Island has not
used its fuel tax revenue directly for road improvement projects. Almost all major work has been financed through federal
highway aid matched by bond revenues , obligating the Rhode
Island Department of Transportation (RIDOT) to costly annual appropriations.
The shortage of funds to maintain the highway system is
not limited to the state level. Local governments are also faced
with the problem of deteriorating roads and reduced funding.
Public funds that have been designated for pavements must
therefore be used as effectively as possible. One proven method
to mitigate the effects of depleted finances is through the use
of a pavement management system (PMS) (2). A PMS is a
set of tools or methods' that assist decision makers in finding
optimum strategies for providing and maintaining pavements
in a serviceable condition over a given period of time (3,4) .
Without such a routine pavement maintenance program, roads
G. E. Bowen, Division of Planning, Rhode Island Department of
Transportation, Providence, R.I. 02903. K. W. Lee, Department of
Civil Engineering, University of Rhode Island, Kingston, R.I. 02881.

require more frequent reconstruction , thereby costing the state
and local governments millions of dollars.
Municipal highway agencies throughout the country are
adopting PMSs for a variety of reasons: to develop a physical
inventory; to justify maintenance budget increases; to preferentially rate maintenance needs; and, most important, to
attain the best possible road network for the least amount of
money. In 1987, state transportation officials identified the
absence of a systematic and rational method to manage municipally maintained pavements. Although the RIDOT has a
budget for snow plowing, pothole repair, and other related
maintenance activities , a comprehensive pavement management program did not exist.
Recogni:ting the problem of pavement maintenance, Governor Edward D. DiPrete proposed a 3-year, $8 million pavement management program in September 1987 (5) . The program was designed to rehabilitate the main streets and roads
in cities and towns throughout the state with improvements
such as resurfacing, striping, signing, sealing, and sidewalk
and curb repairs. The program would be funded through the
state's general fund, and would be phased over a 3-year period. In July of 1988, the govemo1 's program also supported
a research team from the Department of Civil Engineering
at the University of Rhode Island (URI) to implement an
appropriate PMS at the municipal level. This initial research
program was jointly coordinated with the governor's office,
the RID OT, the Rhode Island Department of Administration
(RIDOA), and the RILOCAT. The objectives of this project
were to evaluate available PMSs , to identify the most appropriate PMS for municipally maintained roads in Rhode Island,
and to implement the selected system by providing training
and support.
STATEWIDE INVENTORY OF MUNICIPAL·
LEVEL PAVEMENT MANAGEMENT PRACTICES
One of the initial tasks of this project was to conduct a questionnaire survey of the status of municipal pavement management programs in Rhode Island's 39 communities. The
purposes of this survey were threefold:
1. To identify the existing pavement maintenance practices,
2. To identify the use and availability of computers within
the municipalities' public works and highway maintenance
departments, and
3. To develop an interest in the implementation of a computerized PMS.
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In July 1988, the RIDOT and URI distributed a pavement
management program questionnaire to each of the state's 39
municipalities. By May 1989, all 39 cities and towns had responded to this survey. The reaction by the communities confirmed the need for statewide implementation of a microcomputer-based PMS in Rhode Island (6).
The questionnaire results indicated that Rhode Island communities maintain an average of 130 mi of road. Included in
this total is an average of 98 mi of municipally maintained
asphalt concrete pavements. Only one community identified
maintenance responsibilities for portland cement concrete
(PCC) road surfaces (a total length of only 2 mi) . The size
of municipal maintenance staffs ranged from 3 to 60 people
with an average of 14 people. In addition, two towns reported
that maintenance work was contracted, and consequently
maintenance personnel were not employed.
The written responses to deciding the most cost-effective
method for spending limited resources were more varied. Eleven
communities reported the use of some type of inspection or
survey method, and two municipalities are currently using a
condition ranking system. Priority or available budget is the
decision factor in six municipalities, and a comprehensive road
and drainage plan is used by one town . Unfortunately , the
remaining 19 responses were either inappropriate or blank.
According to the survey, 33 communities (85 percent) use
a regular maintenance program. These programs are conducted annually in 15 communities, semiannually in 1 community, and seasonally in 6 communities. Six municipalities
considered their maintenance program as something other
than those mentioned. Only 11 of the 39 communities (28
percent) actually use computers within the public works departments. However, 18 of the remaining 28 communities
have access to computers at another location. Since the survey
was conducted, at least four municipalities have either purchased or obtained access to computers. Of the types of
computer available, 9 communities possess IBM PCs, 11 communities use IBM compatible, and 9 communities have some
other type of computer. Only 10 municipalities do not have
access to a computer.
Although all 39 communities expressed concern about the
deterioration of their municipally maintained pavements, an
overwhelming majority of the communities (92 percent) do
not have a computerized PMS in use. Further investigation
of the three towns that claimed to have PMSs revealed that
one of the municipalities actually had a computerized PMS ,
but with limited capabilities; another had a computerized budget
management system; and the third had hired an engineering
consulting firm to implement its PMS. Not including the town
with the PMS installed by the consultant, at least 22 municipalities have indicated an interest in implementing a computerized PMS while 4 other communities may be interested.
Only four towns actually expressed no desire to install a PMS;
the eight remaining communities did not respond to this
question.

EVALUATION AND SELECTION OF A PMS FOR
MUNICIPALLY MAINTAINED ROADS

The reactions by the communities to the pavement management program questionnaire confirmed the Jack of rational,
systematic methods for the upkeep of municipally maintained
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pavements throughout the state. The diversity of the responses also established the primary requirements for a
municipal level PMS: the system must be low cost, microcomputer based, simple to maintain, and easy to operate.
System Evaluation

The process of evaluating the multitude of pavement and
infrastructure management systems was simplified by performing the procedure in two phases. The first phase of the
evaluation involved a preliminary review of available literature and software. The second phase consisted of a more
detailed comparison of the most promising programs identified in the first phase.
The first phase of the evaluation assessed the programs'
general features, operations, costs, developer support, degree
of completeness, simplicity, and capabilities. Although ratings
or rankings were not assigned to each category, the following
general guidelines were considered essential for the programs:
1. The overall operation and implementation of the system
must be simple. The most desirable PMS would be user friendly ,
with menu-driven software using an on-line self-help feature,
which the municipal engineering staffs can maintain with minimal outside assistance.
2. The initial cost and annual maintenance fees should be
minimal. The ideal program would be non proprietary, with
little or no development costs imposed on the users.
3. The system should be based on visual observations of
pavement distresses and possibly overall riding quality.
4. The collected data should be converted into an index
number that indicates the pavement performance condition.
The employed distress survey methodology must be objective
and repeatable , and the derived index must allow preferential
rating of road sections for maintenance.
5. The system should, as a minimum, have capabilities for
storing pavement condition data , developing an objective
pavement condition index, preferentially rating pavement sections for maintenance needs, providing maintenance alternatives, performing life cycle cost analysis, and providing annual budget requirements to keep pavements in acceptable
condition.
After the preliminary review in the first phase, the most
promising computer programs were selected for the more
thorough investigation of the second phase. The nonquantified examination addressed seven specific characteristics:

1. Ease of program use,
2. Clarity and completeness of documentation,
3. Accessibility and quality of support and updating procedures,
4. Program costs,
5. Data management components,
A. Data base ,
• Condition rating data,
• Cost data,
• Maintenance history,
• Inventory information ,
B. Retrieval methods,
• File flexibility,
• Output flexibility,
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C. Data analysis methods,
6. Pavement management levels (network and project), and
7. Feasibility of interim and long-term use.

Most of the programs allowed both network and project
level analyses, although some of the programs included capabilities for only one level of analysis. All of the packages
were suitable for municipal use, but only a few appeared
adaptable for site-specific modifications at a future time.

Table 1 presents the programs and compares their major features.
Most of the programs appeared to be fairly easy to learn
and use. Documentation for most of the software was explicit;
some packages included detailed examples and applications.
The accessibility and quality of support appeared to be adequate; most developers identified contact individuals who were
familiar with the product, while others provided newsletters
or electronic bulletin boards. The programs with larger numbers of users experience significant input about problems and
potential improvements, which facilitates updating procedures. The costs of the programs were reasonable; the consultant-developed packages with customized software options
generally cost more and require annual or periodic support
fees.
The quality of the data management components depended
on the limitations of the data base manager used in its development. Most of the packages were deficient in terms of
file flexibility, especially those that used coding methods other
than the American Standard Code for Information Interchange (ASCII) or did not allow files to be printed to disk.
ASCII files contain standard text characters that may be read
by different computer operating systems; ASCII appears in
a readable form when displayed on the screen. The degree
of output flexibility was fairly standard among the programs;
in most of the packages, specific information can be generated
by selecting the appropriate options, and then the reports can
be sent to a disk file, screen, or printer. The data analysis
methods of most of the programs were similar. A numeric
pavement condition index or rating is derived from the quantity and severity of pavement distress. The distress data and
pavement condition index are then used in other analysis
routines within the program.

Selection of Micro PA VER

The PMS evaluation process identified several excellent microcomputer-based programs. Some useful functions were
unique to certain programs; thus no single program included
all the necessary capabilities of the ideal PMS. The features
of Micro PA VER, however, distinguish it as the most appropriate PMS software for Rhode Island municipalities.
Micro PA VER is one of the simplest menu-driven microcomputer-based programs that features an objective and repeatable visual distress survey methodology. Because it was
developed by a government agency, Micro PAVER is nonproprietary and does not require any development costs. Continuous support is provided by the American Public Works
Association (APWA), and periodic updates are furnished to
its users. Most recently, Version 2.1 was released in October
1989, and the next Micro PA VER upgrade will be released
in May 1991. Accordingly, Micro PAVER is one of the most
widely used programs; more than 110 users are organized as
a nonprofit user group to assist each other and facilitate program updates (6-8).
The Micro PA VER system provides the user with a practical design approach for identifying cost-effective maintenance strategies for roads and streets. Micro PA VER's interface programs provide report generation capabilities for
critical information that allows objective input to the decisionmaking process. Other important capabilities include data
storage and retrieval, pavement network definition, pavement
condition index rating, project rating, inspection scheduling,
determination of present and future network condition, de-
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Sottware Name
(Source)

0

g_

.

:! u;

g_ t:

!£'~

".. i~
~B

~i

"~
~ 0

1l

c
:g,..

Q U> UI
CD·!i 'ti;

~

~E8 H~

c~

~:Si

..

c

c "'
g.~·i !·Q .s ~ ~~

8.
~cil

~~

~~

8!

Low

No

Visual

Yes

Yes

No

Yes

Costs
Only

Ye•

No

No

No

No

Agency

Moderate

Yes

Visual

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Agency

Low

Yes

Visual

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Consultant

High

Yes

Visual

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Manager
kChrls lman
ssoclatasl

Consultant

Moderate
to High

Yes

Visual

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

RSMMS (Wiibur
SmKh Associates
BTML Divl51on)

Consultant

High

Yes

Vl&ual

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

State

Low

No

Visual

Yes

Yes

No

Yes

Yes

No

Yes

No

No

No

Flexible PMS
(Caltrans)

~j
,... ~

a:

State

~8

.!!

.. Q.

"2 :::

~~

"-

'""2 "
i~ ~8~ £ :::!~8 58[

:::!

"!3

al
~i~
"' .c ~~ ~
O:< u. .5
bl :fli5 ~
5

Matro Pavement
Management

fMotropoN1an
ran•portaOon
Commission}

Micro PAVER
(APWA)
Pavement
Management

System (Vanasse
Hangen Brusllln)
Ro~d

STAMMP
g;,onnsylvanla

panmon101

Tran1ponallon)

251

Bowen and Lee

termination of needs for maintenance and repair (M&R),
performance of economic analysis, and budget planning

(9-12).

PRELIMINARY IMPLEMENTATION OF Micro
PAVER ON PILOT NETWORKS
During the evaluation process of available microcomputerbased PMSs, two pilot networks were created. The road system of the URI Kingston campus was established primarily
to investigate the adaptability of promising computer programs to an actual street layout. The larger road network of
the town of South Kingstown was instituted to test the suitability of the selected computer program in a typical community. This section summarizes the preliminary implementation of Micro PAVER on these two-pilot networks, and
also recommends municipal implementation guidelines that
were recognized during these trial installations.

University of Rhode Island Campus
The URI Kingston campus roadway network is representative
of most municipal networks in the state, but only at a smaller
scale. The roadways on the campus are primarily two-lane
streets with asphalt concrete surfaces with functional classifications ranging from service roads (seldom-used) to circulators (heavily traveled).
The characteristics of the campus roadway network allowed
it to serve many functions:

1. The suitability of Micro PA VER and other promising
computer programs could be examined,
2. Municipal personnel could be trained in pavement condition survey procedures,
3. The repeatability and reproducibility of the pavement
condition index (PCI) methodology could be tested,
4. Condition survey techniques could be calibrated, and
5. Micro PA VER could be continuously evaluated and tested.

cost analysis in the selection of maintenance and rehabilitation
strategies. The selection of individual projects and the treatment strategies for these projects are based on factors such
as available funds, citizen complaints, political considerations,
utility information, and future development plans. With the
Micro PAVER system operational, maintenance strategies
can be related to the PCI and a more rational strategy selection process can be developed. For example, the Engineering
Division has noticed that the service lives of higher-volume
road surfaces treated with stone seals are not as long as expected. Engineering Division personnel can now analyze the
collected data to determine which roads would be more costeffectively treated with rehabilitation strategies other than
stone sealing.
Although the Micro PA VER program is not yet being used
to its full potential, the town of South Kingstown is pleased
with the progress and the results of the implementation thus
far . The Micro PA VER program itself was easily adapted to
fulfill the pavement management requirements of the town.
The town will continue with its implementation and expects
to perform pavement condition assessments on an annual basis for approximately one-fourth of the road network. With
network condition data updated every year, the town will be
able to establish a realistic long-range objective.

Recommended Implementation Guidelines
Before data can be collected, a municipality must first identify
its pavement network components. A zone is the largest subdivision within a network. Zone boundaries are usually defined by permanent or physical obstructions (such as natural
or seminatural barriers, or state or major local roads), or less
common , by administrative divisions (such as voting wards or
school districts) . The zone layout of South Kingstown is shown
in Figure 1. A branch is any identifiable part of the network

TOWN OF SOUTH KINGSTOWN

Most important, a PMS was established for the Kingston campus roadways.

Town of South Kingstown
The town of South Kingstown began implementation of Micro
PA VER in June 1988. The implementation was administered
by an engineering technician, with assistance from an engineering intern during summer months. An average of 10 person-hours per week were expended for collection of pavement
condition data, background research of construction and major maintenance records, and data entry into the computer.
These tasks were completed for the 110-mi paved municipal
roadway network in July 1989. The pavement condition surveys disclosed that the average town-maintained roadway section is in good condition.
With data currently collected for the entire network, the
Engineering Division plans to use Micro PA VER for routine
applications. South Kingstown currently does not use life cycle

1 West Kingston

2 Univ. of RI
3 Middlebridge
4 Matunuck
5 Green Hill

6 Worden's Pond
7 Peace Dale
8 Wakelield

FIGURE 1 Micro PAVER zones in the town of
South Kingstown.
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that is a single entity and has a distinct function, such as an
individual street. Ideally, each branch should be contained
within one individual zone, but occasionally, branches may
be components of two or more zones. Sections are those
portions of branches that are uniform in pavement structure
composition, traffic, construction history, pavement rank,
drainage facilities, and shoulders. Other factors to be considered in defining sections include management, data availability, costs, and whether the section limits can be changed .
Because no formal length restrictions are imposed upon sections, a branch may consist of a single section. For example,
minor residential streets and dead-end roads typically have
identical characteristics throughout, and therefore consist of
only one section. Samples are the smallest component of the
network. The sample is the portion of the section that is
actually inspected; therefore the samples must be representative of the entire section. For sections with asphaltic surfaces,
the sample units consist of 2,500 ± 1,000 ft 2 • Figure 2 shows
a typical application of sections and sample units for a branch
on the URI Kingston campus road network.
Accurate section PCis are essential to both network and
project level decisions. However, inspection of every sample
unit within a pavement section would involve considerable
time and effort. Such a practice would require more manpower, funds, and time than are available to most municipalities. Because sections have been defined as having common characteristics (including surface type, structure,
maintenance history, traffic conditions, and about the same
level of deterioration), statistical extrapolation is applied to
reduce the collection effort of distress data. Thus, only selected sample units are inspected and the PCI for the entire
section is extrapolated. For initial network implementation,
a 10 percent sampling level should be sufficient, as presented
in Table 2.
A municipality should select its sampling level according to
the desired level of accuracy. In fact, because additional sampling can always be performed in the future, a community's
first-time sampling needs could be underestimated without
jeopardizing this previously collected data. All subsequent
inspections should always include the previously surveyed
samples. Periodic inspection of the same sample unit ensures
the repeatability and reproducibility of the PCI methodology

TABLE 2 RECOMMENDED SAMPLING
STRATEGY FOR INITIAL
IMPLEMENTATION OF Micro PAVER ON
MUNICIPAL NETWORKS
Number of Sample

Recommended Samp1e(s) to

UnjlS per Se.:1!00

!nspcjlt fif rcp"*"llU!Ycl

1 - 10

2nd

11 - 20

2nd, 12th

21 - 30

2nd, 12th, 22nd

31 - 40

2nd, 12th, 22nd, 32nd

and also yields a more accurate deterioration rate for the
pavement section.

PMS WORKSHOPS AND STATEWIDE
IMPLEMENTATION STATUS
The installation of Micro PA VER on the pilot networks allowed the system to be tested for widespread municipal use
throughout Rhode Island. Because the program worked adequately during this trial period, the URI PMS team began
the effort to implement Micro PA VER statewide. This task
was accomplished through three separate informational
workshops.
The RIDOT/URI PMS workshops were one-and-one-halfday informational and instructional sessions open to all 39
municipalities. For each of the three workshops, letters of
invitation were sent to the individuals designated by the communities on the returned questionnaires. Where applicable,
additional personnel and previous attendees were notified
with invitations, schedules, and instructions.
A total of 26 communities, exactly two-thirds of Rhode
Island's 39 municipalities, attended at least one of the workshops (Figure 3). As a precaution against future implementation problems, the 13 nonparticipating municipalities were
asked if a particular reason existed for not attending any of
the workshops. The two most common responses were per-

UPPER COLLEGE ROAD (BRANCH No. 10220)

334T

Key

[§2D - SllClkm No.
~ - Semple Unh No. Surveyed
NOTTO SCALE

FIGURE 2 Typical branch, section, sample unit application on the URI campus.
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sonnel shortages or scheduling conflicts. However, according
to the questionnaire responses, none of these 13 public works
departments uses computers. Figure 3 also shows that at least
16 municipalities have decided to implement Micro PA VER.
A more detailed description of the status of these 16 municipalities is presented in Table 3.

