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Results of a 2-year study of cause-effect relationships involved in 
roughness of concrete pavements are reported. Data were derived both 
from analog traces obtained in each wheelpath within hours after con
crete placement on randomly selected pavements, and from qualitative 
observations of paving methods. Sampled construction consisted of 184 
sections of 1- and 2-lane pavement built under 62 different contracts 
with 8 different form-type finishing machines and 3 different slipform 
pavers. Statistical analysis was held to a minimum by uncontrolled 
interactions, but 5 factors were found to be common and outstandingly 
significant in relation to roughness throughout the contracts studied: 
(a) backing up of the last finishing machine, (b) absence of a float, (c) 
use of less than 3 screeds, (d) use of a crown section as compared to 
a uniformly sloping section, and (e) lane-at-a-time paving. Nine other 
construction phenomena producing roughness, common to many projects 
but found less frequently than these five, are also covered in some 
detail. 

•THE NEED TO MINIMIZE the roughness of concrete pavement during its placement 
derives from the established relationship of initial roughness to subsequent service 
life. Housel (1) demonstrated that most concrete pavements in Michigan increase in 
roughness at the same, fixed annual rate. The AASHO Road Test (2) produced proce
dures for computing the increase in roughness resulting from traffic and environment 
for many different pavement designs. Tallamy (3) applied Road Test concepts to the 
New York State Thruway, using an average of roughness measurements on unopened 
sections as an initial point, to predict the sequence of future pavement reconstruction. 
From these reports, it follows that the smoother that pavements are built, the longer 
they will serve traffic. 

Over the years, construction control of concrete pavement roughness has been the 
subject of several studies. The development of the profilograph used in this investiga
tion was reported by California (4). In 1968, Virginia (5) reported on bridge deck 
roughness measured with a 10-ftstraightedge that had been correlated to the BPR 
roughometer. Virginia's results were particularly important, in that this was the 
first time that deviations measured with a straightedge were related to roughness mea
sured with a device correlated to human response. The relationship of a profilograph 
(similar to the one used in this study) to the CHLOE profilometer used at the AASHO 
Road Test was explored by Texas (6). Together, these studies related initial rough
ness, as measured by various devic es, to the roughness limit at which pavements 
should be rehabilitated. 

Use of a 10-ft straightedge has been specified by New York since 1923 (7). It pro
vided adequate control when paving production was measured in feet per hour of one 
9- or 10-ft wide lane, because the inspector could take sufficient samples. However, 
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as production increased to feet per minute, while the number of samples per day re
mained constant, undetected roughness occurred. This problem became aggravated 
both by further increases in production with the advent of central-mix concrete and by 
simultaneous placement of multilane pavement. Thus, the proportion of pavement that 
could be inspected dropped drastically. 

Recognizing the increase in roughness resulting from this condition, New York tried 
a specification based on the BPR-type roughometer. However, this unit could not be 
operated until the pavement was 7 days old, and even then it could not pinpoint the lo
cation of roughness. Thus, it was found impractical as a quality control device. At 
this point (in 1967), the Engineering Research and Development Bureau was requested 
to investigate means of rapidly determining pavement roughness as soon as possible 
after concrete placement. 

Because of the urgent need for an early solution to this problem, attention focused 
on existing equipment for evaluating roughness . The California profilograph (here
after called the profilograph} was selected because it can be operated on the pavement 
within 4 to 6 hours after placing, is simple to operate, and provides a permanent rec
ord of roughness at a scale sufficient to permit identification of areas requiring re
medial action. California's method for reducing the analog record to digital data, 
given in Appendix A, was also adopted without change. However, no information was 
available on profilograph reproducibility, operator influence, analog-to-digital con
version errors, machine dependability, or the ability of the manufacturer to produce 
identical machines with interchangeable parts. It was therefore necessary to evaluate 
the profilograph sufficiently to determine machine or operator variances. Once this 
was done, the magnitude and causes of roughness were evaluated. 

Statewide paving schedules were obtained for the 1967 and 1968 construction seasons 
and an itinerary laid out for a 2-man crew to visit an average of 3 paving projects per 
week. No attempt was made to visit any specific project at a given time. The only 2 
controls over contract selection were that paving be in progress on 2 or more projects 
within about 30 miles of one another, and that a general statewide distribution of sites 
be maintained. The analog traces for each sample, comprising 1 day's paving on a 
project, were digitized and the results entered on punched cards, together with obser
vations on equipment and paving procedures. 

The first field work began late in the 1967 construction season and thus produced 
only 71 samples, an inadequate number for detailed analysis in keeping with this study's 
experimental design. By the end of the second season, a total of 184 samples were 
available from 62 contracts. Again, full ·evaluation of the results was impossible be
cause of the many interactions , widely different sample sizes, and the critical inde
pendent variables present in individual samples. However, the data were sufficient to 
permit testing of means and variances using standard statistical tests, when the as
sumption that each set contained equal percentages of all other independent variables 
could be verified. Various other analytical methods would have required a prejudg
ment of expected critical variables. Such prejudgments could not be made legitimately 
because of the scarcity of published information on cause-effect relationships. In this 
respect, the results of the present analysis are of immediate use in reducing rough
ness and in providing the knowledge required to make prejudgments in future work. 

