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Highway systems are deteriorating at a rapid rate due to
increased traffic loads and severe climatic conditions. In order
to keep these highways in good condition, maintenance and
repair strategies must be based on the precise understanding
of pavement conditions. Visual observations of pavement dis-
tress by trained engineers is the most commumon practice for
monitoring and evaluating pavement surface conditions. Since
pavement management needs are great, alternative methods
of data collection and evaluation are needed to manage the
data rapidly and accurately. In response o this need, the Jap-
anese were among the first to develop high-speed photographic
methods that successfully measure eracking and rutting. The
Japanese were also successful in the development of tield equip-
ment for longitadinal profile surveys made with a three-laser
sensor system. In a parallel effort, the development of an over-
all Road Surface (Pavement) Condition Xvaluation System for
Japan was begun in 1975. The application system was com-
bined with the field hardware to form an integrated system of
pavement performance modeling. In this paper, a typical appli-
cation of the road surface condition survey and data reduction
in Japan is discussed. An example of actnal use of the high-
speed photographic recorders for swrface distress and the lon-
gitudinal profile measuring device with three laser sensors is
presented,

Many pavement systems are deteriorating at a rapid rate due
to increased traffic loads and severe climatic conditions. High-
wiy agencies are now facing reduced budgets and a shortage
of experienced engineering staff. The combination of these
trends can create difficult operating requirements for the high-
way agency. Within the past few years, many of these agencies
have begun to implemeni pavement management sys-
tems (PMS) to help organize and manage their highway
infrastructure,

Most PMS require that a centralized database be estab-
lished as a repository for all information pertaining to the
highway system. This database is then used to provide infor-
mation which is used to improve management of the highway
network. Data such as geometric design information, accident
statistics, construction costs, and maintenance records can be
found in the database. All of this information is important to
the agency; however, some specialized data are more specific
for PMS, including pavement condition surveys, rut depth
measurements, longitudinal roughness, skid measurements,
deflections, and drainage.
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Considering the size and geographic distribution of highway
networks, it can be seen that data collection and management
can become an enormous task for a typical highway agency.
This paper discusses equipment which is available to collect
PMS data at normal highway speeds. The paper also discusses
a decision-analysis process which can be used to assess net-
work- and project-level PMS needs. At this time, only rutting,
tongitudinal roughness, and surface conditions fend them-
sefves to high-speed data collection techniques. Skid resist-
ance, drainage, and other parameters such as deflections do
not lend themselves to continuous data collection methods.
Consequently, they will not be addressed in this paper.

The equipment and data analysis techaiques that are
described in this paper were developed in Japan. Feasibility
studies and the design of the equipment began in the early
1970s. The system description in this paper is a summary of
the state of the art of the Japanese pavement management
system, Coneepts, equipment, and algorithins are appticable,
however, to any PMS.

PAVEMENT SURFACE CONDITION SURVEY
EQUIPMENT AND DATA REDUCTION

Field Survey Equipment

The field survey equipment is mounted on a single-survey
vehicle chassis. A major component of the data coliection
system is an automatic, photographic recording system which
is used for surface distress measurements. Distress types such
as cracking, patching, joint deterioration, and potholes can
be measured with continuous photo equipment. Qther photo
instrumentation {pulse) is used to measure rut depths. Non-
contact sensors are used to measure longitudinal roughness.
The complete field survey system is shown, in schematic form,
in figure 1. Since all of the measurement equipment is mounted
on a single vehicle chassis, the data collection can be done at
noxmal highway speeds. This is an advantage since the data
collection does not interfere with traffic flow. The data col-
lection is also much safer than manual data collection, which
often requires that a rater walk along the pavement or drive
at slow speeds.

Surface Distress with Photographic Recorder
The surface distress of the pavement is measured with a high-

speed photographic system. The recording system utilizes a
35-mm slit camera that continwously photographs the pave-
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ment surface. Pavement widths of up to 16 feet can be pho-
tographed in a single pass. This enables a travel lane and a
shouider to be filmed at the same time. A single roli of film
can capture approximately 37 miles of pavement for analysis.
The operating principle and configuration of the system are
shown in figures 2 and 3.