POTENTIAL ENHANCEMENTS TO THE
MUNICIPAL-LEVEL PMS

Substantial progress has been achieved in the implementation
of a PMS in Rhode Island municipalities. Although Micro
PA VER Version 1. 0 was the most appropriate microcomputer-based pavement management program for statewide
use at that time, it may not be a perfect or complete system.
In fact, several opportunities to enhance the system exist.
The most obvious enhancement to the overall system will
be the implementation of Micro PAVER Version 2.1 by the
individual municipalities. This revised program includes many
additions and new features. General changes include a utility
program to convert Version 1.0 data bases to Version 2.1; an
unsurfaced road condition index; and extended memory to
increase the speed of report generation.
Another short-term enhancement will be to continue the
process of confirming the approaches, methods, data, and
costs used by both the URI PMS team and the town of South
Kingstown. Some of this information was acquired from other
areas of the country and may not be appropriate for Rhode
Island.

FIGURE 3 Rhode Island municipalities implementing Micro
PAVER.

TABLE 3 STATUS OF PMS IMPLEMENTATION WITH Micro PAVER IN RHODE ISLAND
MUNICIPALITIES
Established

Percent
Data Collection

Data Collection
Completion Date

Completed

(Actual or expected)

0%

1990

Students

100%

July 1989

No

Inhouse

0%

N.A.

Yes

Students

0%

1990

No

Students

0%

1990

Yes

No

Inhouse

0%

1990

Yes

Yes

Yes

Inhouse

60%

1991

Yes

Yes

Yes

Students

10%

1990

2nd

Yes

Yes

Yes

Consultant

100%

1989

)st

Yes

Yes

Yes

Inhouse/students

1%

1991

lst,2nd,3rd

Yes

Yes

Yes

Consultant

98%

1990

Workshop
Attended

Computer
Available

Possess

Network/Branch

Micro PAVER

Numbering System

Method of
Data Co11ection

!st

Yes

Yes

No

Students

Coventry

1st, 3rd

Yes

Yes

Yes

Cranston

2nd

Yes

Yes

Cumberland

!st

Not yet

Yes

East Providence

2nd

Yes

Yes

Hopkinton

2nd

Yes

Jamestown

2nd

Lincoln

)st

Narraganseu
Newport

Municipality
Barrington

North Kingstown

lst,3rd

Yes

Yes

Yes

Students

70%

1990

South Kingstown

1st

Yes

Yes

Yes

Inhouse/students

100%

June 1989

Warwick

)st

Yes

Yes

N.A.

N.A.

N.A.

N.A.

Westerly

)st

Yes

N.A.

N.A.

N.A.

N.A.

N.A.

2nd, 3rd

Yes

Yes

Yes

Students

N.A.

1990

Pawtuckel

Woonsocket

Nole: N.A. indicates that the information is not available at this time.
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Similarly, collection of more accurate costs for construction
and maintenance activities will require time for several municipalities to become more proficient using the Micro PAVER
procedures. Once this happens, a type of user's group may
develop from which the URI PMS team may compile maintenance and repair policy information, construction and maintenance costs, and other useful information. Statewide averages or default values may then be established and shared
among users.
A comparison of in-house and hired-consultant data collection services will also benefit the municipalities, especially
those who have not yet begun implementation. With time and
cost information available for both approaches, the most costeffective method may be determined for the combined schedule and budget requirements anticipated by the individual
municipalities.
Logically, the most critical modifications to the PMS are
of an inherent nature; that is, they focus on ways to improve
the contents or effectiveness of the Micro PAVER program
itself. However, the PMS as a whole will be subject to improvements from outside sources as well. These activities may
be longer range in scope and may merge or combine the PMS
with other larger systems or data bases.
Some Rhode Island communities may integrate the Micro
PAVER PMS with a public works management system. These
systems usually include programs or modules that are relevant
to pavement management. The typical street or pavement
inventory program directly incorporates the numeric pavement condition rating from the PMS and generates inventory
reports virtually identical to Micro PAVER's. Other typical
programs, such as maintenance management, cost accounting,
planning, and budgeting, generate information similar to the
Micro PA VER report routines. Public works management
systems normally include other computer programs that would
complement a PMS: automated complaint tracking, public
works cost accounting, and equipment management information. Used in connection with a PMS, these computer programs form a comprehensive public works maintenance system. The option to combine the PMS with a public works
management system must be decided on by the individual
communities.
Integration of the pavement management system with a
geographic information system (GIS) has the most potential.
A GIS allows users to capture, edit, and display geographic
data as well as perform geographic analysis and create topographical maps. A GIS not only stores the traditional elements of a street inventory (street name, pavement width,
pavement length, surface type, pavement condition, curbs,
gutters, sidewalks, striping, shoulders, ditches, culverts,
streetlights, traffic signs, signals, etc.), but displays the information in practically endless combinations. The data base
can be expanded to include any information essential to pavement management: street surface area, measurements of missing curbs and gutters, completed or scheduled utility work,
unit costs for various rehabilitation processes, costs to perform
rehabilitation, and recommended rehabilitation strategies
(13-16).
A GIS can be used for daily routine maintenance scheduling. The system can also be very helpful in answering the
public's questions on street conditions and expected repair
dates. However, the greatest aid of a GIS may be its ability
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to indicate to elected officials and public administrators the
condition of streets. Plots of streets in poor condition are
useful at city or town council meetings, budget meetings, and
neighborhood organization meetings. The ability to point out
to decision makers the plots of poor-condition roads can only
result in a positive impact on the funding and repair process
(13-16).
A PMS combined with a GlS is clearly one of the most
powerful tools for preparing municipal-level pavement maintenance programs. The city of Cranston has already expressed
a strong interest in implementing a combined GIS-PMS .

CONCLUSIONS

1. Thirty-three of the 39 municipalities in Rhode Island (85
percent) used regular maintenance programs for their highways; however, the statewide absence of a systematic and
rational method to manage municipally maintained roads was
evident. Only one of the communities was using a computerized PMS, a proven technique to economically administer
highway M&R.
2. Micro PA VER was selected as the most appropriate microcomputer-based PMS for municipally maintained roads in
Rhode Island. Micro PA VER is one of the simplest menudriven programs that provides users with a practical decisionmaking tool for identifying cost-effective M&R alternatives
for roads and streets.
3. A Micro PAVER-based PMS was successfully implemented on two trial networks: the URI Kingston campus and
the town of South Kingstown. Through these initial installations, several critical functions were established:
• A preliminary procedure for field crew training;
•Data bases to check the reproducibility of PCI values;
•A standard network (the URI road network) that will
allow for future study, training, and calibration; and
•A model municipal network (South Kingstown) to encourage statewide implementation.
4. Twenty-six Rhode Island municipalities (represented by
62 participants) attended at least one of the pavement management workshops jointly offered by the RIDOT and URI.
At least 16 municipalities have decided to implement Micro
PA VER. Several other communities that originally expressed
little or no interest in a PMS are now recognizing the importance of a systematic and rational method for maintaining
their municipal pavements.
5. The integration of GIS technology with a PMS was identified as one of the most promising and logical applications
to enhance the capabilities of a municipal-level PMS.

RECOMMEND ATIO NS

1. The URI PMS team should continue to assist all interested municipalities with the implementation of the developed
PMS, and update a list of pavement repair and rehabilitation
strategies, costs, and service lives of all municipal pavement
maintenance practices typically used in Rhode Island.
2. Implementation and research on the town of South
Kingstown model network should be continued, and all other

Bowen and Lee

municipalities should consider using or adapting the results
of this pilot network.
3. All systems installed with Micro PAVER Version 1.0 or
1.2 should be upgraded to Version 2.0 or later. These updated
programs include several new features including an unsurfaced road condition index, storage of traffic data, and a
combined budget planning and PCI frequency report.
4. Each municipality should consider incorporating their
PMS into a total public works management system.
5. Integration of the PMS with a GIS should be considered
at the municipal level.
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Functional Specifications of the Pavement
Integrated Data Base System for Pavement
Management
DIMITRI
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GRIVAS, YUNG-CHING SHEN,
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PETER FROSCH, AND

RICHARD GARRABRANT
The functional specifications of the Pavement Integrated Data
Base System (PIDBS) of the New York State Thruway Authority
are described. The PIDBS serves as the primary mechanism of
linking all applications in the domain of pavement management.
Its structure follows a top-down design that encompasses all functions within the pavement management process. The design of
the data base uses the entity-relationship data modeling technique, in which data elements are viewed in the form of entities
having defined keys and attributes and relationships among these
entities. Each data element is defined and documented in a data
dictionary. The data base has been implemented using the
ORACLE relational data base management system. Applications
include interactive interfaces with dedicated screens, forms, and
menus for report generation and programmatic interfaces with
automatic data conversion for analysis purposes. A prototype
version of the PIDBS has been tested and further expanded to
serve as a working model of the system. Important aspects of the
development effort, tools used, and system applications are discussed. Establishment of functional specifications, which clearly
define the structure and capabilities of the system, is an important
requirement for a successful data base design.
The primary motivation for the development of data base
systems is the need to support pavement management activities through effective storage, retrieval, and analysis of data.
Satisfying this need should be an important objective of the
overall effort that aims to develop and implement a comprehensive pavement management system (PMS) (1).
The usefulness of data base systems is derived from their
ability to provide an efficient environment for data processing.
They can serve a variety of functions that range from central
data storage (for data sharing among users) to automated
report generation and analysis through program interfaces.
They can also satisfy the information needs at all levels of
management. In this sense, data base systems may be thought
of as integral components of decision support systems, which
are broader in scope.
A recent study by Haas and Hudson (2) has identified several promising technologies for future advances in pavement
management, on the basis of 20 years of experience in developing PMSs. Although each of these developing technologies aims to assist in a distinct manner the decision process
of finding cost-effective strategies in pavement preservation,
D. A. Grivas and Y.-C. Shen, Department of Civil Engineering;
R. P. Frosch, Information Technology Services; Rensselaer Polytechnic Institute, Troy, N.Y. 12180. R. Garrabrant, New York State
Thruway Authority, Albany, N.Y. 12209.

the underlying theme and important requirement for their
success is the presence of a data base system. Other studies
(3,4) have also pointed out the need for information and
techniques used in pavement management to be coordinated
and integrated with the aid of data base systems.
Data base tools have evolved dramatically over the past
few years. Their original capabilities, limited to passive repositories of data, have been greatly enhanced by the availability of modern relational data base management systems.
These have made it possible to develop integrated data base
systems (5,6) that incorporate all features of the decision process and utility programs within the boundaries of pavement
management.
The broad goal of the present research effort is to develop
a pavement integrated data base system (PIDBS) that supports the pavement management activities at the New York
State Thruway Authority (NYSTA). The system aims to satisfy the needs of individual users within the pavement program
of the NYSTA, and at the same time, enable intelligent external interaction with a variety of application programs.
Tasks associated with the functional design of PIDBS are
described. These tasks include system analysis, data modeling, data dictionary, and data base applications. Also presented is a prototype version of the PIDBS, which has been
further expanded to serve as a working model of the system.

OVERVIEW OF PIDBS
System analysis for the development of the PIDBS was initiated by examining the decision process, reading available
documents, and interviewing personnel responsible for the
pavement program of the NYSTA. The structure of the system was synthesized from three major pavement management
activities, namely data collection, project level analysis, and
network level analysis. A CASE tool was employed to describe the top-down design of the system, and the functional
structure of the system components.
The entity-relationship (E-R) data modeling technique (7)
has been extensively used for the purposes of data analysis.
Main tasks were (a) identification of entities, keys, and attributes from data sources associated with each system component; and (b) establishment of entity relationships, and
justification of the functionality of these relationships, on the
basis of a semantic description of the pavement management
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process. Results of data analysis included definitions of all
data elements, detailed data documentation in a data dictionary, and data illustrations through E-R diagrams.
The data base has been implemented using the ORACLE
Relational Data Base Management System (RDBMS) (8).
Data base applications can be achieved through either interactive or programmatic interfaces. Reports, forms, and menus
are examples of interactive applications that are generated
through standard Structured Query Language (SOL) (9) commands within the ORACLE tool environment. Life cycle cost
analysis, project-level analysis, and network-level analysis are
examples of application programs that are developed with
procedural languages, such as C, Pascal, and Fortran. The
ORACLE programmatic interface allows the developed data
base system to be integrated with application programs.
BACKGROUND
The Pavement Management Concept

Pavement management involves a coordinated use of available resources to achieve desired goals (2,10). It can be effective only if the necessary information and decision-making
methodology are available. In this sense, the general requirements for pavement management are not different from those
of other areas of management.
The present development effort aims to produce a system
that encompasses a wide range of activities, which include the
following (4):
•Data collection, handling, and processing;
•Establishment of criteria for decision making;
• Analysis and evaluation of project alternatives;
•Selection of optimal actions; and
• Implementation of the pavement program.
Decisions associated with each of these activities are made
at project and network levels. A good management system
requires a planned, coordinated execution of these activities
as well as the inclusion of other elements, such as pavement
condition and deterioration models, life cycle cost analysis,
and others. The PIDBS is expected to serve needs for data
entry, reporting, and queries associated with these activities.
Furthermore, it is expected to act as a linking mechanism
among the application tools used at various stages in the decision process.
Integrated Database Model

Among the first conceptual models of an integrated data base
system was the one developed during the 1985 Woods Hole
Workshop (5). This model aimed to support the entire range
of applications involved in architectural planning and engineering design and construction of buildings. A prototype
version of the system included the following components:
•Relational DBMS and query language,
• Two or more application systems,
• Computer hardware capable of supporting the selected
DBMS and applications,

•Engineering workstations with graphics capabilities, and
• Integration software.
In a similar manner, the PIDBS consists of a central data
base and application interfaces, integrated so as to allow data
manipulation by either nonprocedural or procedural methods.
The central data base is mainly operated by nonprocedural
query methods that provide end users the capability to pursue
the functions of data insertion, update, deletion, and retrieval.
Application interfaces are designed as procedural languages,
in which the programmer can incorporate the data base query
statements and instructions needed to access and manipulate
data.
RDBMS Tool

The basic structure of the employed ORACLE RDBMS (8)
is a two-dimensional table. Data retrieval is achieved through
the SQL data manipulation language. SQL, which was first
developed by Chamberlin et al. (9) at the IBM Research
Laboratory, has become the standard language of relational
data base management systems. Although shortcomings of
the language have been recognized (11,12), its popularity has
not diminished. The use in the present work of an RDBMS
based on SQL has the important advantage of portability, as
there are many commercial systems that use SQL for data
manipulation.
SYSTEM ANALYSIS
Functional Structure of PIDBS

Although pavement management has clearly defined objectives, the data requirements to achieve these objectives are
not always easily defined. Structured analysis techniques can
be helpful on this subject, as they enable identification of data
elements and definition of data structures (e.g., in the form
of data entities). Two specific techniques used in this study
are (a) data flow diagrams, and (b) hierarchical modules for
data applications.
The data base requirements for the pavement management
system of the NYSTA have been presented by Grivas (4).
The general data flow in the pavement management process
is shown schematically in Figure 1. Each rounded rectangle
appearing in the figure represents a specific process (e.g.,
computing, analysis, or data processing); each flat rectangle
with an open end represents a data store (i.e., data files or
data base); and each square box represents an external entity
that identifies either data origin (outside the system) or data
destination (after processing).
The functional structure of the PIDBS is shown in Figure
2. The data base provides a central pool of data for pavement
design, pavement condition determination, maintenance records, traffic volume, climate records, etc. The figure also
shows the data base links to project level analysis, network
level analysis, damage assessment methodology, life cycle cost
analysis, preferential rating analysis, annual program analysis,
and traffic-safety control analysis.
As expected, different data base functions require different
amounts of data. For example, the function of pavement con-
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dition determination requires a large amount of data. This is
not the case for the function of safety control. Also, not all
data elements stored in the PIDBS are expected to be accessed
with equal frequencies. Finally, some data elements may be
changed over time (or even eliminated) as requirements for
information change, whereas others may possess historic value
and, thus, continue to be stored in the data base.

Data Collection

Distress data are used for pavement condition analysis and
evaluation. The Thruway Distress Survey Manual (13) describes the process through which distress data are generated
along the thruway pavement system. This process is laborintensive, and represents one of the most involved data-gathering activities. Efficiency in the field effort has been improved through the use of laptop computers and the Distress
Data Recording Computer Program (14). The collection of
other field condition data (e.g., skid resistance, roughness,
and structural deflection) is planned to be gradually introduced through fully or partially automated procedures.
The mass of data collected in the field is entered into the
data base using a variety of ORACLE products, such as the
SQL *Loader and PRO*C interfaces. The data flow diagram
that describes the condition data collection process is shown
schematically in Figure 3.
The collection of inventory (and historical) data represents
an ongoing activity. Inventory data are obtained from a variety of sources, including as-built construction plans, standards, specifications, construction and material reports, traffic

records, climate records, and others. As a substantial portion
of inventory data is stored on paper (i.e., not in a machinereadable format), the effort of extracting the data values needed
for the data base is cumbersome. Historical raw data, typically
stored in manual files, are extracted and keyed in directly to
predesigned data base tables.
Condition data are evaluated and analyzed using a variety
of special-purpose computer programs. Some programs, such
as the ones used for the determination of the pavement distress index (written in Pascal) and pavement damage analysis
(15) (written in C with embedded SQL commands), have
direct interfaces with the distress data that reside in ORACLE
data tables.

Project-Level Analysis

The data base applications on project-level analysis (Figure
1) use six types of project-specific data. These data are in
reference to records on maintenance history, climate, pavement condition, traffic, standard treatments, and contract pay
items. The developed data flow diagram for project-level analysis is shown schematically in Figure 4.
Project-level analysis focuses on pavement segments having
approximately uniform characteristics with respect to condition measures (distresses) and other factors (e.g., sub base and
traffic). Condition data for the thruway system are collected
along pavement segments having a length equal to 0.1 mi.
This nominal pavement length also determines the structure
in the data base used to store condition data. Condition,
traffic, maintenance history, and other data are analyzed to
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establish the lengths of projects to be considered for maintenance and rehabilitation purposes.
Historical records on maintenance and rehabilitation are
useful for understanding the causes of pavement deterioration
and for evaluating pavement performance. Standard treatments, developed by thruway mainlt:nam;t: personnel over the
years, cover a variety of options within the categories of routine maintenance, resurfacing, restoration, rehabilitation, and
reconstruction. Pay items define the units of work and associated costs for pavement treatments implemented through
contracts. Data elements include quantities and unit costs for
construction materials, labor, and equipment for given specifications.
The treatment selection methodology is developed within
a knowledge-based system being developed using the Nexpert
Object (16) as the expert system shell. The knowledge-based
system can be interfaced with either the ORACLE data base
or the part of the PIDBS that resides in the ORACLE environment. In the latter case, data needed for knowledgebased applications can be transferred to a local data base and
be used for the purposes of each specific application.
The final product of project-level analysis is a set of feasible
treatment options for each pavement project. These options
are stored in a separate data base table, and are used to select
the optimal treatment through network-level analysis.

in order to allocate resources along the entire thruway system.
It uses project lengths and candidate treatments determined
during project-level analysis in order to select and preferentially rate the most cost-effective maintenance and rehabilitation actions. These tasks of network analysis are implemented so as to achieve defined pavement condition and, at
the same time , satisfy budget and other constraints.
The selection of the most cost-effective treatments from the
pool of options is achieved using an optimization model. This
model uses dynamic programming techniques to obtain minimum-cost strategies for each project length over a given analysis period. Required input includes pavement condition, age,
treatment history, and costs associated with the treatment
options. The output of the analysis provides the optimal path
for each project length over the analysis period, expressed in
terms of a projected sequence of treatments and related costs.
A preferential rating scheme establishes the short- and longterm programs that can satisfy existing and projected budgets
and other constraints.
The data flow diagram of the network level analysis is shown
schematically in Figure 5. The computer program performing
the optimization analysis is expected to be interfaced with the
data base to easily access needed data and store results after
processing.

DATA MODELING
Network-Level Analysis

Network-level analysis considers the relative conditions and
competing needs of individual thruway sections and divisions

In general, many issues must be resolved before completing
the functional design of a data base system (17). Examples
of such issues include the selection of an appropriate data
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structure for implementing the data base; definition of data
proprieties, data representations, and others. This was also
the case for the functional design of the PIDBS.
The starting point of the effort was to study a wealth of
documents on pavement-related activities at the NYSTA and
to conduct interviews with a wide range of users. This procedure helped obtain a better understanding of the nature
and objectives of each function of the data base. During system analysis, all pavement management-related functions were
decomposed into three components: namely data collection,
project-level analysis, and network-level analysis . At the early
stage of system analysis, the data stores included in each of
the three components were not clearly identified. Using a
data modeling technique (7), it became possible to provide a
detailed analysis of each component of the system. The technique depicted the entity relationships within each component
of the data base system, which, in turn, assisted to achieve
an effective communication with users.
The developed E-R model has a semantic content, in which
the real world is viewed as being composed of entities and
relationships among these entities. An important characteristic of the E- R model is its ability to justify and explain the
data structure and data models used in implementing the data
base. The procedure used to design the data base using the
E-R model (7) involves the following four tasks:
• Identification of the entity sets and their relationships;
• Description of the semantic information in the relationships;

• Definition of attributes, data types, and allowable values;
and
• Organization of data into entities and relationships, and
selection of primary keys .
The produced data base system includes 33 entities. Examples of included entities are accidents, contract pay items,
contracts, contractors, divisions, climate , lane segments,
pavement conditions, pavement maintenance history, political jurisdictions, roadway segments, sections, tests, traffic,
standard treatments, and uniform sections.
There are three types of relationships between entities:
namely one-to-one (1:1), one-to-many (l:n), and many-tomany (n:m). These are shown in Figure 6 for a relationship
defined as "subject-to" between the two entities pavement
conditions and standard treatment. Each entity is represented
in the figure by a rectangular box, and each relationship is
represented by a diamond-shaped box. It should be noted
that, in general, this specific subject-to relationship is a oneto-many type; i.e., one pavement condition may be subject
to many standard treatments. The specific type of each relationship depends on many factors, such as maintenance
practices and existing policies. For instance, in the case of the
subject-to relationship if more than one pavement condition
could also be subject to one standard treatment, then the
relationship would be many-to-many.
The results of the applied E- R model were used for the
implementation of the PIDBS. A CASE tool was also used
to provide graphic presentations of the established entity re-
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A sample E-R diagram.

lationships, and to tie the entities to their attributes. Figure
7 shows a partial E- R diagram of some entities and their
relationships for the purpose of treatment selection in projectlevel analysis.
The implementation of the relational data base within the
PIDBS is achieved using the established entities and relationships. Central to the design of data base schemes in the
relational model is the notion of data dependency. That is, if
one attribute uniquely determines another, then the latter is
said to be functionally dependent on the former. For example,
if the attribute TREAT-CODE uniquely determines
the attributes of TREAT-TYPE, TREAT-COST,
TREAT-EXPT-LIFE, and TREAT_DESC, then all
these attributes are functionally dependent on TREAT_
CODE. The latter is then established as the prime attribute
of the data base scheme.

• Definition of attributes and tables;
•Definition of relationships;
• Definition of information about tables accessible by a
particular user, and definition of the type of access;
• Definition of data uses and sources;
•Definition of data views;
• Definition of input-output screens; and
•Definition of reports.
An example of an entity documented in the data dictionary
is presented in Table 1. 1t is in reference to the project-level
functions of the entity standard treatments. It is noted that
each attribute value in the examples is specified in terms of
data type (e.g., number, character, and date) and allowable
value. The attributes and values defined for the entity as well
as the primary keys (attributes prefixed with asterisks) can
be also seen in the table.

DATA DICTIONARY
DATA BASE APPLICATIONS

The data dictionary is a repository of information about the
definition, structure, and usage of data. It is generally regarded as a system, rather than a user, data base and is a
significant tool to ensure consistency of all elements in the
system. Its purpose is to provide better documentation, control, and management of the organization of data.
Functions provided by the data dictionary include the following:

Application Interfaces

SQL implemented in the ORACLE RDBMS features both
interactive and programmatic application interfaces. Interactive applications (e.g., report generation) use SQL as the
primary query language. In programmatic applications (e.g.,
data analysis), however, SQL is considered as a sublanguage
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FIGURE 7 A partial E-R diagram of PIDBS.

TABLE 1 ENTITY STANDARD TREATMENTS
Enlily:

STANDARD TREATMENTS (STD_TREAT)

Definilioo:

PlYtmcnL 1roa1mco11 ""' defined u 1bo10 replln 10 a roadway or
IAllC IOlmOll\I which m1y be cale&Ori.ed u .rc1urla<.ing,
tta101&1ioo, 1Cbab!ll11Llon, &ad recoollruclion.

Attribute!:
• TREATMENT CODE

(TREAT_CODE)

Number (5,0)
Char (20)

PAVEMENT SURFACE

(PVMT_SURF)

TREATMENT TYPE

(TREAT_TYPE)

Char (30)

TREATMENT COST

(TREAT_COST)

Number (13,2)

TREATMENT EXPECTED LIFE

(TREAT_EXPT_LIFE)

Number (3,1)

TREATMENT DESCRIPTION

(TREAT_DESC)

Char (240)

with data manipulation commands placed in the application
programs.
Examples of interactive and programmatic interfaces are
as follows:
INTERACTIVE:
SELECT TCODE, TTYPE
FROM
STD-TREAT
WHERE TREAT_EXPT-LIFE>

=

10;

PROGRAMMATIC:
EXEC SQL SELECT TCODE, TTYPE
INTO
:TCODE, :TTYPE
FROM
STD-TREAT
WHERE TREAT_EXPT-LIFE > = 10;
In the example of programmatic interface, the prefix EXEC
SQL is needed to distinguish the SOL commands from the C
language statements that surround it. Likewise, the INTO
clause is needed to designate the input area; and the variables
named in that clause must have a colon prefix in order to be
distinguished from data base field names. Applications using
such programmatic interfaces possess the power of SOL and
the flexibility of a procedural language.

Report Generation
An interactive application commonly used in PIDBS is report
generation. The functional specifications of the data base system document the procedures used for report generation.
These procedures are as follows:
• Organization of standard reports produced from the data
base,
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• Characterization of reports into classes of applications,
and
• Description of menus presented to end users for report
production and data entry.
Specific reports produced for pavement management purposes are as follows:
• PDI reports, which provide distress condition summaries
for each thruway section and division, or the entire thruway
system;
• Condition history reports of pavement segments for project analysis;
• Field schedule reports for condition data gathering;
• Contract work reports for projects performed at each
pavement segment;
• Budget planning reports for short- and long-term maintenance programs;
• Maintenance history reports, which summarize past maintenance and rehabilitation actions; and
•Traffic volume reports, which provide AADT, ADTT,
and average truck load distribution factors for each candidate
project.
The reports are created by entering search criteria and parameters into the SQL *ReportWriter through the fill-in-theform interface. This interface provides a list of report definition screens, namely Query, Group, Field, Summary, Text,
Report, and Parameters. Entering the RUNREP command
from the operating system, the user can execute previously
defined reports in batch mode without intervention.
Reports use selection criteria for the elements to be included in the report; sorting criteria for placing desired elements in order; and grouping criteria for assigning elements
to a defined group. Basically, all information stored in the
data base that pertains to each element is included in the
report , unless the user selects different criteria that would
result in a customized report.
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Project-Level Analysis
Distress data are being merged with other data types to achieve
a detailed diagnosis of pavement condition and analyze causes
of deterioration. Results of project-level analysis include
treatment alternatives and costs.

Network-Level Analysis
Treatment selection for each specific project is achieved by
introducing a systems perspective to the project-level analysis
with consideration of total costs, system goals, etc. It aims to
allocate resources on the basis of the relative conditions and
competing needs of the entire thruway pavement system.

Life Cycle Cost Analysis (LCCA)
A cost analysis methodology used engineering expertise and
judgment in deciding the appropriateness as well as performance characteristics of treatments. Following the AASHTO
guidelines, LCCA can be performed to determine, for each
project, the best alternative in minimizing the overall cost
over a period of time.

PROTOTYPE IMPLEMENTATION

Following the completion of the functional design of the system , a prototype version of PIDBS was produced . The prototype is considered as a developmental model of the system
primarily for testing purposes. It has been reviewed by users ,
revised, and expanded to serve as a working model of the
system.
The objectives of the prototype system were to (a) serve
as a learning device, and (b) provide a working version of the
system to be used in testing the interface capabilities of PIDBS.
Important criteria considered for the development of the
prototype system included the following:

Programmatic Applications

In the ORACLE product, SQL statements can be embedded
in a program written in COBOL, C, Fortran, or PASCAL
language. The present work has used C as the host language
for most of its application programs.
The PRO*C interface provides a tool that enables writing
ORACLE data base application programs and indirectly accessing the pavement data base.
The programmatic interface applications that are being implemented in the pavement management system of the NYSTA
are briefly described in the following paragraphs.

•Users expected to test the system possess a good understanding of the identified data needs;
• The data source in the prototype should be accurate, and
be made available to users; and
• The size of the prototype should be small enough to be
manageable, yet adequate to allow a wide range of users to
evaluate its capabilities.
On the basis of these criteria and the established functional
specification, the scope of work for creating the prototype
system involved the following activities.

Damage Assessment

Data Flow Diagram

Pavement condition expressed in terms of distresses along the
thruway pavement system is being evaluated annually. Condition data are being analyzed using a variety of techniques
that aim to establish condition indices, deterioration rates ,
and other parameters of pavement performance.

The entire pavement management process is illustrated with
data flow diagrams in a top-down manner. This establishes a
hierarchy of levels of detail for this complex system, and
allows the system analysts to reduce each complex problem
to clearly defined entities.
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E-R Diagrams

Programmatic Applications

E- R diagrams provide graphical representations of the data
structure in achieving the objectives of data collection, project-level analysis, and network-level analysis . They possess
the advantage of semantic content, which aids to achieve an
effective communication with the users, and present the detailed analysis of the system.

Numerous interface programs have been developed and are
being interfaced with the data base. Two specific application
interfaces implemented in the prototype are the pavement
distress index (PDI) determination and the damage assessment methodology.

DISCUSSION OF RESULTS
Data Dictionary
The data dictionary defines and documents attributes, entities, relationships, data uses, data sources , tables , views, user
access types, and other data-related operations. It is also used
to coordinate the system development effort and to ensure
consistency during the development process.
Automatic Data Conversion
Field condition data (recorded with laptop computers) and
inventory data (stored in dBASE or computer-readable files)
are being automatically transferred into ORACLE data base
tables. This is achieved with the aid of PRO*C and SQL *Loader
interface programs.
Screen Input Design
Inventory data not stored in a computer-readable format are
typed into the data base . A number of screens are designed
to facilitate such data entry.
Form Trigger Design
The SQL data manipulation language is used to pursue trigger
design. This aims to enable users to view certain types of data
which are sorted, grouped, or derived from raw data. Forms
are designed so as to have the capability to trigger either from
a single table or from multiple (joined) tables .
Report Generation
Reports are important for presenting information at all levels
of, and stages in , decision making. Pavement condition reports at the project and network levels are among the most
frequently used . These can be in text or graphical form.
Menu Design
The front end of the system is given by a menu-driven interface. The menu structure is designed in a top-down manner,
and involves a hierarchical menu tree that allows users to
access the data base in a variety of ways. These include access
to another menu , a formatted screen , a customized report,
or an application program. The main (top) menu provides
several options (applications) that allow access to specific data
entities.

The PIDBS is an important component of the pavement management system under implementation at the NYSTA. The
PIDBS serves the needs for data storage and retrieval and
provides an integration of the data base system with application programs. Thus, the PIDBS aims to achieve the important objective of easy access to all types of information
needed in the pavement management process.
The presented functional specifications of the PIDBS were
produced by considering the data needs of end users and the
requirements to provide a linking mechanism among the various applications in pavement management. In this sense, the
functional specifications have established the pattern for both
the data base implementation and the design of application
interfaces .
An examination of available data base systems for pavement management purposes has found that such systems are
typically agency dependent. Among the systems examined,
some had insufficient data modeling techniques for the data
base design .
The development of the PIDBS has combined the approach
of both system and data analysis. System analysis has been
conducted to investigate the pavement management process,
and has produced logical data flow diagrams to represent this
process in a top-down manner. Data analysis has been conducted to synthesize data sources and E- R models, and
followed a bottom-up approach.
A CASE tool was used to represent graphically the system
structure, data flow diagrams, and E-R diagrams. Central to
the development of the PIDBS was the design of the E- R model
and the establishment of the requirement of data independence.
This has the important advantage of allowing tuning of the
physical data base to enhance efficiency without having to rewrite or discard application programs. The mapping from the
E- R model to the relational model maintained data consistency
and integrity, while it reduced data redundancy.

SUMMARY AND CONCLUSIONS
The work of formalizing the functional specifications of the
PIDBS (an integrated data base system for pavement management) has been described . The formalization consisted of
describing the system structure, identifying entities and relationships, documenting data dictionary , organizing report
format, and designing programmatic interfaces.
The functional design began with system analysis, which
followed a top-down design and decomposed the system structure into functional components. The data stores of each component were identified with the E-R data modeling technique. The data structure of entities and relationships and the
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properties of data elements were defined and documented in
the data dictionary. The query language SQL has been used
in the application interfaces for data manipulation. The procedures of reports generation and the purposes of analysis
programs were also presented in the form of specifications.
A prototype system has been developed in the ORACLE
RDBMS with the aid of a CASE tool, and Pascal and C
programming languages. Included are data flow diagrams,
E-R diagrams, data dictionary, automated data conversion
programs, input screens, forms trigger, reports generation,
menus design, and application interfaces.
On the basis of the development to date, the following
conclusions may be drawn:
• Functional specifications that clearly define the structure
and capabilities of the data base system are an important
requirement for data base design.
• The functional design of a data base system requires a
complete analysis of the structure of the system.
•The E-R model is suitable for the analysis of data in
pavement management.
• The development of a prototype data base system involves a highly iterative process.
• The structure of a well-designed PIDBS should allow it
to be easily integrated with other existing or future relational
data bases.
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GIS Applications in Airfield Pavement
Management
w.

CHARLES
SCHWARTZ, GONZALO R. RADA, MATTHEW W. WITCZAK, AND
SCOTT D. RABIN OW
Access, management, and analysis of the voluminous data associated with pavement networks at large commercial airports
are critical issues constraining the effectiveness of airfield pavement management. In ord r to addres these problems~ concepts
from the fields of geographic infonnation systems (GISs) have
been coupled to established pavement analysis technique to create a network-level planning tool, the Integrated Airport Pave~ent Management System (IAPMS) , for the management fairfJeld pavement management systems. The IAPMS has recently
been implemented at John F. Kennedy International , LaGuardia ,
and Newar~ International airports, which are operated by the
Port A~thonty of New York and New Jersey . These three airports
~o ll ect1vely repre en_t th~ !argest and busiest air transport complex
in the world. The u1tab1hty of elected GIS techniques to airfield
pavement management is assessed, noteworthy features of the
IAP~S software are briefly described, and the implementation
expenence at the New York-area airports is summarized.

efficiently, leading to better and more cost-effective pavement
management.
The IAPMS has recently been implemented at the John F.
Kennedy International, LaGuardia, and Newark International airports located in the New York metropolitan area
and operated and maintained by the Port Authority of New
York and New Jersey (PANY/NJ). These three airports collectively represent the largest and busiest air transport complex in the world. The pavement conditions at these airports
span an extremely wide range of pavement construction types,
materials, traffic levels, and construction histories.

Access, management, and analysis of the voluminous data
associated with large-scale airfield pavement networks are
critical issues constraining the effectiveness of airfield pavement management. Most of the required information has already been collected by the pavement engineering staff, but
it exists in a wide variety of formats, e.g., drawings, tables,
charts, narratives, and personal experience. The pavement
management technical staff must organize these data into forms
suitable for analysis, input the various sets of data into the
engineering and forecasting models, and finally format the
results for interpretation by the diverse (and often nontechnical) groups involved in the decision-making process. Constraints on time and resources inevitably limit the quality of
the analyses and the consequent decisions.
In order to address these problems, selected concepts from
the field of geographic information systems (GISs) have been
coupled to established pavement analysis techniques to create
a network-level planning tool, the Integrated Airport Pavement Management System (IAPMS), for the management of
airfield pavement systems. The IAPMS not only provides
immediate access to all pavement engineering data but also
allows various data sets to be merged and automatically passed
to the pavement analysis algorithms embedded within the
system. This, combined with GIS display capabilities, enables
the engineer or planner to perform parametric studies quickly
and economically and to synthesize and interpret the results

Although various definitions have been suggested for GISs
(1,2), most full GIS implementations consist of a data base
containing spatial and other attribute data, routines for performing spatial as well as conventional queries and analyses
of the data base contents, and display systems for presenting
the results of queries and analyses in a geographic context.
Applications of the GIS to transportation engineering have
been discussed by Simkowitz (3), Petzold and Freund (4),
Abkowitz et al. (5), and others. The general benefits of a
comprehensive GIS approach for transportation-related data
base applications can be grouped into three categories:

C. W. Schwartz and M. W. Witczak, Department of Civil Engineering, University of Maryland, College Park, Md. 20742. G. R.
Rada and S. D. Rabinow, Pavement Consultancy Services, Law Engineering, 12240 Indian Creek Court, Suite 120, Beltsville, Md. 207051242.