As can be seen in figure 2, an image, which is the size of
the slit, is formed on the film as the object is projected on
the film by the lens. The film speed is synchronized with the
vehicle speed so that a continnous photograph can be recorded.
The photo becomes an actual record of the condition of the
pavement surface. This type of record is very useful to the
highway engineer and administrator, because it can be used
to create digital information pertaining to the distress. The
photo also becomes a historical record of the pavement con-
dition. Pavement deterioration over time can be seen with a
series of plots.

The surface distress measurements are made at night, because
the pavement surface must be Hluminated to maintain a high
degree of photographic detail. Because the lighting is constant
(no shadows, for example), the various distress types can be
easily determined from the photos. A typical photograph of
a highway section is shown in figure 4.

Surface Distress Data Processing

The exposed film is processed by an automatic film processor
which develops, fixes, washes, and dries the film in one unit.
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FIGURE 2 Operating principle of photographic recorder for surface distress.
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FIGURE 3 Configuration of high-speed photegraphic recorder for surface distress.
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FIGURE 4 Part of continueus photo taken by
high-speed photographic recorder for surface
distress.
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The 35-mm film is then in acgative form, but it can be casily
developed on poesitive paper if needed. After the fiim is in
negative form, pavement cracking can be digitized,

Quantification of the cracking is performed by a grid-cell
method based on the images of ten magnification. The grids
can be imposed on the negative film as shown in figure 5.
Digitized data can then be used to develop a cracking ratio,
The cracking ratio (percent) and cracking index (in®) are
quantified by the following formulas:

Asphalt Pavement
Cracking Ratio = Crack Ratio (percent)
+ Patching Ratio {percent)
Crack Area (yd?)
Observed Area {(yd?)

Crack Ratio {percent) =

Area of Patching (yd?)
Observed Area (yd*)

Patching Ratio (perceat) =

Cement Concrete Pavement
Cracking Tndex (in/yd®) = (Total Length of Linear Crack
+ Arca of Patching x H0/1.G )

+ Observed Area (yd?)

Rut Depth with Photographic Record

Rut depth surveys can also be carried out at normal highway
speeds with photographic techniques. The system is designed
to identify photographically the sectional profile of the pave-
ment with a 35-mm. pulse camera. The pulse camera is mounted
on the front of the vehicle and operates as shown in figure 6.
The camera photographs hairline optical bars which are pro-
jected onto the pavement surface. The camera shutter and
hairline projector are synchronized according to the distance
covered by the vehicle.

In this projection transformation method, a straight dark
ling is projected at an angle of 26°33', Since the pulse camera
is mounted vertically, the distortions of the photograph line
are the rutting in the pavement. The operating principle of
the rut depth measurements is presented in figure 7.

Rut Depth Data Processing

The film taken with the pulse camera is developed by an
automatic film processor. A typical rut depth photo is shown
in figure 8, The rutting can have several definitions, depending
on the agency preference, as shown in figure 9. The rut depth
photos are enlarged to ten times the negative size and then
digitized. The complete sequence for the digitizing of the rut
depth information is presented in figure 10

Longitudinal Roughness Using Laser Sensors

Pavement longitudinal reughness is measured with three non-
contact laser sensors. This enables a continuous record of the



30

TRANSPORTATION RESEARCH RECORD 1190

0. b
lane park = * 4
O Alligaler cracking areg ST RS RRRpARRp SRR A AT n“. """"
LR
T meshes x 0,25 2 = 175 of
JN iy [
@ Linear eracking arsa %é) —
7 neshes x 0.5 a ~ £.05 of 'Li D o j Measuring vidth
@ Patehing area o / {3.5m)
4 meshes x 0.2 m = 1,080 of Lane
Cracking aroa {nf) ~ M + @ + @ },

= Hininue interpretation fenglh () -

FIGURE 5 Measurement of cracking area by mesh method.

an pulse canera

BrMeY) = -

Hatrline

projector

I dl (42}
I col &

= 100+ df (62}

e Btjalion{2)

cot@ =2 (0« 267 337
41 (42 : Measuremenl on pholo
i : Focal tenglh = [hon

1l + Photographing helght

FIGURE 6 Operating principle of high-speed photographic recorder for rutting.

Controb panel

Display pane!