GIS ASPECTS OF AIRFIELD PAVEMENT
MANAGEMENT

• Data Integration. Most elements stored in a transportation data base are tied to a particular geographic location or
topology (point, line, or area); keying all data to a common
geographic reference system (e.g., latitude and longitude)
permits combination of disparate data bases (e.g., road inventory, traffic accident, and population) . A much richer and
more powerful set of data analyses can be applied to these
combined data bases than to each individually.
•Data Access and Display. In many applications, it is far
simpler to query data for an individual transportation feature
(e.g., pavement section) by pointing (e.g., with a mouse) to
a geographic display of the transportation network than it is
to issue a text-oriented query on the basis of a key identifier
of the feature. More important, though, is that the visualization of results by color-coded geographic displays of the pavement network enables more powerful interpretations and
syntheses than are possible from text-based reports.
•Data Analysis. A full GIS offers a rich set of tools for
spatial analysis of the information stored in the data base. A
partial list of these tools includes the following:
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-Map coordinate manipulation (scaling, shifting,
stretching, rotating, and map registration);
-Spatial queries (nearest item to a point, all items within
a specified distance or boundary, etc.);
-Statistical summaries (e.g., histograms of attribute values by area);
-Area, length, or volume calculations;
-Spatial aggn:galiun;
-Map overlays and dissolves (intersections and unions
of spatial features);
-Buffer generation;
- Three-dimensional analyses (if elevation data arc included in database), including contouring, slope calculations, grading analyses, and watershed analyses; and
-Network analyses (vehicle routing, time and distance
analyses, shortest path determination , etc.).
Most GIS software provides a basic set of spatial query and
analysis tools and permits the addition of user-supplied analysis routines for specific applications.
A wide variety of general-purpose full-function GIS software packages currently exists (6), and many either can be
or have been adapted to transportation engineering applications. Several states (e.g., Wisconsin, North Carolina, and
Tennessee) are currently developing GIS-based applications
for highway pavement management. However, little attention
has been devoted to GIS-oriented applications for airfield
pavement management. Airfield and highway pavement management share many features: both deal with a spatial network
of pavement sections having extensive attributes of geometry
(length, width, shape); structure (layer thicknesses, strengths) ;
condition (visual distress, roughness, friction); traffic (volume, mix); and history (construction, maintenance, and repair or rehabilitation). The pavement engineering analyses
are only slightly different for the two types of pavements
because of the different traffic characteristics, performance
requirements, and design slandards.
The more significant difference between airfield and highway pavement networks for GIS applications, however, is the
nature of the networks themselves . Airfield pavement networks contain many fewer pavement sections than do highway
networks, and for regional- or state-wide airfield systems these
sections tend to be more clumped than in the highway case,
i.e., lhey are clustered at geographically dispersed and noninterconnected airport locations, as opposed to the more uniform geographical distribution that is characteristic of highway pavement networks. The data attributes associated with
the smaller airfield pavement network also tend to be more
complete and less diverse in terms of content and format than
those for highways, reducing the importance of the data
integration benefits of GIS.
Airfield pavement management does not require many of
the spatial analysis capabilities found in a full GIS, such as
contouring and slope calculations or buffer analysis. The GIS
features most relevant to airfield pavement management are
those dealing with data access and interpretation. The interactive geographic display of a GIS is an effective interface for
selecting sets of pavement sections for data queries and analyses or for selecting sets of airfields for study from a state or
regional airport system. More important, the display of pavement existing conditions and performance predictions as color-
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coded maps greatly assists the interpretation and synthesis of
data that are distributed in both space and time . This is an
important tool not only for the engineering staff responsible
for maintaining the pavements but also for the management
personnel responsible for setting policies and priorities and
for developing multiyear budget and planning documents.
In short, airfield pavement management is a relatively welldefined and self-contained application as compared with highway pavement management. The generally complete, highquality pavement data at most major airports permit comparatively sophisticated engineering analyses and predictions
of the pavement performance. Although many .features of a
full GIS are not required, the spatial data query and display
capabilities are valuable aids in the engineering and management decision-making process. In our work, this limited set
of GIS capabilities has been combined with extensive database
and pavement engineering roulines to produce the IAPMS.

IAPMS OVERVIEW

The IAPMS is a self-contained software package designed to
run on an i386-class desktop computer. A major consideration
during the design of the software was the recognition that the
system will typically be used on only an occasional basis and
by a pavement engineer or planner who is not a computer
specialist. Consequently, much attention was devoted to developing a consistent and easy-to-use menu-driven interface
wilh forms-based data entry and editing screens to shorten
both the initial and refresher learning curves for the system.
An extensive context-sensitive on-line help system is also included to minimize the need to refer to any separate hard
copy documentation .
Most data in IAPMS can be displayed in a variety of formats: tabular or text summaries, graphical displays (variations
over time , etc.), and color-coded maps of the pavement network. Multiple what if? scenarios can be displayed in the same
graphical format for quick side-by-side comparisons of various
pavement management alternatives. Complete hard copy (text,
black-and-white graphics, and color graphics) is available for
all display and reporting routines on a variety of printer and
plotter types.
A summary of the major IAPMS functions is shown in
Figure 1. The data base management functions-data entry,
editing, and display-enable the user to create a data base,
enter or edit information in an existing data base , and examine
the data base contents by screen or hard copy outputs. The
IAPMS analysis and forecasting functions focus on key pavement management issues related to pavement condition, traffic,
maintenance and rehabilitation (M&R) needs , and budget
estimates. These functions, which are the core of the IAPMS
system and approach, have been designed to address typical
what if? scenarios such as:
Given present pavement conditions, traffic, construction costs, and minimum pavement performance levels,
what are the M&R needs and associated budgets over
the next 1, 5, 10 (or more) years?
What effect will budget constraint level have on M&R
activities and pavement condition in the future?
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INTEGRATED AIRPORT PAVEMENT MANAGEMENT SYSTEM - IAPKS

DATA ENTRY AND EDITING

GLOBAL DATA
o Project Data
o M&R. Policies
o M&R. Prioritization
o Construction Costs
SECTION DATA
o
o
o

o
o
o
o

Identification Data
Geometry Data
Structural Data
- Section Data
- Layer Data
. AC Mix Data
Functional (PCI) Data
- Section Data
- Sample Unit Data
Runway Profile Data
Traffic Data
M&R. History

DATA DISPLAY

GLOBAL DATA
o Project Data
o M&R. Policies
o M&R. Prioritization
o Construction Costs
o Traffic Data
Traffic Mixes
- Aircraft Data
- Damage Factors
SECTION DATA
o
o
o

o
o
o
o

Identification Data
Geometry Data
Structural Data
Section Data
- Layer Data
. AC Mix Data
Functional (PCI) Data
Section Data
- Sample Unit Data
Runway Profile Data
Traffic Data
M&R. History

ANALYSIS

PAVEMENT CONDITION
INDl!X (PCI)

FORECASTING

PAVEMENT CONDITION
o

o
o

Section Data
Sample Unit Data
o

AIRCRAFT DAMAGE ANALYSIS
o Flexible Pavements
o Rigid Pavements

Functional
- PCI's
- Remaining Life
Structural
Load Capacity
Remaining Life

TRAFFIC
o Volumes
o Equivalent Coverages
M&R NEEDS
o Do nothing
o Slurry Seals
o AC Overlays
BUDGET REQUIREMENTS
o

Constrained Budget
- Constant
- Variable
o Unconstrained Budget

FIGURE 1 IAPMS functions.

What impact will traffic changes (volume and/or aircraft
type/mix) have on pavement performance and M&R
budgets in the future?
What are appropriate intervention levels and prioritization factors for M&R activities, given budget constraints and target pavement performance levels?
Figure 2 shows the major components of IAPMS . The following sections will describe some of the details of the database and the analysis and forecasting components and the
GIS-related aspects of the user interface and display/report
components.

DATA BASE STRUCTURE
The IAPMS data base is the repository of all pavement information for the airfield network. The overall design of the
data base structure was based on the particular characteristics
of airfield pavement networks and pavement-related data.
First , in contrast to highway networks, airfield pavement networks consist of relatively few sections but with generally
more complete and extensive information. Second, the pavement data are strongly hierarchical in nature; at the highest
level is information pertaining to the entire airport (e.g., M&R
policies, construction unit costs), with successive levels of
refinement terminating at data associated with individual observations (e .g., field measurements from an individual nondestructive evaluation test). Third, the geographic layout of
an airport pavement network is relatively stable; pavement
sections are only rarely added or removed from the inventory.

Last, historical information must be maintained for much of
the data (e.g., construction activity, visual surveys), with new
data being added to rather than replacing the prior data.
Given these characteristics, the IAPMS data base is organized in the hierarchical indexed structure illustrated in Figure
3. Level I contains all information common to all pavement
sections at the airport. It includes data identifying the specific
airport (Level IB); policies for selecting M&R activities based
on pavement rank, pavement condition index (PCI), and remaining life (Level ID); unit construction costs for M&R
activities (Level IE); landing gear weights and configurations
for over 100 different aircraft types (Level IF), aircraft mixes
for standardized predefined traffic mixes (Level IG), project
priority factors based on pavement rank, PCI, and remaining
life (Level IJ), and default parameters for PCI forecasting for
various pavement construction categories (Level IK). Level
IA provides index information for the lower levels in the
hierarchical structure; specifically, it contains pointers to Level
II data for each individual section.
Level II in the data base contains all data pertaining to an
individual pavement section. By definition, all Level II data
are explicitly linked to a specific geographic entity-a polygonal pavement section . Level II includes general inventory
data for each section (Level IIA), layer thicknesses and material types (Level IIB), section PCI data, including a summary of the individual di!)tresses found in the survey sample
(Level IIC), numbers of arrivals and departures and the associated standard aircraft mixes for each pavement section
(Level IID), a history of all M&R activities by contract (Level
IIE), x-y coordinates defining the plan geometry of the section (Level IIF), and surface roughness data (Level IIG). In
most instances, the Level II pavement section data are or-
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DATA BASE

I

0

DATA BASE ENTRY
I
AND EDITING ROUTINES ~
0

Permanent Data Base
- Global Data
- Section Data
Working Data Base(s)
- Glob al Data
- Section Data

II

i

DATA BASE DISPLAY
ROUTINES

I

I

I

IA PMS
USER

I

DATA BASE - ANALYSIS/FORECAST
MODULE INTERFACES

OUTPUT:
0

0

I

0

Screen
Printer
Plotter

ANALYSIS AND FORECAST MODULES
0

II

USER - ANALYSIS/FORECAST
MODULE INTERFACES

i

0

Pavement Condition
- Functional
- Structural
Traffic
- Volume

-

0
0

I

I

Coverages

ANALYSIS AND FORECAST
ROUTINES

I

M&R Needs
Budget Requirements
- Constrained

-

Uncons trained

FIGURE 2 IAPMS components.

M&R
PRIORITIES
(LEVEL IJ)

CONSTRUCTION
COSTS
(LEVEL IE)

TRJJ'FIC MIXES
(LEVEL JG)

I

I
I

I
I

I

M&R POLICIES
(LEVEL ID}

AI RCRAFT DATA
(LEVEL IF)

TRANSACTION
LOG FILE
(LEVEL IH)

MODEL
PARAMETERS
(LEVEL IK)

AIRPORT DATA
(LEVEL IB)
DATABASE
ORGANIZATION
(LEVEL IA}

I

I

M&R HISTORY
(LEVEL IIE)

SURFACE
PROFILE
(LEVEL IIG)

I
INVENTORY
DATA
(LEVEL IIA)

SECTION PCI
DATA
(LEVEL IIC)
Sli:CTION
STRUCTURE
(LEVEL IIB)

LAYER
PROPERTIES
(LEVEL IIIB}
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FIGURE 3 IAPMS data base structure.

ganized as linked lists to allow for changes in pavement structure, conditions, traffic, and other factors over time. The
section structural and PCI subsections of the data base also
contain pointers to supporting data in Level III.
Level III, currently the lowest level in the data base hierarchy, contains supporting information for the pavement section data in Level II. At present, Level III encompasses the
detailed engineering properties-modulus, CBR values, variability, etc.-for each layer in the pavement structure (Level

IIIB) and the sample unit data from the PCI visual distress
surveys (Level IIIC). Some Level III data are intended for
regular access by the IAPMS algorithms (e.g., Level IIIB),
while others can be unloaded after the corresponding scctionlevel data have been derived (e .g., Level IIIC) .
Future plans include a Level IV in the data base that would
contain supporting data for the Level III information. An
example of this would be test data from nondestructive pavement evaluation studies; these data would be used to estimate
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the pavement section layer properties in Level IIIB. Level
IV data would typically be georeferenced to particular locations within the pavement section.
In many instances, the information stored in the IAPMS
data base includes not only the data value but also the date
it was last modified, the source of the data (e.g., field tests
and experience-judgment), and a cross-reference to more detailed supporting information (e.g., a particular contract or
field investigation report). A complete Jog is maintained for
all changes to the data base; this transaction Jog summarizes
what was changed, who changed it, and when it was changed.
The Jog assists in audits of the data base and in maintaining
data base integrity.
The structure and contents of the IAPMS data base typically
exist in both a permanent version and one or more temporary
or working copies that are either exact or modified versions
of the permanent data base. Multiple working data bases can
be created for a given pavement network, permitting the user
to conduct numerous what if? analysis scenarios without risk
of corrupting the master data base. Although any copy of the
IAPMS software can generate and modify the working copies
of the data base, only the master version of the software can
update the permanent data base.

ANALYSIS AND FORECASTING

The IAPMS analysis and forecasting modules provide a powerful and versatile set of tools for addressing key pavement
management issues. A flowchart of the interrelationships between the various analysis and forecasting components is shown
in Figure 4. The principal components can be summarized as
follows:
• Pavement Evaluation Module. This module consists of
two major submodules: (a) the Functional Condition Module
used in analyzing visual distress survey data following the PCI
approach (7) and forecasting of section-level visual distresses
and prediction of time to functional failure; and (b) the Structural Condition Module used for evaluating the load-carrying
capacity of the pavement (8) and, together with the Traffic
Mix Module, for determining the structural remaining life,
the structural condition factor, and the time to structural
failure.
•Traffic Mix Analysis Module. This module is used to
convert a mix of aircraft types (weights, gear configurations,
and frequencies) to equivalent standard aircraft coverages for
a given pavement structural capacity and foundation support
value; it is applied to the complete traffic history to determine
the loading history for the pavement.
• M&R Analysis Module. This module is used to select
appropriate M&R activities given a set of pavement conditions and intervention levels; if a structural overlay is required, it determines the overlay thickness following FAA
procedures.
• Budget Analysis Module. This module is the combination
and culmination of all of the other analysis and forecasting
modules; it is used to estimate project costs for activities
selected in the M&R Analysis Module and to rank projects
according to user-specified M&R priority factors. Budget
analyses can be performed in either an unconstrained (i.e.,

IAPMS ANALYSIS AND FORECASTING
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FIGURE 4 IAPMS analysis and forecasting modules.

needs assessment) or constrained (i.e., limited-budget) mode;
in a constrained budget analysis, low-priority projects may be
postponed to subsequent years (with consequent continuing
deterioration of condition).

GIS FEATURES IN IAPMS

As described previously, airfield pavement management does
not require all of the capabilities found in a full GIS implementation. The GIS fe~tures of most use to airfield pavement
management deal principally with selection (for query or analysis purposes) of pavement sections by geographic location
and the geographic display of the data base contents and the
analysis and forecasting results . Both of these operations require detailed map data for the pavement sections in the
network.
Map data for Kennedy, Newark, and LaGuardia airports
were developed by manually digitizing engineering drawings
of the pavement network layout. Digitizing was performed
after the pavement network had been delineated into homogeneous sections for pavement management purposes, so
the map data could be referred directly to individual sections
as Level II data in the data base. Because no consistent reference coordinate grid had been established at the airports
and the map data were intended only for internal use in IAPMS,
the map data were stored in arbitrary x-y coordinates. An
interactive graphics editor is built into IAPMS to enable mod-
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ifications of the map data and to enter geographic data for
new pavement sections added to the network.
All data in the system can be displayed for a single section,
for a group of sections, or for all sections in the network.
Groups of sections can be selected according to feature, pavement rank, usage, construction type , or other parameters as
requested by the user. For more complicated groupings, sections can be selected graphically using a mouse to pick individual sections from a map display of the pavement network.
These pick operations are aided by the zoom and labeling
options in the IAPMS geographic display routines.
The geographic displays of pavement data and analysis and
forecasting results provide a concise and visually clear summary of the overall condition of the pavement network as
well as a powerful tool for interpretation and synthesis of
analysis results. Figure 5 shows an example of a geographical
display of simple inventory data for the network, in this case
the pavement construction types for Kennedy Airport. (The
actual maps generated by IAPMS- both on screen and hard
copy-are typically in color; they were generated using the
cross-hatched monochrome option because of publishing constraints.) The results for current equivalent traffic volumes in
terms of a standard Boeing.747 aircraft as determined from
a traffic mix analysis are shown in Figure 6 for LaGuardia
Airport.
Alternative pavement management policies can be easily
evaluated and compared using the geographic display capabilities in IAPMS. For example, Figure 7 shows the projected
overall pavement condition in terms of PCI for Newark Airport in 1995 assuming a high budget level for pavement maintenance and repair; this projection implicitly reflects all benefits resulting from the IAPMS-recommended M&R projects

during the intervening period of 1990 through 1994 (i .e., the
system assumes that all M&R activities recommended during
all years are actually performed). Figure 8 shows the corresponding projected pavement condition for an alternative
pavement management scenario of very limited M&R budgets. In addition to the spatial distribution of PCI across the
network, the system also calculates an area-weighted PCI
value using the geographic data.
Project grouping is a difficult problem for any pavement
management system. Pavement sections recommended for
M&R activities are distributed both in space and time. Neighboring pavement sections that require some type of M&R
treatment over a specified time interval should be clustered
and treated as a group at the same time, either with the same
or different M&R procedures. Project clustering requires a
generous amount of engineering experience and is thus difficult to automate. However, maps illustrating forecast M&R
activities (e.g., Figure 9), when generated for a series of years
in a budget forecast, can greatly aid the pavement engineer
in developing project groupings .