3hist pulse carpra

i

Gear Camora e e
© -——m>‘ Encoder (kloneler troll o
0% controller T
Tracking whee! A ‘\
Power Lransforner Loens
AGZO0Y 3 DCZAY
Genaralor
AC200V | Pover source
ACZO0V Bistributer
N (igh vollagey
9. 0KV
N

e <)
fliriing ==

Projeclor

YIGURE 7 Configuration of high-speed photographic recorder for rutting,

longitudiral profile. The roughness measurement is also made
at normal highway speeds.

The operating principte of the roughness measuring system
is shown in figure 11. The three laser sensers are installed on
the vehicle 4.9 feet apart in the longitudinal direction. The
operation configuration is presented in figure 12. As can be
seen, the encoder detects the distance traveled and conveys
a signai to the input/output (I/O} controlier to gencrate basic
signals for equal interval data acquisition. Each time a certain
interval is covered, the IO controller and the system con-
troiler are activated to permit differential measurement from
the noncontact laser sensor. The differential measurements
are then processed. An example of the roughness data is

shown in figure 13. Longitudinal data are recorded on mag-
netic tape, which is then edited. The longitudinal roughness
is represented by the standard deviations for the unit pavement
sections.

Application System for Pavement Surface Condition
Data

The application system is designed to provide necessary infor-
mation for the effective implementation of pavement main-
tenance and rehabilitation programs. The analysis system effi-
ciently and effectively applies the read surface condition data
to the schedule of repair and rehabilitation treatments. [t



Taura et al,

S

i
i
P
i
f
i

FIGURE 8 Example of photo taken by high-speed photegraphic recorder for rutting.

consists of the three parts which are expiained further in the
following sections in terms of concept, methodology, and

present status of application.

Pavement Cendition Evaluation System

In the past, many evaluation formulas were often based oa
regression analysis. AASHO road test design equations and
the Japanese construction minisiry evaluation formula are all
based upon field experiments and statistical analysis. The
regression type of analysis requires a large rumber of sample
highway sections that are selected and evaluated for pavement
conditions. Ultimately, the engineer expects to use the eval-

uation formulas to predict performance of the pavement sys-
tem. Consequently, a relationship must be established to relate
the subjective rater evaluations to the mechanical measure-
ments of rutting, cracking, and roughness.

A long-term study was conducted in Japan to determine
the relationship between the vater and the data collected with
the equipment described above. Pavement evaluations were
visually made to rate overall pavement conditions in five cat-
egories (A, B, C, D, and E) with five numerical values (5,
4, 3,2, and 1). In general, these methods attempt to establish
relationships between the evaluation values and the data
obtained with the survey vehicle.

The first question concerning the relationship was whether
human judgment is discriminative enough to distinguish among
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as many as five levels of condition. The study involved the
one-pair comparison method, the Fayashi method, and the
multidiscriminant analysis. It was concluded that the multi-
discriminant analysis approach was the most rational method.
It was determined that it is beyond human capability to dis-
criminate rationally among five categories. Therefore, it was
decided to use three levels for condition surveys.

This final selection of three levels was based upon a Jap-
anese study involving fifty asphaltic, concrete pavement sec-
tions, which was used to form the basis for the development
of evaluation formulas and predictive models in Japan. A
panel of twenty-one expert highway engineers visually rated
the pavements and ranked them into five categories. The same
pavements were then evaluated with the equipment for rut-
ting, cracking, and roughness. The data were studied with the
multidiscriminant method. As is shown in figure 14, groups
C, D, and E overlapped and were indistinguishable from each
other. Therefore, in this study, it appeared more reasonable
to combine C, D, and E into one group, F. This resulted in
the formation of the three groups: A, B, and F.

Development of Performance Prediction Evaluation
Formula

In the development of accurate, overall evaluation formulas,
the reliability of visual observation by pavement ratios is a

Floppy disk
(3~ /21nches}

Printer

Floppy dlsk
O
(8inches)

Casselle
e e ]
magnelic tape
Xin + X3n
o= ~ X2n Fquation(3}

2
Xin : Dislance at Isl Sensor
X2n : Dislance at 2w Sensor
%3n : Distance al 3rd Sensor
n = Saapling Ko,
(ne1.2.8.4,...)

Lo:Reatualion il Length

FIGURE 11 Operating principle of measurement,



Tawra er al.