IMPLEMENTATION EXPERIENCE
In 1980, the PANY/NJ began work to develop and implement
a pavement management system for the three major commercial airports under its control. This program Jed to the
development and pilot implementation of IAPMS by Pavement Consultancy Services of Law Engineering (PCS/Law)
at John F. Kennedy International Airport in 1988. A brief
description of this pilot implementation is given by Grimaldi
et al. (9) and Rada et al. (10). Phase 2 implementation of
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IAPMS at La Guardia and Newark International began in 1989
and was recently completed.

automating the determination of section traffic volumes across
the network; and inclusion of optimization routines to complement or supersede the project priority subsystem.

Data Availability and Quality
Data Base Aspects
Historical data for any pavement network are always difficult
and time consuming to gather. Through several earlier studies
for PANY/NJ, PCS/Law had already compiled much of this
information and was familiar with the pavement networks.
However, although pavement layer thickness data were often
available from the construction records, data on the engineering properties (e.g., modulus and California bearing ratio) for the layers and subgrade were often sketchy; in many
instances, only very rough estimates of the required properties
could be made, to be confirmed or modified later through
nondestructive pavement testing. Traffic data were even more
sketchy than the layer property data. Because of this, the
criteria for M&R activity selection and project priorities relied
heavily on the functional condition of the pavement
(i.e., PCI).
The project team received invaluable assistance from the
"vintage engineers" on the PANY/NJ pavement engineering
staff. These "walking data bases" provided much experiencebased information on pavement history and conditions that
would have been unavailable otherwise. Their experience was
also essential in defining the structure and intervention levels
for the M&R activity decision trees and the project priority
factors. The interaction with these vintage engineers was in
broad terms similar to the knowledge engineering used in
expert systems development.

Pavement Engineering Algorithms
An early step in implementing the IAPMS data base was the
manual delineation of homogeneous pavement sections. This
step was laborious and will benefit from automation within
the IAPMS system itself in the future.
Because of the expected quantity and quality of the data
for each section, the algorithms in the system were formulated
on the assumption of complete data. Although this assumption was largely (but not entirely) justified here, it will likely
be less so elsewhere. Alternative positions should be incorporated in all algorithms to handle cases in which key data
items are missing from the data base.
The PCI prediction models were handicapped by limited
site-specific visual distress data . At the time of the initial
implementation, only one complete set of PCI data had been
collected for all three airports. Visual distress surveys are now
planned on a regular schedule, permitting the development
of a time series of PCI data and correspondingly sharper PCI
prediction models .
Additional pavement engineering issues that will be considered in future enhancements of IAPMS include automated
M&R project grouping (spatially and temporally); incorporation of data variability and pavement reliability concepts;
consideration of more pavement performance parameters,
specifically roughness and friction (although roughness data
are currently collected, they are not used in the M&R activity
selection algorithms); development of a traffic flow model for

IAPMS incorporates a large set of predefined standard queries and report formats. A more comprehensive facility is
planned for the future to permit arbitrary complex queries of
the data base in the style commonly found in general-purpose
relational data base systems, e.g., query-by-example (QBE)
or structured query language (SQL).
Only pavement-related data are included at present in the
IAPMS data base. However, the data base could be easily
expanded to encompass additional items such as surface and
subsurface drainage, pavement markings, signs, and lighting
systems.

GIS Aspects
The incorporation of GIS features has been quite straightforward, in part because only a limited set of GIS capabilities
was considered and in part because the software was implemented in a computer environment that was familiar to the
P ANY/NJ . Our conscious strategy during the IAPMS development was to consider GIS capabilities as a natural extension
of other pavement management functions, rather than to implement pavement management as additional to a
primarily GIS application.
At a more detailed level, the adoption of an arbitrary x-y
geographic coordinate reference system for the map data makes
it somewhat difficult to georeference field test locations (for
falling weight deflectometer and roughness measurements,
etc.) within an individual section. However, this problem can
be easily remedied through straightforward map coordinate
transformations. Additional future enhancements include improved digitizing and graphics editing routines and the ability
to transfer map data to and from computer-aided drafting
systems.

Overall Observations
The initial implementation of the IAPMS focused only on
taxiways and runways . However, the system framework is
flexible enough to permit extensions to apron areas and to
land side pavement assets (access roads and parking facilities).
Regardless of the scale of the implementation, continual update of the pavement data base is essential if the system is to
remain accurate and useful.
The development and implementation of the IAPMS required considerable coordination and interaction among all
members of the project team through an extensive series of
meetings, presentations, demonstrations, and reviews. However, the early meetings during the project are the most crucial
for ensuring success. It is essential to define clear project
objectives during the initial meetings between the client and
developer. These objectives should be organized into short-,
medium- and long-term time frames. The system should not
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be designed to simply automate the current pavement management methods in place in the organization but rather to
provide a framework for incorporating improved pavement
management methodologies both initially and in the future.
Clear lines of communication between the client and the developer are necessary for the definition and successful implementation of these objectives.
Training is always a critical concern. Some of this training
can take place as part of the collaboration between the client
and developer during the system implementation. However,
more formal training is also required. For the PANY/NJ implementation, for examplt:, PCS/Law conducted a multiday
seminar with computer-based workshops for hands-on training. PCS/Law is also providing PANY/NJ continuing support
for the system.

CONCLUSIONS

IAPMS couples accepted pavement analysis techniques to
powerful information management technology to provide an
extremely versatile tool for the efficient management of largescale airport pavement networks. Specific benefits from the
IAPMS include the following :
•Easy access to all pavement data-inventory, construction history, geometric, structure, traffic, and condition;
• Replacement of the earlier approach of ad hoc experience-based maintenance by rational and systematized evaluation of pavement condition and performance and the
associated required M&R;
• Codification of knowledge possessed by experienced senior engineers prior to their retirement;
• Reduced manpower requirements for performing routine
engineering studies, multiyear capital budget forecasts, etc.;
• Quick response to typical questions such as the effects on
pavement performance of new aircraft types;
• Easy evaluation of possible impacts on pavement condition caused by changes in capital expenditures, M&R policies, project ranking criteria, and traffic volumes, mix, and
patterns, etc.
The development of the IAPMS started with a desired set
of pavement management functions that were lht:n supplemented with the relevant GIS capabilities, as opposed to appending pavement management capabilities to a generic GIS
software package. The approach permits the users of the IAPMS
to focus on their primary objective-pavement management-while still having available the advantages and convenience of GIS-style graphical display and query facilities.

The IAPMS data base and analysis capabilities enable the
engineer or planner to make the kinds of rational predictions
of future pavement conditions and performance that are essential for accurate budget forecasting and sound management. The net effect is the preservation of investment in airfield pavement infrastructure through improved pavement
performance and reduced M&R costs.
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Ratios of Pavement Damage to User Fees
ROBERT NICHOLLS
An important decision that state legi latures are charged with i
the apporlionment of highway user fees among the various weight
classes of vehicles. Departments of transportation mu t provide
supporting and convincing data for these legislative decisions.
Currently, the most rational basis for setting user fees is the
prediction of pavement damage by using the AASHTO 1986
pavement design equations. Axle load equivalency charts are
prepared from the AASHTO 1986 De ign Manual equations for
determining the damage to rigid and flexible pavement by single-,
tandem- , and triple-axle load from 2 to 90 kip . Tables present
the ratios of pavement damage (according to 1·hese equations) to
road user charges for different classes of vehicles in two states
having among the lower and higher road user fee in the country.
The method for computing ratio of pavement damage to user
fees for these two states provides a fa. t and convenient means
for all states to evaluate and adjust their road user fees for each
class of vehicle .
Heavy axle loads shorten pavement life. In order to allocate
user fees, load effects must be quantified. This paper addresses the question: "Are road user revenues proportioned
equitably among various weights of vehicles according to the
pavement damage which they cause?" Axle load equivalency
charts are prepared from the AASHTO 1986 Design Manual
(1) equations that relate the damage to rigid and flexible
pavements by single-, tandem-, and triple-axle loads from 2
to 90 kips. Tables compare the ratios of pavement damage,
according to these equations, to road user charges for different
classes of vehicles in two states having among the lower and
higher road user fees in the country.

The AASHO Road Test equivalency factor equations (2) were
extended by the AASHTO 1986 Design Manual, Appendix
MM (J), to include the following:

1. Single-axle, maximum load to 50 kips;
2. Tandem-axle, maximum load to 90 kips;
3. Triple-axle, maximum load to 100 kips;
4. Equivalency factors for terminal serviceability index (p,)
between 2 and 3; and
5. Rigid pavements-equivalency factors for slabs up to 14
in. thick.
For flexible pavements, these equations are

(Wu:)

=

6.1255 - 4.79 log (Lx

w,18

G,

+ 4.33 log L 2 + f3x

f3x = 0.4

+ L 1)

+

(2)

0.081 (L.. + L.J3 ·'t3
(SN + 1)s. 19L~.23

(3)

where

w,x = total number of applications of a given axle load x;
w, 18 = equivalent number of applications of the standard
18-kip axle load;
Lx = load on one single, tandem, or triple axle (kips);
L 2 = axle code (1, 2, or 3 for single, tandem, or triple
axle, respectively);
SN = structural number;
p, = terminal serviceability index, which relates various
indicators of pavement distress to overall surface
quality; and
f3 18 = value of f3x when Lx is equal to 18 and L 2 is equal
to 1.
For rigid pavements, the equations are
w

log

---E... =

5.9081 - 4.62 log (Lx

+

L 2)

w,18

(4)

G

AASHO ROAD TEST EQUIVALENCY FACTOR
EQUATIONS

log

_ l 4.2 - p,
G, - og
2.7

=I
'

4.5 - p,
og

2.7

(5)

(6)
where Dis the slab thickness (in.). For both flexible and rigid
pavements, the equation for translating w,x into w,18 is

w,18

=

w2lX
---1
w,x -

(7)

According to AASHTO (2), there is considerably more uncertainty in extending the equations to triple axles than in
extending them to higher loads on single and tandem axles.

AXLE LOAD EQUIVALENCY CHARTS
(1)

Civil Engineering Department, University of Delaware, Newark, Del.
19716.

In order to permit rapid estimates of pavement damage by
different vehicle classes, Equations 1- 7 were programmed in
Fortran for preparing the load equivalency charts shown in
Figures la-lf. The program source code is given in the ap-
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FIGURE 1 Axle load equivalency factors: (a) single-, (b) tandem-, and (c) triple-axle loads on flexible pavements; and
(d) single-, (e) tandem-, and (f) triple-axle loads on rigid pavements.

pendix. Figures la-le show the ratio between the number of
axle loads and the number of 18-kip single-axle loads that do
equivalent damage to a flexible pavement as a function of
axle load for single, tandem , and triple loadings for pavements
having SN between 1 and 6. Figures ld-lf show the ratio
between number of axle loads and number of 18-kip singleaxle loads that do equivalent damage to a rigid pavement as
a function of axle load for single, tandem, and triple loadings
for D between 6 and 14 in. The following examples illustrate
use of the equivalency charts.
Example 1
How many passes of a 30-kip single-axle load cause the same
damage as 1,000 passes of an 18-kip single-axle load on a
flexible pavement having SN of 4 and p, of 2?
Solution
Interpolating Figure la for single-axle loads on a flexible pavement with Lx = 30 kips, SN = 4, and p, = 2, yields w,)w, 18
= 10.1. 1,000/10.1 = 99 passes.

Example 2
How many passes of a 50-kip tandem-axle load cause the same
damage as 1,000 passes of an 18-kip single-axle load on a 10in. rigid (concrete) pavement having a terminal serviceability
of 2.5?
Solution
Interpolating Figure le for tandem-axle loads on rigid pavements with Lx = 50 kips, D = 10 in., and p, = 2.5, yields
w,)w,18 = 9.5. 1,000/9.5 = 105 passes.
The AASHTO (1) measure of pavement quality is the present serviceability index (PSI), a composite number that relates various indicators of pavement distress to overall surface
quality. Pavement distress appears as roughness, rutting,
cracking, faulting, blowups, potholes, etc. The distress indicators possess a degree of objectivity, but the overall rating
is necessarily subjective. For simplicity, the AASHTO 86 design method assumes that an equivalent single-axle load (ESAL)
of 18 kips causes a unit damage to pavement and a unit reduction in surface quality, both of which are constant over
the pavement life (J).
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Example 3
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This example (3) illustrates how changes in gross vehicle weight
(GVW), weight distribution, and axle arrangement affect
pavement life.
A 60-kip tractor-semitrailer is used for the base case. This
vehicle is a type that can be replaced by a twin-trailer truck.
Assumed design values for the AASHTO load-equivalency
factors are p, = 2.5, D = 9 in., and SN = 3.

00
I

I

1

9.6

27. 5

22. 9
60 kips

(b)

'

bJ-oo
I
I

t

9.8

.o.o

I

66 kips

ESALs by Axle or Axle Group
(c)

1

Flexible
Rigid

3

Single

2
Tandem

Tandem

Total

0.10
0.07

0.52
0.79

0.27
0.37

0.89
1.23

2. Base plus 6 kips, with weight distribution between front
and rear tandem axles unchanged, adjusted for 9 percent
fewer trips (Figure 2b ). Because of the higher payload, the
vehicle will require 0.91 as many vehicle-miles to deliver the
same load as the lighter truck.

Flexible
Rigid

Tandem

Total
x 91%

Percent
Above
Base

0.39
0.58

1.16
1.75

30
42

3

Single

2
Tandem

0.11
0.08

0.77
1.26

3. Base case with twin-trailer truck axle arrangement, GVW
and weight distribution unchanged (Figure 2c). Assume that
the axle arrangement is changed to five single axles, the usual
twin-trailer truck arrangement.
ESALs by A r/P nr A rlP r.rnup
Pavement
Type

Flexible
Rigid

Single

0.10

om

Single

4
Single

5
Single

Total

Percent
Above
Base

0.37
0.32

0.20
0.15

0.20
0.15

1.25
1.01

40
-18

2
Single

3

0.38
0.32

01
o-o
I

,

9. 6

(d)

11
o-o
+

t

13.8

I

•

13. 7 11.5
60 kips

II
6JI-o o-o
I

9.8

'

I
17. 2

•

I

'

I

14.8 13.3
66 kips

I

0I
11.4

0I

I

10.9

FIGURE 2 Axle arrangements and
weights (3).

ESALs by Axle or Axle Group
Pavement
Type

I

25.5

30.7

1. Base Case of 60-kip Tractor-Semitrailer (Figure 2a) .

Pavement
Type

I

4. Effect of combination of higher weight, less uniform weight
distribution, and different axle arrangement, adjusted for 9
percent fewer trips (Figure 2d).

OBSERVATIONS REGARDING LOAD
EQUIVALENCIES
Effects of Axle Weight, Pavement Thickness, and
Terminal Serviceability Index
The AASHTO 86 (1) equations indicate that load equivalency
factors increase approximately with the fourth power of axle
load. For example, the load equivalency on rigid pavement
fur a 12-kip luau is 0.19, wht:rt:as fur a 20-kip axle it is 1.51
(Figure ld). Thus the 20-kip load is 8 times as damaging as
the 12-kip load, i.e. (20/12)4, and should arguably pay approximately 8 times as much per vehicle-mile in highway revenue. The power term varies only slightly with structural number (SN), pavement thickness (D), and terminal serviceability
index (p,) (Figures la to lf).

State Revenues

ESALs by Axle or Axle Group
Pavement
Type

Flexible
Rigid

Single

Total
x 91%

Percent
Above
Base

0.17
0.12

1.70
1.61

91
31

5

Single

4
Single

0.50
0.45

0.34
0 ,28

3

Single

2
Single

0.11
0.08

0.86
0.84

In this case, the cumulative effect of higher weight, less uniform weight distribution, and a different axle arrangement is
greater than the sum of the individual changes. This result
occurs because changes to weight distribution and axle arrangement alter the incremental impact of the added 6 kips
of weight as well as the impact of the original 60 kips. Also,
dividing a tandem axle unevenly between the two single axles
to match typical weight distributions of twins increases
the effect on pavement wear. Table 1 presents the four-axle
loading effects.

State road-user taxes are of three major types, the most important being fuel taxes and fees incidental to fuel taxes. The
second type, motor vehicle revenues, consists of motor vehicle
registration and related fees, some of which are not paid
annually, e.g., title fees and drivers' license fees. The third
type includes vehicle-mile, ton-mile, and axle-mile taxes.
The assignment of pavement costs has a major effect on
the overall cost assignments to different vehicle classes. Not
only is pavement cost the largest component of highway dollars, there is a greater variation in the relative cost responsibilities of vehicles of different weights than for any other
component of highway costs. FHWA (4) gives 1987 road user
taxes and property taxes levied on vehicles of various weights
by each state to provide a planning tool for highway administrators and legislators concerned with highway user fees. A
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TABLE 1 SUMMARY OF FOUR-AXLE LOADING EFFECTS (3)
Rigid Pavement

Flexible Pavement

Case
1.
2.
3.
4.

60
66
60
66

kip
kip
kip
kip

tractor-semitrailer
semi, 9% fewer trips
twin
twin, 9% fewer trips

Total
ESALs

Percent
Increase Over
Base

Total
ESALs

Percent
Increase Over
Base

0.89
1.16
1.25
1.70

30
40
91

1.23
1.75
1.01
1.61

42
- 18
31

would not affect comparisons among states. Local taxes other
than property taxes were also excluded; the registration fees
and motor fuel taxes imposed by counties and cities were
beyond the scope of the study (4).
In order to avoid the complex situations that would be
encountered in computing taxes on vehicles in Interstate op-

total of 14 vehicles were used to illustrate the range and magnitude of state taxes (Figure 3): 3 passenger cars, 5 singleunit trucks, 5 vehicle combinations, and 1 motorcycle (4).
The federal taxes on gasoline, vehicles, and tires were excluded, as was the annual use tax on vehicles over 55,000 lb
gross weight. These are uniform throughout the nation and

2

~

I

3

A

I

Lightweight Mediumweight
PaB&enger Car Paeeengar Car
4

s

6

vs~

5000-Pound 14,000-Pound GasolinePiclr.up Truck Powered Stake Truck

Gl

Heavyweight
Passenger Car
7

24,000-Pound GesolinaPowered Van Truck

6

24,000-Pound DieselPowered Van Truck

9

50,000-Pound Diesel-Powered
3-Axle Dump Truck

40,000-Pound Diesel-Powered
3-All:le Tractor-Semitrailer
10

60,000-Pound Diesel-Powered
4-Axle Tractor-Semitrailer
11

80,000-Pound Diesel-Powered
5-Axle Tractor-Semitrailer
12

80,000-Pound Diesel-Powered
5-Axle Tractor-Semitrailer and Full Trailer
13

80,000-Pound Diesel-Powered
5-Axla Truck and Full Trailer

14

!lotorcycle

FIGURE 3 Vehicle classifications for a state revenue study (4).
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KENTUCKY
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MAINE
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PE~'NSYLV ANIA
·:>ORTH DAKOTA
DIST . OF COL .
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~
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::::::::~

MINh~SOTA ~~~~~~~~~~
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E,
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OHIO
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MISSISSIPPI
WASHINGTON

INDIA.~
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IDAHO
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INDIANA
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ARIZONA

MAINE
UTA!!
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FIGURE 4 State road-user and property taxes: (a) on a medium passenger car (No. 2), (b) on an 80,000-lb diesel five-axle tractor-semitrailer and
full trailer combination (No. 12) in private use (4).
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eration, intrastate operation was specified. Without this stipulation, the study would have needed to (a) include the additional taxes and fees applicable only to Interstate carriers,
and (b) consider an almost infinite variety of circumstances,
including various state reciprocity and proration agreements.
Although property taxes on motor vehicles have no direct
relation to the amount of highway use and in most states are
not available for highways, they are closely related to registration fees and make up such a large portion of the total
taxes on motor vehicles in some states that they were included
in Figure 4 to obtain equitable comparisons (4).

Examples of Road-User Revenue Assessments
This section explores the question: "How equitably are road
user revenues in two states, Delaware and Arizona, representing low and high total road-user fees, proportioned among
the various weights of vehicles according to the pavement
damage which they cause?"
By dividing Delaware's and Arizona's total user revenues
provided by FHWA (4), for each class of vehicle by the vehicle-miles per year from Table 1, used for estimating this
revenue, then dividing the result by the ESAL for that vehicle
class, the ratios of pavement damage cost to userfee presented
in the right-hand columns of Tables 2 and 3, for Delaware
and Arizona, respectively, are obtained. Tables 2 and 3 relate
to only pavement damage cost, through the ESAL ratings.
They do not include other highway costs, such as user costs,
congestion delay, air pollution, noise, highway administration, etc. Notice that the interpretation of the right column
of Table 2, for Vehicle Class 9, for example, is not that it
should pay 846 times as much per mile as Vehicle Class 1
pays, to equalize fees for pavement damages, but that it should
pay 846 times what it presently pays if fees for Vehicle Class
1 remained the same.
The effect of overload provisions in state laws may also be
of interest. Although Table 2 presents three-axle trucks (Vehicle Class 8) carrying 50 kips, a provision in Delaware law,
for example, permits up to 70 kips for three-axle trucks carrying construction or agricultural products, for an additional
fee of $100 per year. This allowance for added weight at the
added cost increases the ratio presented in the right-hand
column of Table 2 for Vehicle Class 8 from 2,035 to 2,035(10.0
ESAL/3.7)($806/$906) = 4,893.

CONCLUSIONS
The right-hand columns of Tables 2 and 3 present the large
disparities between ratios of vehicle ESALs to user fees per
vehicle-mile among the 14 vehicle weight classes in the two
states, ranging from 0.24 to 3,078 in Delaware and from 0.15
to 1, 713 in Arizona. On the basis of the AASHTO design
equations, Vehicle Class 7 in Table 3, for example, should
pay 408 times what it now pays in road user fees in order to
pay its share of pavement damage cost equivalent to that of
Vehicle Class 1. This method of pavement damage costing,
together with the other components of highway costing
(congestion, pollution, etc.) and judgments regarding the val-

ues of services provided by the various classes of vehicles, can
be used by state legislatures to assess highway user fees.
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APPENDIX
FORTRAN SOURCE CODE FOR
EQUATIONS 1-7
REM Axle load equivalency factors
REM Program in two parts. Functl is the first three graphs,
REM using Eq. 1. Funct2 is the second three
REM graphs, using Eq. 2.
REM LlO - log base 10 function
DEF FNLlO(number) = LOG(number)/LOG(lO)
REM INV - inverse log base 10
DEF FNINV(number) = lO'number
REM Wl,W2,W3 dummy variables (simplify steps)
M = 19 :REM part of Wl. Made it easier to keep track.
Functl:
For L2 = 1 to 3 : REM cycle graphs 1 to 3
Lprint"Eq. 1 Graph L2 =";L2:LPRINT
REM loop for reading three PT and SN values for each
graph (Eq 1)
FOR I = 1 to 3
READ PT(I)
NEXT I
FOR I = 1 to 3
READ SN(I)
NEXT I
REM loop for six LX values (each line)
FOR I - 1 to 6
READ LX(I)
NEXT I
REM begin data analysis
FORK = 1 to 3 :REM loop for PT
GTl = (4.2-PT(K))/(4.2-1.5)
GT = FNLlO(GT)
FOR J = 1 to 3 :REM Loop for SN

TABLE 2 ESTIMATED RATIOS OF PAVEMENT DAMAGE COSTS TO USER
FEES ON THE BASIS OF FHWA (4) VEHICLE USER FEES AND MILEAGE
DATA FOR DELAWARE
Ratio,
(a)

(b)

Vehicle DE total

Vehicle

User fee

Axle loads,

cl.all

milil 1

per vm

k!P.i 2

62

12.5

4.96

96

12.5

7.68

103

12.5

96

5
6

2

4

10

with

Vehicle

Ratio

2-1.34

.00028

.0564

2-2.10

.00064

.0833

8.24

2-2.48

.00080

.09/0

1.

10

9.60

2-2.50

.00080

.0833

1.48

209

12

17.42

4.66,9.32

.0838

4.810

85 . 3

397

15

26.47

8.00,16.0

.702

26.52

470
514

\IS!']'.

foe

Glass

1.48

n

363

15

24.20

8.00,16.0

.702

29.00

806

25

32.24

10 . 0,T40.0

3.70

114. 8

2035

856

30

28.53

8 . 00,2-16.0

1. 36

47. 70

846

1632

60

27.20

8.58,17.14,

2.96

~

1927

08. 7

T34.28
11

2239

80

27.99

8.89,2T35.54

4.86

173. 6

3078

12

2201

80

27.51

8.89,4-17.77

3.42

124.3

2204

13

2239

80

27.99

8.89,T35.54,

3.74

133. 6

2369

. 00008

.0134

0. 24

2-17.77
14
1

19

3.2

5.94

2-0.41

Vehicle miles (vm) in thousands

T stands for tandem ~xle.
For all 14 vehicle classes, gross
assumed to be carried equally by all tires, i.e. single axles with
carry cwice the weight of single. axles with two tires, etc.
This
under-estimates the pavement damage done by vehicles with unbalanced
ESALs from Figs.
serviceability of 2 . 5.

weight is
four tires
assumption
loads.

ld and le for 10 in. rigid pavement with terminal
ESALs will differ somewhat for flexible pavements .

TABLE 3 ESTIMATED RATIOS OF PAVEMENT DAMAGE COSTS TO USER
FEES ON THE BASIS OF FHWA (4) VEHICLE USER FEES AND MILEAGE DATA
FOR ARIZONA
Ratio,

Vehicle AR total

Vehicle

~

user fee

mil.ll

with

(b)

(a)

User fee

Axle lo&ds,

v·ehicle

Ratio

Glass

1

165

12.5

13.20

2-1. 34

.00028

.0212

1

2

310

12.5

24.80

2-2.10

.00064

.0258

1. 22

3

520

12.5

41. 60

2-2.48

.00080

.0192

0.906

4
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10

28.60

2-2.50

.00080

.0280

1. 32

687

12

57.25

4.66,9.32

.0838

1.464

69.l

1115

15

74. 33

8.00,16.0

.702

9.444

445

1218

15

81. 20

8 . 00,16.0

.702

8.645

408

8

3061

25

122.44

10.0,T40.0

3.70

30.21

1425

9

2670

30

89.00

8 . 00,2-16.0

1. 36

15.28

721

10

4891

60

81. 52

8.58,17.14,

2.96

36.31

1713

11

11012

80

137.65

8.89,2T35.54

4.86

35.31

1665

12

11160

80

139.50

8.89,4-17.77

3.42

24.52

1156

13

11599

80

144.98

8 . 89,T35.54,

3.74

25.80

1217

. 00008

.00308

0.15

T34. 28

2-17.77
14

83

3.2

25.94

2-0.41
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B18 = .4 + (.081 *(19)'(3.23))/(SN(J) + 1)'(5.19)
LPRINT'LinePT,SN : ;PT(K) SN(J):LPRINT:LPRINT
LPRINT LX Wtx/Wt18 :LPRINT
FOR I = 1to6 :REM loop for LX
BX = .4 + (0.81 *(LX(I) + L2)'(3.23))/
((SN(J) + 1Y(5.19)*L2'(3.23))
Wl =FNL10(M)*4.79
W2=FNL10(LX(I) + L2)*4.79
W3 + FNL10(L2)*4.33
logDpoint = Wl-W2+ W3+GT/BX-GT/B18
Dpoint = FNINV(logDpoint)
LPRINT ;LX(I) Dpoint
NEXT I:REM Cycle to next point LX
LPRINT:LPRINT:LPRINT
NEXT J:REM cycle to next SN
NEXT K:REM Cycle to next PT
NEXTL2

B18 = 1 + (3.63*(19)'(5.2))/(D(J) + 1)'(8.46)
LPRINT'LinePT ,D : ;PT(K) D(J):LPRINT:LPRINT
LPRINT LX Wtx/Wt18 :LPRINT
FOR I = 1to6 :REM Loop for LX
BX = 1 + (3.63*(LX(I) + L2Y(5.2))/((D(J) +
1Y(8.46)*L2'(3.52))
Wl = FNL10(M)*4.62
W2 = FNLlO(LX(I) + L2)*4.62
W3 = FNL10(L2)*3.28
logDpoint = Wl-W2+ W3+GT/BX-GT/B18
Dpoint = FNINV(logDpoint)
LPRINT ;LX(I) Dpoint
NEXT I:REM Cycle to next point LX
LPRINT:LPRINT:LPRINT
NEXT J: REM Cycle to next D
NEXT K:REM Cycle to next PT
NEXTL2

Funct2:
For L2 = 1 to 3 : REM Cycle graphs 4 to 6
LPRINT Eq. 2 Graph L2 = ;L2:LPRINT
REM Loops for reading three PT and D values for each
graph (Eq 2)
FOR I= 1to3
READ PT(I)
NEXT I
FOR I = 1 to 3
READ D(I)
NEXT I
REM Loop for six LX values (each line)
FOR I= 1to6
READ LX(I)
NEXT I
REM Begin data analysis
FORK = 1 to 3 :REM Loop for PT
GTl = (4.5-PT(K))/(4.5-1.5)
GT = FNLlO(GTl)
FOR J = 1 to 3 :REM Loop for D

REM PT(l,2,3),SN(l,2,3),LX(l,2,3,4,5,6)
REM Graph 1, Eq. 1
DATA 2,2.5,3,2,4,6,2,5,l0,20,30,50
REM Graph 2, Eq. 1
DATA 2,2.5,3,2,4,6,10,20,40,50,60,90
REM Graph 3, Eq. 1
DATA 2,2.5,3,2,4,6,20,40,50,60,80,100

11

11 11
,

11

II

11 11

11

11 11

11

11 11
,

11

11

II

11 11

11 11

REM PT(l,2,3),D(l,2,3),LX(l,2,3,4,5,6)
REM Graph 4, Eq. 2
DATA 2,2.5,3,6,10,14,2,5,10,20,30,50
REM Graph 5, Eq. 2
DATA 2,2.5,3,6,10,14,10,20,40,50,60,90
REM Graph 6, Eq.2
DATA 2,2.5,3,6,10,14,20,40,50,60,80,100

Publication of this paper sponsored by Committee on Pavement Management Systems.
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Pavement Management Graphic
Reporting System Using Existing
IBM Hardware and SAS Software
BRUCE

T.

DIETRICH

The use of interactive computerized color graphics to communicate pavement information is becoming an important compo~ent of p~vement management systems. Multipurpose geographic
mformat10n systems have the capability of providing many of
these graphic needs. However, many of these systems come with
high price tags in terms of hardware, software, data communications, and training. In order to provide needed additional graphic
reporting capabilities at a minimum cost, the Florida Department
of Transportation is developing a pavement management graphic
reporting system that uses existing IBM hardware and SAS software: The system is accessible from any of several hundred graphic
termmals and personal computers around the state that are networked into the department's IBM 3090 mainframe computer.
The system allows users to interactively create color-coded geographic ma~s of. various pavement features on the state highway
system. It 1s dnven by menus and does not require extensive
computer experience to operate. The base map was digitized from
U.S. Geological Survey mylar quad sheets with state roadway
section identifications added during the digitizing. Pavement feature data that are selected for display are accessed from various
sources such as relational data base files, flat files, and SAS data
sets.
The Florida Department of Transportation (FDOT) is developing a pavement management grnphic reporting system
(PMGRS) to enhance the communication of pavement information within the department. After evaluating different
alternatives, it was decided to develop an in-house system
using existing software and hardware resources. FDOT currently has an IBM® 3090 mainframe with an extensive statewide communications network and has licensed the SAS software system since the early 1980s. SASlfBl is a widely used
end-user software system that provides fourth-generation programming language capabilities, as well as user interfaces,
statistical and other data analysis procedures, graphics, and
data base interfaces.
Although not providing all the multipurpose functions of
some of the commercially available geographic information
systems (GISs), the in-house PMGRS will provide the basic
function needed of providing color coded geographic maps of
pavement information. It will be available on FDOT's primary
computer network, on which many of the commercial GISs
will not run. If the need arises, the PMGRS is portable to
other computer systems because the SAS software system will
also operate on mini- and microcomputers.
Besides a greatly reduced cost and greater control over the
system, the mainframe-based PMGRS has additional advanPavement Management Office, Florida Department of Transportation, MS-32, 605 Suwannee Street, Tallahassee, Fla. 32301.

tages. It will require less training time because it uses computer systems with which pavement management personnel
are already familiar. Also, existing SAS programs and algorithms are easily integrated into the PMGRS system and the
powerful data analysis and user interface tools of the SAS
system become part of the PMGRS. The mainframe FDOT
corporate data also reside on the same -computer system as
the reporting system, which makes data access and updating
much more straightforward. These factors also allow for quicker
implementation of the PMGRS.
SYSTEM DESCRIPTION
Purpose
Like most departments of transportation, FDOT has an extensive data base of pavement information. In order to use
this information, engineers have traditionally used bulky computer printouts and manually maintained charts called "straightline diagrams" (SLDs). The printouts indicate the data values
by roadway identification number and mileposts, and the SLDs
provide a physical representation of roadway, so that the
mileposts can be related spatially to physical features such as
intersections.
The major purpose of the mapping portion of the PMGRS
is to improve this process by rapidly providing color-coded
maps to represent both the data values and their physical
location in a single graphic. This allows the engineer to concentrate on analyzing the information provided, rather than
spending a great deal of time deciphering computer codes and
flipping through printouts and SLDs.
Providing information in a more usable format, along with
other elements of the FDOT's pavement management system
(PMS), will allow for more efficient expenditure of pavement
funds. Florida has approximately 35,000 lane-mi of pavement
on the FDOT-maintained system and spends millions of dollars annually on pavement rehabilitation. If a graphic reporting system can make even a small improvement in the
efficiency of how pavement funds are used, it will pay for
itself many times over.
Map Selection Capabilities
The initial version of the PMGRS allows the generation of
maps containing information on pavement condition, traffic,
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and truck volumes, and on the resurfacing work program.
Additional types of information that can be displayed are
being added. The maps are selected through a series of userfriendly menus. The user selects the type of geographic area,
the type of pavement-related information, and the time period
desired for display. The available area selections include statewide, district, county, urban area, and roadway. Lists of county
and urban area codes are provided on the selection menus
from which the user may select. Figure 1 shows a county
selection screen.

How Map Information is Displayed

Variable message titles provided on each map indicate the
area and feature types and values selected for display. Because
the standard IBM graphic terminals have the capability to
display seven different colors, data values are represented by
four or five colors with blue and white reserved for county
boundaries and labels. Legends with color bars are provided
at the bottom of each map to indicate the data ranges corresponding to each color.
For pavement condition information, red is used to indicate
sections that are considered deficient and eligible for rehabilitation, with green representing sections in excellent condition. Pink and cyan (greenish-blue) are used to designate
intermediate-condition pavements. This order of red, pink,
cyan, and green is repeated for other information values so
that the user can consistently relate the colors to an ordering
of values. When five colors are needed, yellow is added as a
middle-value range. Figure 2 shows an example of a county
map that displays flexible pavement cracking ranges. (Crosshatching patterns are substituted for colors in this example
for clarity).

Annotations

Depending on the type of area selected for display, different
text and symbol annotation to the map is provided to help
explain the data and allow for more detailed selection. Because of the tremendous amount of information available re-
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FIGURE 2 Flexible pavement cracking for Bay
County, 1990.

garding roadway sections, trade-offs must be made between
displaying information needed in a readable size and not creating a cluttered graphic that is confusing or difficult to read.
At the district level, only county names and their FDOT
code numbers are displayed as annotations on the map. At
the county and urban area level, the county and section identification number for the roadway is displayed along with the
road number and its jurisdictional symbol, such as an Interstate shield. At the roadway level, mileposts at information
breaks are provided along with the road number.
These annotations are designed to provide enough information on one area map to allow a user to identify a nextlower-level area for a more detailed display. For instance, at
the district map level, a county name (and number) of interest
can be picked out for more detailed display at the county map
level.
All the annotations are generated and placed by computer.
In congested areas, some annotations fall on top of one another, which produces a screen that is difficult to read. To
circumvent this problem, the annotations are processed through
an algorithm to eliminate ones that would overlap.

command ===>
PRESS PF3 TO EXECUTE .

ENTER FDOT COUNTY NUMBER:
DIST
2
2
3
2
5
5
3
1
5
2
1
2
6

1
2
2
3

COUNTY

ALACHUA
BAKER
BAY
BRADFORD
BREVARD
BROWARD
CALHOUN
CHARLOTTE
CITRUS
CLAY
COLLIER
COLUMBIA
DADE
DESOTO
DIXIE
DUVAL
ESCAMBIA

NO.

DIST

26
27
46
28
70
86
47
01
02

5
3
3
2
1
3
2
1
1
7
1
7
6

71

03
29
87
04
30
72
48

4

3
3
'2

COUNTY

FLAGLER
FRANKLIN
GADSDEN
GILCHRIST
GLADES
GULF
HAMILTON
HARDEE
HENDRY
HERNANDO
HIGHLANDS
HILLSBOROUGH
HOLMES
INDIAN RIVER
JACKSON
JEFFERSON
LAFAYETTE

NO.

DIST

73
49
50
31
05
51
32
06
07
08
09
10
52
88
53
54
33

5
1
3
2
3
2
1
5
4
6
2
3
1
5
5
4
7

FIGURE 1 FDOT county number entry.

10-19 Deducts
> 24 Deducts

COUNTY NO.