Laser sensors

| — controlier

Laser sensor

Operation

Panei

[ ! =]
Ly 1

T

1. e
() —{ G -

¥heel

AC220¥. 50112
9. 0KVA

Power Genaralor

33

CRT Display

(

I
o

I'toppy liskell

Printer

10 Coentroller

Casselie Magnelic
Tape #1

iSystem Control!er‘

N

Cassetie Magnetic

Tape §2

FIGURE 12 Configuration of jongitadinal profile measuring device.

critical factor. Consequently, there was a need to examine
the reliability of individual evaluation data. Individual visual
evaluation ratings were compared in terms of correlation ratios.
The ratings of inspectors with an cxceptionally small ratio
were deleted since they were considered unreliabie.

In the next step, these visual ratings were related to the
survey data on cracking, rutting, and longitudinal roughness
by discriminant analysis {as discussed earlier). The relation-
ship was then expressed as a polypomial. The formula, thus
developed by discriminant analysis, was then compared with
the one based on regression analysis. It was found that the
multidiscriminant method performed better in matching visual
ratings with manual data.

Example of Overall Evaluation Formula Development

Thirty-nine asphalt concrete pavement sections were studied
in Switzerland during an investigation of the Japanese system.
Eleven raters visuaily surveyed the pavement for overall con-
dition rating. Subscquently, the pavement was surveyed with
the equipment for cracking, rutting, and longitudinal rough-
ness. The following formulas were developed from the dis-
criminant analysis:

Asphalt Concrete Pavement

EVA = 5 — 0.0480X1 — 0.0279X2
- (L1257X3 — 0.0532X4

PCC Concrete Pavenent
EVA =5 - 0.1306X1 - 0.0378X2
— 0.2915X3 -~ 0.2229X4
where
EVA = General evaluation rating,
X1 = Cracking (percent),
X2 = Rutting (mm),

X3 = Longitudinal roughness (mm), and
X4 = Pothole (percent).

Visual ratings by individual inspectors were compared by
correlation ratios, as shown in table 1. It can be seen that

inspectors 3 and 9 had exceptionally low ratio values. These
ratings were determined to be biased and were, therefore,
deleted.

In the next step, the data from the remaining eight inspec-
tors were used for a discriminant analysis. A discriminative
distribution of the data is scen in figure 15, The data were
found to be distributed distinctly among A, B, and C.

The rates of matching (rates of samples whose categori-
zation of visual evaluation ratings matches those of the eval-
uation formula) were sought and compared with the rates of
matching obtained from the same data using an evaluation
formula based on regression analysis. The results show that
the rates of matching are higher for the evaluation formula
based on discriminant analysis (66.7%) than for the formula
based on regression analysis {60.2%).

Road Surface Condition Forecast System Model

To develop a forecast formula, road surface condition data
values as they relate to the factors that are accountable to
them were theoretically classified. The relationships, how-
ever, are actually extremely complex and almost impossible
to explain {as discussed above). Therefore, an attempt was
made to approximate a relationship by building & mathemat-
ical model that was simpie but accurate enough to be appli-
cable in a practical manner.

The model was constructed in the following manner.
Assuming an arbitrarily chosen road section, /, with a poten-
tial for deterioration, D, and that the load it receives for the
first year, a,, results in cracking, C,, their relationships are
expressed as

Cy = aD,

and similarly,
Ch, = oo,
G =«

for the second year

. oo D, for the j year

7
and further,
Cir = 00 . . - 0o Dy
therefore,

(j¢|—1 = LY;,,(iu

i
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TABLE | VISUAL EVALUATION DATA CORRELATION RATIO MATRIX

NO 1 2 3 4 6 7 8 9 10
1 | 1.¢00 lo.880 [0.779 [0.863 |0.529 [0.898 {0.908 | 0.797 [0.543 |0.690
2 | 0.870 |1.000 {0.743 |0.891 |[0.651 |0.817 |0.870 | 0.847 {0.5%3 |0.833
3 10.749 [0.733 [ 1.800 ;6.767 10.435 [0.569 |0.834 [ 0.852 |0.507 [0.64d6
4 |0.872 [0.920 | 0.842 [1.000 {0.5Y5 [0.870 [0.910 | 0.847 [0.4%5 |0.720
S G5 42 O 6T {00 5 Gt O 5P 6w 0P B B d 68 05 42055 86| Qrr it -G
6 | 0.889 |0.818 | 0.683 |0.871 [0.434 ({1.000 {0.857 | 0.705 |0.480 {0.714
7 | 0.908 |0.880|0.855 [0.917 |0.529 [0.829 [1.000 | 0.887 |0.461 | 0.690
8 | 0.790 |9.857 ;0.858 [0.882 |0.579 }0.712 |0.884 | 1.000 |0.591 | 0.638
9|04 T |- B 51 B | 4 OS5 6 — - 0555 6 - B4 46 |- D d 42~ |~ 04 57 | 10 § 0~} 0 7392