LAKE
LEE
LEON
LEVY
LIBERTY
MADISON
MANATEE
MARION
MARTIN
MONROE
NASSAU
OKALOOSA
OKEECHOBEE
ORANGE
OSCEOLA
PALM BEACH
PASCO

11
12
55
34
56
35
13
36
89
90
74
57
91
75
92

93
14

DIST

COUNTY

NO.

7
1
2
2
4
3
1
5
5
2
2

PINELLAS
POLK
PUTNAM
ST. JOHNS
ST. LUCIE
SANTA ROSA
SARASOTA
SEMINOLE
SUMTER
SUWANNEE
TAYLOR

15
16
76
78
94
58
17
77
18
37
38

2
5
3
3
3

UNION
VOLUSIA
WAKULLA
WALTON
WASHINGTON

39
79
59
60
61
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Replay Options
After a map is displayed and terminated, the user is given a
menu of options that include replaying a previously created
map, selecting another area, or selecting another feature for
the same area. Other options include printing the data values
for the last selection or exiting back to other menus.
During a session, all graphics developed during the session
are kept in a temporary graphics catalog. From a replay window to this catalog, the user has the option to replay, plot,
or save to a permanent catalog any of the previously created
graphics. At the end of the computer session, the temporary
file is automatically deleted.
From the replay window, the user also has the option to
display up to four selected graphics on the same screen, or
to replay a zoomed portion of a graphic. Figure 3 shows an
example of four graphics on one screen.

analysis. The initial system can produce a performance history
graph for a selected project location back to 1976. Adding
performance forecasts and life cycle cost analysis capabilities
to the system is planned. These tools could then be used in
pavement rehabilitation alternatives analysis.

SYSTEM ISSUES

Considerations
As part of FDOT's overall pavement management implementation plan, the evaluation of reporting systems was an
important element. A subcommittee was appointed to review
the available options and to make a recommendation for implementation. The key items considered in this evaluation
were capabilities, costs, implementation time, training requirements, and data processing requirements.

Other Reporting Options
Capabilities
In addition to producing maps, the reporting system also has
the capability of printing the data values that are displayed
on the maps or producing other reports, graphs, and pavement

The production of color-coded maps of pavement information
was the primary capability desired for the system. However,
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the ability to produce reports and forecasts and to perform
analysis in a user-friendly environment were also important.
The color maps make an attractive display, but unless this
information is turned into a cost-effective product, it accomplishes little.
Many of the capabilities available through multipurpose
GISs were not considered necessary, or, in many cases, even
applicable to a PMS. Because of other considerations, updating the FDOT's roadway data base directly through a GIS
is not practical at this time . Therefore, to interactively click
on and edit a data base file, a primary feature of a GIS , is
not needed . Because only pavement-related data are being
displayed and analyzed, capabilities to analyze area-type data
such as land uses or property boundaries are also not needed.
FDOT already has extensive computer-aided drafting and design (CADD) equipment. This equipment was used for digitizing and identifying the roadway base map, so the digitizing
features of a GIS were also not a requirement.
There are some features of a multipurpose GIS that would
be useful for pavement management reporting but are not
currently available in the SAS-based system. These are the
ability to turn different information levels on and off without
leaving the basic map display and to click on sections of a
road and display its attribute values. Another feature that is
only partially available with SAS is the ability to window in
for a closer view of a selected area, and to dynamically move
along a roadway at the closer view.
Fortunately for the evaluation subcommittee, FDOT's
Planning Office had recently completed an evaluation of commercial GISs for use in reporting transportation planning information . In support of this effort, the Planning Office was
also in the process of digitizing the state's road system with
CADD equipment for use by a GIS system. The commercial
GIS selected by the Planning Office appeared to have the
capability of producing the maps desired, and, with other
software packages and data processing, could produce reports
for pavement management.
In evaluating the commercial GIS for use by pavement
management, a number of drawbacks were noted. These included high costs and the time and effort to implement it for
pavement management. It was decided to also investigate the
possibility of using existing SAS software on the IBM mainframe with in-house programming development as an alternative to the commercial GIS.

Costs
One of the biggest drawbacks to the commercial GIS for
pavement management use was the cost to make it available
to engineers throughout the department.
The hardware required by the commercial GIS included
minicomputers in each district and intelligent workstations or
a powerful personal computer for each user. There was also
the possibility that a separate communications network might
be needed to transmit data from the main data bases to each
district minicomputer. Each minicomputer hardware and operating system was estimated to cost $60,000 and the workstations from $7,500 to $10,000 each, depending on the
capabilities provided.
In contrast, the in-house system could make use of the
existing IBM mainframe and communications network and
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over 160 existing IBM graphic terminals. In addition, approximately 500 existing personal computers that are networked to the IBM mainframe have graphic display capabilities. If needed, additional IBM graphic terminals currently
cost $1,650 per terminal.
The GIS and related software had an estimated cost of
$72,000 for each minicomputer and $17 ,500 for each workstation. In addition to the purchased software, extensive inhouse software development would be required to transfer
and maintain data from the IBM data base to the minicomputers and to develop menus, displays, and reports on the
GIS workstations.
As mentioned previously, the SAS software system was
already licensed by the FDOT for other purposes, so no additional purchased software cost was required for the PMGRS.
The SAS products used by the PMGRS are base SAS,
SAS/AF®>, SAS/GRAPH®, and SAS/DB2®. The renewal
licensing fees for these products for the FDOT's IBM 3090
model 400E mainframe computer will be $22,450 in 1991. A
first-year license for a similar mainframe system would be
$51 ,200. Licensing fees will vary by the size and type of the
computer system, and include technical support from the SAS
Institute. Training is available at additional cost. In-house
software development of the PMGRS required approximately
i of a man-year by a professional engineer in the Pavement
Management Office and ! of a man-year by an engineer in
the Engineering Systems Section. Additional short-term technical support was provided by numerous individuals in the
Information Systems Office.
A major cost and time constraint in implementing a geographic referencing system is the production of a digitized
map with intelligence to it. The term "intelligence" refers to
a map's ability to relate its x , y coordinates to external data
referencing systems. As mentioned previously, this effort was
already underway to support the GIS for planning purposes.
Two additional design personnel were assigned to accelerate
this process.
The digitized base map will be maintained by planning as
roadway sections come on and off the state highway system.
This base map will provide the same geographical data source
both for the Planning Office's commercial GIS for planning
information and for the SAS-based PMGRS for pavement
management reporting. The availability of graphic reporting
by both systems should make the identification of data base
errors much easier. Through the reporting and correcting of
these errors, much more reliable data should result.
Implementation time was also a major consideration. Because of funding constraints, it is uncertain when sufficient
hardware will be available for pavement engineers in the districts to have ready access to a multipurpose GIS. Also, considerable software development and training for users and
systems operators would be required for the multipurpose
GIS.
Development of a prototype SAS PMGRS was begun in
October 1989 and was demonstrated in December 1989. Full
implementation of the system depended primarily on completion of the digitizing and editing of the base map, because
the hardware and data bases were already in place. While the
base map was being completed, additional fine tuning and
enhancement of the prototype PMGRS was carried out. Initial, field (beta) testing of the PMGRS was begun in September 1990 with full implementation announced in December
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1990. At that point, 97 percent of the digitized sections had
passed the required quality control editing criteria.
Initial response from users on the PMGRS has been positive. Most requests from users have been to add additional
feature information to the system. Other requests have been
to add additional detail to the maps, such as displaying the
entire road network when displaying project locations. Additional plotting capabilities have been requested, such as
plotting to scale on an existing county map, or transferring a
graphic map output file to a CADD system. Several other
offices have expressed interest in adapting the SAS mapping
technique to applications within their areas of responsibility.
The amount of training to develop, use, and maintain the
reporting system was also considered. The hardware and operating system used by the Planning Office's GIS is the same
as that used by the department's CADD system, so there is
considerable experience with it available. However, IBM
equipment is much more widely available in the department,
and has been in use longer, particularly by pavement engineers, many of whom arc not directly involved with the use
of CADD equipment.
The software for the Planning Office's GIS is new to the
Department, along with its database and report writing software. SAS has been in use by the department since the early
1980s and several engineers in the Pavement Management
Office have had extensive experience with its use. Numerous
programs to extract pavement data from the data bases, process this data, and produce reports and graphics have already
been written. Many of these were easily incorporated into the
PMGRS. A well-organized SAS users group is also active
within the department to share techniques and applications
from other offices and help train new users.
There are a number of application system modules of the
FDOT's PMS that reside on the IBM mainframe in the form
of application programs and data bases. The pavement condition survey, work program administration, and current-year
traffic characteristics systems are presently accessed by the
PMGRS. Other application systems that could potentially be
integrated into the PMGRS are the integrated contracts and
estimating system, construction quality reporting, roadway
characteristics inventory, deflection data, skid hazard reporting, accident reporting, maintenance management, and
traffic characteristics history and forecasts.
Because of their complexity, tieing these application systems together within one computer system is a difficult task .
Adding additional operating systems and distributed processing to the picture, as would be required with the commercial GIS, makes this process all the more difficult. The
SAS system provides good software tools for accessing data
in a variety of forms. This capability makes reporting and
correlating data from multiple systems much easier than with
conventional programming languages.
Currently, a major difficulty in accessing these application
systems at FDOT is that many of them use an IMS hierarchical
data base. This data base system was developed by IBM in
the early 1970s. Extracting data from multiple layers within
the hierarchical data structures can be difficult, particularly
when a large amount of interactive data updating is taking
place. FDOT is getting around this problem by copying extracts of the IMS data over to IBM's new DB2 relational data
base system. This data base is much easier to extract data
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from because of its relational qualities and not having as much
contention with data update transactions. The PMGRS uses
data from these DB2 extracts, rather than going directly against
the IMS data bases.

METHODOLOGY
Map Development
A key element to the PMGRS is the digitized and identified
(or tagged) roadway system base map. This map was produced
over an 18-month period through a major effort by the department. U.S. Geological Survey (USGS) 7.5-min, 1:24,000scale original mylar quadrangle sheets were used as the base
medium for digitizing. Florida encompasses 1,038 of these
sheets, which were purchased from the USGS at a cost
of $65,000. Original mylars were used to avoid changes in
size that can occur with paper maps because of humidity
variations.
Before digitizing, Florida roadway section identification
numbers and begin and ending points were manually annotated on paper copies of the quad sheets. This information
was obtained from SLD records maintained by the Planning
Office. Many nonstate system roads down to the major collector level were also annotated. A team of three to four
engineers was used to digitize the quad sheets, with a similar
number providing annotations, accuracy, and graphic quality
control checks. Approximately 2 man-years of effort was required for the annotation process and an additional 2 manyears for the digitizing and editing. This effort was spread
over an 18-month period, with other mapping projects interspersed during this period. Programming and systems support
was also provided by the engineering systems data processing
group for specialized graphic user commands, tagging, file
processing, and translation and systems support.

Referencing Systems
Geographic information in Florida is referenced by the FDOT
to its state plane coordinate system. Roadway pavement information is stored by roadway identification number, roadway side, and milepost. An effective graphic reporting system
must accurately tie these two referencing systems together.
Because of the shape of Florida, the state is divided into
three zones for its state plane coordinate mapping system.
This allows for more accurate projections of the earth's curved
surface to the two-dimensional map surfaces. As each quad
sheet was digitized, its corners were tied down to the state
plane coordinate system for its zone.
The digitized coordinates were then translated by computer
programs to latitude and longitude values on the basis of the
projection method used for each zone. The latitude and longitude values are then used by the SAS mapping procedures
to easily produce a map on graphic computer terminals .
However, to indicate pavement information on the map, a
relation between the roadway map coordinates and the roadway information referencing system must be made. This relation was defined during the digitizing process by identifying
or tagging each roadway graphically to its FDOT roadway
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identification number. The digitized points for each roadway
are stored sequentially from the roadway beginning point in
one or more graphic line string elements. Several line strings
are often needed when a roadway section crosses several quad
sheets that are digitized separately. A graphic user command
was written by the engineering systems group to place the
tags in the graphic elements. They also wrote C programming
language routines to sequentially connect multiple-line strings
for the same roadway section and to convert the tagged-line
string graphical elements into sequential files of latitudes and
longitudes by roadway. Error checks were also built into these
programs to detect and flag various digitizing errors.
Additional processing and error checking programs were
written by the Pavement Management Office, in SAS, to
process the sequential files of latitudes and longitudes. These
programs first checked the overall direction of the digitized
roadway against the direction listed in the mainframe data
base and flagged those that differed. The begin and end mileposts for each section were also extracted from the data base.
Starting with the beginning milepost obtained from the data
base, a milepost was calculated for each digitized point using
a trigonometric formula for the distance between points defined by latitudes and longitudes. These computed mileposts
were then stored in a SAS data file for use by the PMGRS.
The computed end milepost for each roadway was also compared to the end milepost from the data base to further identify digitizing, tagging, or data base errors.

create the statements WHERE COUNTY = '46' or WHERE
DISTRICT = '3' by assigning different values to the macro
variables.
An IBM mainframe relational data base and Structured
Query Language (SQL) statements are used by the PMGRS
to extract data that frequently change, such as the work program and roadway characteristics. These extracts are fairly
efficient. For data that do not change frequently, such as the
pavement condition survey, a SAS data set is used for even
more efficiency.
Some types of information that are to be displayed require
the merging of two or more data types. In order to merge or
join two different data files requires a common key in both
files. The FDOT stores its mileposts to the thousandths of a
mile, which makes it difficult to merge different files using
the milepost as a key. For example, a project's limits may be
recorded only a few thousandths of a mile different from the
condition survey limits so the logic to match the correct sections can get complicated when dealing with thousands of
records. An SAS macro program developed by the Pavement
Management Office to solve this problem has been incorporated into the PMGRS. The program searches all data files
to be merged and stores, by roadway, all milepost breaks that
are in either file. These breaks are then processed against the
original data files to create new records in each file, so that
each file has common milepost breaks for each roadway. The
files can then be merged by roadway and milepost with an
exact match of limits.

Modular Design
Map Processing and Dynamic Segmentation

A modular design was used for the PMGRS programs for
more efficient testing, documentation, and modification of
the system. The mapping modules can be broken down into
three basic categories: data extraction, map processing, and
map display. Many different types (or features) of data are
availaple about FDOT roadways, each with different data
base locations, descriptions, and value ranges. Locating these
data and displaying them in a meaningful manner require
separate modules for input and output of each feature. However, because each feature of data is tied to the same roadway
and milepost referencing system and uses the same base map,
the same map processing modules can be used for all features.

Data Extraction Techniques

As mentioned earlier, each feature requires a separate module
to extract it from its data base location and to put it in a
format for map processing. In addition to the many different
features that can be displayed, there are also different types
of geographic areas to select for display. Rather than create
another set of submodules for each area type within each data
extraction module, macro variables were used to customize
the extraction modules. Macro variables are variables that
can be assigned values through the user-interface menus and
screens, and then substituted as code in designated places
within other programs or modules. By using SELECT and
CRITERIA macro variables, the same programming code can
be used to select any type of area. For example, the macro
code WHERE &SELECT = &CRITERIA can be used to

After the roadway feature information has been extracted and
placed in a standard generic format, it is passed to the mapprocessing modules. The generic format consists of feature
records or observations that contain the roadway ID, roadway
side, beginning milepost, ending milepost, and up to six feature values that pertain to that section. Each feature observation is assigned a unit number and is then processed against
the base map file. Using an index or pointer file, each roadway
ID is located in the map file, and the map observations containing the coordinates of the digitized line are sequentially
searched to locate the feature begin and end milepost points.
Because the digitized map points will often not fall exactly
on the feature breaks, an interpolation routine is used to
create new points at the feature limits. This process of locating
varying length feature sections at run time is called dynamic
segmentation.
The SAS mapping procedure that is used by the PMGRS
is designed to indicate color-coded response values by unit
areas rather than by lines such as roadways. In order to get
around this problem, the line segment created for each feature
observation is passed to another module that converts the line
into a unit area. This is done by creating two points for each
line point and offsetting them. The direction of offset is determined by the roadway side value; the amount of offset is
determined as a percentage of the range of coordinate values
to be displayed. SAS's statistical procedures are useful in
quickly determining the range. Each unit area that is created
is assigned the same unit number as its corresponding feature
observation.
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As described before, annotations are added to the map depending on the type of area being displayed. The type of area
is stored as a macro variable and used to determine the type
of annotations needed. The only feature-dependent annotation that is used is the work program. In this case, the work
program item number is indicated rather than the roadway
ID. SAS statistical procedures are again used to determine
the coordinates at which to place the annotations. A search
algorithm locates and eliminates overlapping annotations.

The PMGRS maps can require from 10 to 100 sec of CPU
time to generate, depending on the geographical area and
feature selected. The actual clock time to generate a map
varies 1 to 5 min, with most maps taking from 1 to 3 min.
Once generated, a map can be replayed from a graphics
catalog in a few seconds, with a few seconds' additional
delay in remote locations ascribed to communications line
transmission.
As CPU capacity on the mainframe is inevitably used up,
response time will probably increase and other alternatives
may be needed.

Map Display

FUTURE DIRECTIONS

After the unit areas and annotations are created, they are
passed through an SAS projection procedure that converts
the latitude and longitude coordinates to screen coordinates
for display.
At this point, the generic map processing modules are exited and the customized feature display module takes over.
The feature type is also stored as a macro variable to facilitate
branching to the appropriate feature display module. The
titles, footnotes, and legends are customized in the feature
display module and the feature value ranges for each display
color are assigned. The SAS mapping procedure then automatically creates the legend boxes and determines the colors
for each unit area on the basis of its feature values.
After the map is displayed, it is saved in a temporary graphics catalog. The user is then given a menu option to replay
any of the graphics that have been created during the computer session. The replay window also allows the graphics to
be copied into a permanent catalog. If the terminal has a
plotter attached to it, a hard copy plot can be obtained. Multiple graphic displays on one screen or closer view zooms can
be selected by the user. These are created by use of the
SAS/GRAPH template facility. When the session is terminated, the temporary graphics catalog is deleted.

The first enhancement to the PMGRS will involve the conversion from SAS Version 5.18 to SAS Version 6.06, which
has recently been released. The new version should provide
some performance improvements and significant improvements in the user interface capabilities. Screens with user
selection lists that can be clicked on with a mouse will be
available, along with more screen control capabilities. These
improvements will make the inclusion of additional roadway
features and additional user options easier. SAS Version 6.06
will also operate on micro- and minicomputers similar to the
way it does on the mainframe. This capability will allow the
eventual partial distribution of processing of the PMGRS to
microcomputers without changing the basic user interfaces.
If CPU and response times become critical on the mainframe,
using microcomputers for some of the map processing, with
the mainframe acting as a file server, may become necessary.
Because the FDOT has adopted the roadway ID and milepost as its primary roadway data referencing system, other
roadway features can be added to the PMGRS just by creating
the data extraction and display modules. Also, because the
map processing code is fairly compact, other offices not necessarily involved with pavements could develop their own
menus and extraction and display modules, while using the
same processing code and base map.
As commercial GISs become more refined and hardware
becomes more uvuilublc, FDOT may want to reconsider them
for pavement management purposes. However, the SAS Institute is also developing additional mapping capabilities that
are similar to the capabilities of a multipurpose GIS. This
may be a more attractive route to follow.