10 | 6.694 [0.870{0.659 [0.703 0.4T2 0.807 [0.694 | 0.634 |0.434 [1.000
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TABLE 2 COEFFICIENT a: ASPHALT PAVEMENT

Crack
Year(%) 0.0-0.9 1.0-9.9 16.0~19.9 20,0-29.9 30.0~
1 4.37 1.94 1.38 1.31 1.27
2 4.12 1.92 1.36 1.29 1.25
3 4.06 1.89 1.35 1.28 1.23
4 4.01 1.86 1.33 1.26 1.21
5 3.95 1.84 1.31 1.24 1.20
) 3.89 1.81 1.29 1.22 1.18
7 3.84 i.78 1.27 1.21 1.16
8 3.78 1.76 1.25 1.19 1.14
9 3.72 1.73 1.23 1.17 .13
10 3.67 1.70 1.21 1.15 i.13
it 3.6l 1.67 1.20 1.13 1.09
12 3.55 1.65 1.18 1.:2 1.08
13 3.49 1.63 1.16 .10 1.06
14 3.44 1.60 1.14 1.08 1.04
15 3.38 1.58 1.12 1.06 1.02
16 3.32 1.55 1.10 1.05 1.01
17 3.26 1.52 1.07 1.03
18 3.20 1.49 1.05 1.02
19 3.15 1.47 1.04
20 3.09 1.44 1.03

Coefficient « represents such factors as pavement structure,
traffic volume, years in service, and surface deterioration. Of
these factors, it can be assumed that traffic volume is, in
general texms, proportional to the number of years the road
has been in service and the deterioration as represented by
cracking.

The coefficient o was expressed by a two-dimensional matrix
of pavement structure, years in service, and cracking rate.
Forecast valies obtained from this table were examined, and
results showed that forecast values projected three years into
the future were good enough for practical application. Sim-
ilarly, forecast formulas were developed for rutting and lon-
gitudinal roughness.

In 1977, 423 pavement sections were surveyed in Japan,
and a matrix was developed for cocfficient « with respect to

cracking (tables 2 and 3). The values illustrated in tables 2
and 3 were used to forecast cracking rates for 1979, In 1979,
the same road sections were surveyed, and the survey results
were compared with the forecast values, as shown in table 4.
The results show a close relationship, which is acceptable for
practical application. The accuracy of the forecast formula
was tested several more times with similar results.

Application of Forecast Formula

When the field survey of road surface conditions involves
extensive lengths of pavements, in many cases, the entire
roadway cannot be analyzed at one time due to budgetary
constraints. In such cases, the entire road length can be equally



TABLE 3 COEFFICIENT «: CEMENT PAVEMENT

Crack

vens (310.0-0.9 | 1.0-9.9] 10.0-19.9 | 20.0-29.9 | 30.0-
1 3.70 1.63 1.25 1.18 1.14
2 3.68 1.63 1.24 1.18 1.14
3 3.67 1.62 1.23 1.17 1.13
4 3.66 1.62 1.23 1.17 1.13
5 3.65 1.61 1.23 1.15 1.12
6 3.63 1.60 1.22 1.16 1.12
7 3.62 1.60 1.22 1.16 1.11
8 3.69 1.59 1.21 1.15 1.11
3 3.59 1.58 1.21 1.15 1.11
10 3.57 1.57 1.20 1.14 1.10
11 3.56 1.57 1.20 1.14 1.10
12 3.54 1.56 1.19 1.13 1.09
13 3.53 1.56 1.19 1.13 1.09
14 3.51 1.55 1.16 1.12 1.08
15 3.50 1.55 1.18 1.12 1.08
16 3.48 1.54 1.17 1.11 1.07
17 3.47 1.53 1.17 1.11 1.07
18 3.45 1.52 1.16 1.10 1.06
19 3.44 1.52 1.16 1.10 1.06
20 3.42 1.51 1.15% 1.09 1.06

TABLE 4 ACCURACY ANALYSIS OF CRACKING FORECAST

(Asphalt Pavement}

Cracking
rate 5.0-14.9 15.0-24.9  25.0-34.9  35.0-
Item
Average (X) 8.05 18.64 29.15 40,39
Standard devi- -
ation of error (f) 2.84 2.87 4.87 3.45
d/x 0.35 0.15 0.17 0.09
Sampling size 179 30 12 14

(Concrete Pavement)

Rutting 5.0-14.9  15.0-24.9  25.0-34.9  35.0-
ITtem

Average (x) 3.55 17.04 30.65 38.83

Standard devi-~

ation of error ({) 2.59 1.84 1.32 3.68

g /= 0.30 0.11 0.04 0.09

Sanpling size 66 36 24 18




TABLE § LIST OF SECTIONS TO BE REPAIRED
NO  ROUTE NAME
1  ROUTE 16 (GUIDE LINE >= 1 L = 300m / 500m)
NO CP NAME DIS. KP L. CR PH RD S0 SR DEF EVA
10 KP151 100 500 7.2 0.02 16 3.7l 0.3% 1.54  3.75 100 6
10 KP151 600 594 1.6 0.00 23 2.85 0.67 0.82 3.86 100 6
1 KP146 0 500 9.5 0,00 24 3.35 0.29 0.73 3.68 100 6
1 KP146 2000 502 0.6 0.10 16 3.14 0.32 0.77 4.17 100 6
6 KP149 500 583 0.1 0.00 16 1.20 ©.65 1.61  4.38 100 6
7 KP149 1100 500 0.1 0.08 22 3.02 0.48 1.19  4.00 100 5
7 KP149 1600 508 0.8 0.14 19 3.38 0.08 1.41 4.00 100 5
13 KP152 200 500 1.1 0.02 21 2.29 0.8l 0.46  4.08 100 5
1 KP146 500 500 0.4 €.03 17 2.83 90.31  0.31 4,14 160 5
7 KP149 600 500 0.2 £.00 18 2.69 0.82 2.05 4.14 160 5
7 KP149 100 500 0.5 0.02 19 2.38 0.24 0.60 4.14 160 5
1 KP1l46 1500 500 0.0 0.00 13 1.64 0.50 0.50  4.43 180 5
1 KP146 1000 500 0.1 ©.02 9 2.34 0.87 0.87 4.45 60 3
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divided into three parts, so that surveying can be conducted
on one part while forecasting is done on the remaining two-
thirds. Thus, the entire length of the road is constantly and
conveniently monitored in one way or another.

In order for the highway agency to make the best use of
the limited funds available each year for pavement mainte-
nance and repairing, it is important for it to determine effi-
ciently and effectively the locations of highway sections which
require maintenance. The methodology vsed to identify such
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iocations consists of (1) ideatifying from the pavement surface
condition data those sections of the road that require main-
tenance and repair; (2) establishing priority for cach of the
road sections on the basis of overall evaluation data; and
(3) combining both of these technigues, which results in the
selection of the road sections for which maintenance and repair
will be conducted.

In order to facilitate this procedure, pavement performance
charts (figure 16) can be developed. Cumulative frequency
diagrams from overali evaluation data (figure 17), a list of
sections to be repaired, and a tabulation of everall evaluation
data (table 5) can also be developed.

CONCLUSION
Based upon this study, the following conclusions can be made:

1. Itis possible to photograph a continuous section of pave-
ment using a 35-mm slit camera. The photographs can be
digitized and a surface condition survey can be obtained from
the photos.

2. A pulse camera can be used to measure rut depths in a
pavement. The data can be digitized from the photos.

3. The surface condition slit camera and the pulse camera
can be mounted on a single vehicle with laser sensors so that
rutting, surface condition, and roughness can be measured at
highway speeds with one vehicle.

4, Visual conditions survey data can be related to field
measurements with a multidiscriminant analysis method, The
data can then be used to develop prediction formulas for
pavement rehabilitation and repair scheduling.
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