Annotation

PERFORMANCE

Performance or the response time the user experiences is an
important factor in the usefulness of any computer system.
At the present time, the performance of the PMGRS is considered to be fair to good. The digitized base map consists of
approximately 200,000 points on 3,800 roadway sections. Only
part of these sections are on the state-maintained system, so
the actual working file for the PMGRS has been reduced down
to approximately 1,000 sections and 90,000 points. A line
density reduction procedure in the SAS software also allows
the use of fewer points as the area being displayed gets larger.
Performance can vary significantly depending on the mainframe computer operating system settings. Central Processing
Unit (CPU) time utilization on the FDOT's IBM 3090 is typically running at 65 to 70 percent of capacity, but some performance limitations have been experienced because of disk
access. A recent change in system temporary working file
allocations caused response time to double when the SAS
temporary files were written to disk rather than using virtual
memory. The temporary file allocations within the programs
were changed to avoid this problem.

CONCLUSION

FDOT's PMGRS is providing roadway information to pavement engineers in an easy-to-use format and in a cost-effective
manner. Pavement management is much more than just a
picture of what exists today. The PMGRS provides data analysis and reporting capabilities in addition to its graphic features. Providing these same features with a multipurpose GIS
may be a complex, expensive, and time-consuming undertaking. IBM hardware and SAS software are already available
in many agencies and their capabilities should not be overlooked.
Publication of this paper sponsored by Committee on Pavement Monitoring, Evaluation, and Data Storage.
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Development of a Statistical DecisionMaking Framework for the Field
Evaluation of Any Automated Pavement
Distress Measuring Device
Hos1N LEE, JoE

P.

MAHONEY, NEWTON

C.

A pavement condition survey is one of the most essential elements
of any pavement management system. During the last decade,
significant progress has been made towards automating pavement
distress survey procedures by use of advanced imaging technology
without human interference. The procedure of reducing the pavement video image into quantifiable distress data involves a number of steps that are difficult to quantify . The image processing
algorithms adopted for the pavements always need to be calibrated using the field data for various field conditions. Currently,
there is no simple and objective statistical procedure available
for equitably evaluating various automated devices on the basis
of resulting data. A basic statistical measurement model for estimating errors of measurement addresses, at least, the accuracy
and precision of automated distress measuring devices. Factors
that must be considered in any statistical decision-making process
include paired versus individual measurements, threshold versus
stipulated level of significance concept, and Type I versus Type
II errors. Because the statistical measurement model described
is general, it can be applied for evaluating any automated pavement distress measuring device.
A pavement distress survey is one of the most essential elements of any pavement management system. Pavement distress surveys usually involve visual examinations of pavement
surfaces. The information collected from this type of survey
can be used to document the overall condition of a pavement
network, evaluate the performance of individual pavements,
and help determine appropriate rehabilitation and maintenance strategies.
In the past, pavement distress data were normally recorded
on various forms and transferred to a central file for storage
and future use. Techniques to automate collection, storage,
retrieval, and analysis of these data are being developed and
refined. Several devices that use advanced technology such
as video imaging have been developed and are being considered for adoption by various highway agencies. The procedure
of reducing the video image of pavements into meaningful
distress data involves a number of heuristic steps that seem
difficult to analyze.
In recent years, several research projects were conducted
for evaluating several automated pavement data collection
H. Lee, Department of Civil and Environmental Engineering, Washington State University, Pullman, Wash. 99164-2910 . J.P. Mahoney,
Department of Civil Engineering, University of Washington, Seattle,
Wash. 98195. N. C. Jackson and K. Kay, Materials Laboratory,
Washington State Department of Transportation, Olympia, Wash.
98504.

JACKSON, AND KEITH KAY
equipments (1-3). Some previous studies applied subjective
criteria for evaluating the operational aspects of the equipment such as reliability, consistency, repeatability, usefulness,
and ease of data processing (4). However, they did not provide an objective procedure for evaluating the resulting data.
One study has recently demonstrated the difficulties in evaluating the equipment performance and identifying the presence and magnitude of various types of error involved with
the automated distress data collection process (5). There exists a need for a simple objective procedure that can be used
for evaluating any automated device used to conduct pavement distress surveys on an equitable basis.
The problem addressed in this study is to compare a new
automated distress measuring device against the existing one.
There is no theoretically absolute values against which the
new device can be calibrated. The main objective is to present
a statistical decision-making framework that can be used for
evaluating any instrument for collecting pavement distress
data. Statistical problems faced when evaluating new methods
and equipment against the existing ones are addressed.
Estimating errors of measurements are emphasized. A simple and objective statistical model is described. The selected
automated distress measuring device for this research, Pavedex PAS 1, and its field data collection procedures and statistical analysis results are described by H. Lee in a companion
paper in this Record. Statistical considerations necessary for
evaluating any automated distress measuring device are discussed .

MOTIVATION
For highway agencies such as Washington State Department
of Transportation (WSDOT) that have conducted visual pavement distress surveys for some time, a switch to a new system
could increase the cost and may create compatibility problems
with the previously collected historical data. Any such state
highway agency (SHA) that is satisfied with its currrent distress survey procedure would likely consider a switch only if
a substantial increase in accuracy and precision in distress
data would result from the new measuring system.
However, the situation could be the opposite, such that a
certain SHA is not happy with its current distress survey procedure and is looking for a new method of conducting distress
surveys. Any such SHA would consider a switch even if a
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small increase in accuracy and repeatability in data would
result from the new pavement distress measuring system.
Different situations currently existing in each SHA would
determine the magnitude of the errors that the agency would
be willing to tolerate in the statistical decision-making process.
The statistical evaluation procedure for a new distress measuring system should be designed to minimize the overall decision
errors with respect to either adopting or rejecting a new
system.
Usually, the sample data are collected from the field to aid
the highway engineer in any decision-making process. The
statistical parameters computed from the sample data are to
be used to test any decision hypothesis. The hypothesis to be
tested in this research project is simply whether the new automated distress survey system can measure the true distress
of the pavement as well or better than the old system.

significance tests for these estimators were provided (13,14).
Such a technique was applied to evaluating an automated
pavement distress measuring device.
Assume that two measurements made on each pavement
section by two different methods are denoted by X; and Y;,
where the subscript i stands for the ith pavement section in
a random sample. Let bx and by represent the average bias
errors for distress measuring devices X (new automated device) and Y (hand-mapping procedure), respectively . The t;
value is the true but unknown distress value of the ith pavement section and ex; and ey; are measurement errors and are
assumed to be independent and normally distributed with
mean zero. The basic statistical model can be written (11) as

PAIRED VERSUS INDIVIDUAL MEASUREMENTS

In comparing these two distress-measuring procedures, two
tests are of interest; one concerns the magnitude of the biases
bx and b)., and the other is random measurement errors ex;
and ey;· The unbiased estimate of the difference (bx - by) is
the difference between the average of all the measurements
by procedures X and Y. If the average bias of (bx - by) is
equal to zero, then the errors of measurements average out
to zero and the average observed value would be accurate;
but on the other hand, the measurements may vary considerably from one measurement to another. In order to determine the precision of the measurement, lhe amuunl of variation in the quantities of ex; and ey; should be examined (9).
In order to estimate the accuracy of an automated distress
measuring device the paired t test can be performed on the
differences between measurements by two different distress
measuring procedures. The theoretical sampling distribution
of the differences may be assumed to be a t distribution with
a mean of zero and standard deviation that is the estimated
slanuaru t:nur of Lht: difference (7). Por hypothesis test of
bias errors, the paired t statistic can be used to determine the
probability of Type I errors by finding the area in the ta:il of
the t distribution.
By making repeated measurements from the same pavement section many times, it can be assumed that there is no
bias in the measurements. This repeated sampling practice
would allow estimating standard errors directly, which is defined as the precision of the automated distress measuring
device. The problems of significance tests for judging whether
ex; - ey; values differ significantly from zero need to be further
investigated. For this research, a coefficient of variation that
was based on the repeated measurements by the automated
distress measuring device was adopted for precision definition. The results from the analysis of variance using various
sets of distress measurement data are presented by H. Lee in
a companion paper in this Record. The following sections
discuss the basic statistical decision-making concepts that must
be considered (but are often avoided) in most statistical
decision-making procedures.

Two sets of pavement distress data were collected from the
same pavement sections located around the city of Spokane,
Washington, by both the Pavedex PAS 1 device and the handmapping procedure for this research (H. Lee in a companion
paper in this Record). The hypothesis-testing procedure adopted
for the research used the differences between paired measurements instead of individual measurements. The two groups
of measurements, one collected by the Pavedex PAS 1 device
and the other by hand-mapping procedures, could not be
treated as independent because they were collected from identical sections. Therefore, paired-comparison methodology
seemed to be a logical choice for this study.
Furthermore, pairing would control the effects of the extraneous factors that could cause significant differences in
means and variances. Pairing will reduce the variance introduced by the extraneous factors and thereby increase the
power of the statistical test. By using maldn:u pairs, va1 iauilil y
of distress amount among a number of sample pavement sections can be made as small as possible (6). Another advantage
of pairing includes placing of fewer restrictions on the data
sets such that the samples need not be independent and two
separate populations need not be assumed to have equal variance (7,8).
STATISTICAL MEASUREMENT MODEL
Any measurements are composed of two parts; one is the true
value and the other is the measurement error. In general, it
is difficult to separate the measurement error from the true
value (9). For example, if the amount of longitudinal cracking
that is measured by Pavedex PAS 1 device is, say, 15 ft, then
it is not known what part of 15 ft is the error of measurement.
With such a single measurement, it is impossible to separate
an error of measurement from the true value. Precision can
be defined as a measure of the variation in the errors of
measurement (10). The automated distress measuring device
would possess the utmost in precision if all the errors of measurement were zero (or equal).
A problem in which two instruments are used simultaneously to make measurements has been extensively discussed
by several authors (9,11,12). A technique for separating measurement error from the true value has been presented and

THRESHOLD VERSUS STIPULATED LEVEL OF
SIGNIFICANCE
A hypothesis can be either accepted or rejected depending
on the level of significance (a) selected. The question is how
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close the sample average should be to be considered as the
same as the true value. The acceptance region for this true
hypothesis will be determined by the selected level of significance. Therefore, any hypothesis test should be properly
designed through consideration of different types of and a
tolerable amount of errors based on different levels of significance.
A natural question to ask at this point is, what level of
significance should be used? Common values that are most
often used in practice are 0.01, 0.05, and 0.10, but the rationale for the selection of a particular level of significance is
not usually discussed. For example, the level of significance
of 0.01 was used for evaluating nuclear density gauges (15) .
What if the level of significance was set at 0.05 instead of
0.01? There is no one universal answer to the question of
what level of significance should be used. Indeed, different
individuals including statisticians will select different levels of
significance for the same hypothesis test (16) .
One way to answer this question is to compute the threshold
level of significance that will just barely cause the hypothesis
to be rejected . Normally , in the past, the hypothesis tests
were conducted in three steps:
1. Determine the level of significance (say, 0.1),
2. Compute the sample statistics, and
3. Reject (or accept) the hypothesis.

This procedure is simple and straightforward. But, what if
the level of significance was set at 0.05 instead of 0.1? Then ,
the procedure must be repeated for any different level of
significance. For example, suppose the level of significance
was set at 0.1, the test was performed , and the hypothesis
was rejected. Suppose the threshold level of significance that
would just barely cause the hypothesis to be rejected is then
computed as 0.02. This means that even if the level of significance had been set at 0.05 instead of 0.1, the hypothesis
would still have been rejected. However, if the level of significance had been set at 0.01, then the hypothesis should
have been accepted.
Instead of determining whether the hypothesis should be
rejected for the stipulated level of significance, the threshold
level of significance was computed and used throughout this
research. The threshold level concept seems more complicated than the stipulated level of significance concept. But,
this approach allows the highway engineer to make the final
decision through easily asking what-if questions with regard
to different levels of significance. Furthermore, this computed
threshold level of significance will provide the highway engineer with the additional insight into how strong a conviction
should be held with regard to his decision (16).

ments when, in fact, it does not. The former is the Pavedex's
risk (called Type I error) , and the latter is WSDOT's risk
(called Type II error). Because making an incorrect decision
is always possible, it becomes desirable to compute the probabilities associated with those errors.
The probability of rejecting the null hypothesis when it is
true (Pavedex's risk) is denoted by a, and the probability of
accepting the hypothesis when it is false (WSDOT's risk) is
denoted by 13. In other words, a is the probability of Type I
error occurrence, and 13 is the probability of Type II error
occurrence (17); a is often called the level of significance.
The Type I and Type II errors are typically shown in Figure
1. Further, the distribution of both the null hypothesis and
the alternate hypothesis are schematically shown in Figure 2.
The area with horizontal lines in Figure 2 represents the probability of Type I error, and the area with vertical lines represents the probability of Type II error. As shown in Figure 2,
Type I error can be made only when the null hypothesis is
true as determined from the probability distribution of the
null hypothesis.
The Type II error can be made only when the null hypothesis is false, and requires the probability distribution of
the alternate hypothesis. The probability of Type II error is
difficult to determine because it only occurs when the true
mean is different from the mean of the null hypothesis. Therefore, the probability of Type II error varies with the magnitude of that difference. As shown in Figure 2, the probabilities
of Type I and Type II errors are in general inversely related,
i.e., the larger the probability of Type I error (a), the smaller
the probability of Type II error (13) (17) .
Assume that the hypothesis that there is no significant difference between two sets of measurements of longitudinal
cracking can be rejected with the probability of Type I error
Decision
Accept Null
Hypothesis
T

t
h

Reject Null
Hypothesis

Null
Hypothesis

correct
decision

error

Alternate

Type II
error

correct
decision

Hypothesis

Type I

FIGURE 1 Two types of errors in hypothesis
testing.
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TYPE I VERSUS TYPE II ERRORS

As previously discussed, the hypothesis testing method is to
choose a decision procedure so that there would be a minimum probability of making an incorrect decision (17). There
are two ways that errors can be made in evaluating the new
automated device . For example, WSDOT could conclude that
the new device (Pavedex) does not meet the accuracy requirements when, in fact, it does. In some cases, WSDOT
can conclude the Pavedex device meets the accuracy require-

Type I Error

Type II Error

FIGURE 2 Distribution of the null and
alternate hypotheses.
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of 0.13. In other words, on the basis of the sample data, the
longitudinal cracking data measured by the new automated
device are different from the data measured by the handmapping procedure and a Type I error could be made with
approximately 13 percent probability (i.e., this conclusion will
be wrong 13 times out of 100). If this probability of Type I
error seems too high , then accept the hypothesis that the
Pavedex device is as good as the hand-mapping procedure
with respect to longitudinal cracking.
Further, additional checks can be made with regard to the
hypothesis test. If the null hypothesis is to be accepted, then
the Type II error needs to be determined because this error
is the risk the WSDOT takes when accepting a false hypothesis. However, the probability of a Type II error is difficult
to determine because the probabilities vary with the mean
value of the alternate hypothesis .
However, if the mean of the alternate hypothesis is known,
the probability of Type II error can be obtained by computing
the area under the distribution of the alternate hypothesis for
the acceptance region as previously determined on the basis
of the stipulated level of significance. As an example, for
longitudinal cracking measurements, assume that the hypoth-

Null
Hypothesis
meanO
""'-....
s tandard tmur 4. 57 le et ~

Alternale
Hypothesis
/ m e a n 10feet

esis was accepted at the stipulated significance level of 0.10
(say, 10 percent probability of making Type I error allowed
by WSDOT) . The mean value of the alternate hypothesis is
assumed to be the 10-ft difference in measuring longitudinal
cracking. The Type II error can be computed by finding the
area under the t distribution function of the alternate hypothesis between the acceptance boundaries for the 0.10 level
of significance.
As shown in Figure 3, the computed Type II error is 0.32.
This Type II error seems too high; thus the decision to accept
the null hypothesis at the level of significance of 0.10 should
be cautioned. However, this Type 11 error can be reduced by
1. Assuming the mean value of the alternate hypothesis
would be more different from that of the original hypothesis
(e .g., assuming 15 ft of difference instead of 10 ft);
2. Increasing the stipulated level of significance (e.g., increasing the level of significance up to the threshold ex of 0.13
instead of 0.10); and
3. Incre.asing the number of samples.

For example, if the mean value of alternate hypothesis is
assumed to be 15 ft instead of 10 ft, then the probability of
Type II error is significantly reduced to 0.06 from 0.32, as
shown in Figure 4. In general, it is difficult to accurately
estimate the probability of Type II error, and it could be
reduced to an acceptable level as needed . Therefore, only
Type I error is considered in this study, like most other
statistical decision-making procedures used in practice.

Probabilily of

SUMMARY AND CONCLUSIONS

Type II Error
of 0.32

FIGURE 3 Probability of Type II error of 0.32 for
longitudinal cracking with mean of 10 ft for alternate
hypothesis.

The purpose is not to evaluate a specific pavement distress
measuring device about its operating characteristics but to
present a simple and objective statistical decision-making
framework for evaluating the relative accuracy and precision
of an automated distress-measuring device . The presented
statistical model is general , and can be applied for evaluating
any automated distress-measuring device. The rationale for
selecting the most appropriate statistical model for the problem has been discussed.
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In Linear Fool of
Longitudinal Crackitig
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FIGURE 4 Probability of Type II error of 0.06 for longitudinal cracking
with mean of 15 ft for alternate hypothesis.
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There always exist some measurement errors in any distress-measuring device. The overall decision as to whether
the measurement error is significant or not depends on factors
such as needs in the agency for the new survey method, the
type and amount of errors allowed, and the validity of sampling and data collection procedures. A valid statistical decision-making framework that can be used for evaluating the
accuracy and precision of any pavement distress measuring
device has been demonstrated.
Several devices that use advanced technology such as video
imaging have been developed and are being considered for
adoption by many highway agencies. However, the procedure
of reducing the video image data into meaningful distress data
involves a number of steps that are difficult to quantify. The
heuristic image-processing algorithms adopted for the pavements must be calibrated using the field data for various field
conditions. Therefore, the statistical decision-making framework described is timely and appropriate, and addresses an
important problem facing highway engineers who must evaluate alternate procedures for equitably evaluating various types
of automated distress-measuring device.
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