DATA COLLECTION AND ANALYSIS 

The Profilograph 

The profilograph (Fig. 1) is produced by Cox and Sons , Sacramento, California. 
Snap-lock clamps permit one man to assemble the 3 main frame sections and support
ing components in about 10 minutes. The sections and components were found to be 
interchangeable with those of 2 other profilograph units produced in 2 other years . In 
327 miles of operation with this Bureau's profilograph, less than $ 50 was spent at 
local hardware stores for minor replacement parts. 

The permanent record consists of a continuous trace of roughness along the tested 
path. The amplitude scale is one-to-one and thedistancescaleis25fttotheinch. Point 
roughness can be easily located to the nearest foot by scaling. A manually operated 
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Figure 1. Profilograph assembled and disassembled . 
Figure 2. Profilograph traces and transparent 

templates used in data reduction. 

event pen is available to denote stations, joints, or other references to facilitate relo
cation of points of interest. The analog trace is rapidly reduced to a digital value us
ing a long plastic template, and a square template is used to detect isolated point rough
ness; both are shown in Figure 2. Digital data are expressed in inches per mile as 
detailed in the procedure given in Appendix A. 

Site Selection and Field Procedures 

Pavement sections were selected in a manner that attempted to minimize bias in 
estimating the variance contributed by specific equipment trains, contractors, projects, 
or other features that might prove to be significant influences on pavement roughness. 
The department's 10 regions readily furnished tentative paving dates for all projects. 
From this information, a map was prepared and projects selected to provide maximum 
statewide coverage. 

The ideal experimental situation was selection of 5 projects within a 30-mile radius 
for inspection in a given week. The 2-man profilograph crew would then spend one 
afternoon watching and recording paving operations at one site. The following morn
ing, they would measure roughness in every wheelpath, generating a permanent pro
filograph trace. The project site sample usually constituted about 0.2 mile of pavement, 
either 1 or 2 lanes wide. The operators would then continue to the nearest of the re
maining 4 jobs. For the next 2 weeks, they would visit new areas with the intention of 
returning to each area and each job on an average of once every 3 weeks. No advance 
itinerary of the profilograph team was released. After each season ended, a few sam
ples were taken from pavement placed between the dates when operations were re
corded to be sure that no bias arose because of the profilograph's presence. 

The original intention of obtaining from 5 to 10 samples from many projects was 
achieved. Many more projects, however, yielded only 1 to 4 samples. A few projects 
were also tested for their entire lengths to furnish specific information not available 
in smaller samples. Two of these were tested throughout their lengths with a 10-ft 
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straightedge, and the results were compared with similar data scaled from the pro
filograph tapes. 

Paving Operations and Equipment Encountered 

Five slipform projects were evaluated a total of 20 times, and 57 conventionally 
formed projects 164 times. Slipform pavers included those manufactured by Guntert
Zimmerman, CMI, and REX. Form pavers were Heltzel, Koehring, REX, Blaw-Knox, 
Jaeger, Lewis, Flexible Road Joint Machine, and Maxon. The last 4 machines were 
encountered on only 1 to 4 jobs. The Guntert-Zimmerman was observed placing con
crete on processed gravel, soil-cement, and asphalt-stabilized bases; the REX slip
form was observed only on asphalt-stabilized base ; and all other data are from pave
ments on gravel base . Paving trains were evaluated that had both 1 and 2 finishing 
machines, with 2 to 5 screeds, and with and without a pan float. The CMI slipform 
was the only train to place single-course pavement with vibrated-in-place mesh; all 
others were 2-course. The most frequently used spreader was the Maxon. The 
Guntert- Zimmerman, however, dumped bottom course concrete directly on the grade 
from dump trucks. Central-mix concrete was most frequently used, transported in 
dump trucks without baffles in Maxon side dumps and in transit mix trucks operated as 
agitators. Ten contracts used paving mixers. 

All slipformed pavement was placed full width, but formed pavement was placed 
lane-at-a-time, two-at-a-time, and two-plus-one. Both constant cross-slope and 
crowned tangents were observed. Geometric factors evaluated, in addition to the nor
mal crowned section, were constant cross-slope tangents and curves, cross-slope 
transitions, and variable-width pavements. On specific projects, roughness
contributing factors evaluated included drainage structure inlets cast into the pave
ment and frequent interruptions introduced by bridges (but not bridge deck roughness). 
Contracts ranged from secondary highways on new locations to highly complex urban 
Interstate reconstruction. 

Data Reliability and Limitations 

General Data Characteristics and Limitations-The data were not suitable for rigor
ous analysis because of the numerous interacting variables and widely different sample 
sizes. However, it was possible to use some statistical tests on the various indepen
dent variables (taken one at a time) . Thus, frequency distributions were prepared for 
the presence and absence of each independent variable, and the average, variance, and 
standard deviation were computed. When the variances were statistically similar, the 
means were tested at the 1 percent level of significance. 

The data are presented as pairs of histograms (Fig. 5) and as both histograms and 
percentage probability plots (Fig. 7). The percentage probability plots eliminate the 
effect of different sample sizes, which obscure the trends depicted by the histograms. 

An assumption that must be made and tested when analyzing paired data is that the 
difference being tested is truly due to the defined variable and not the effect of other 
interdependent variables distributed among the 2 groups being tested. This assump
tion was applied in screening and selecting samples for analysis. Sample sets of less 
than 30 generally failed to meet this constraint and are not included in the analysis, 
even though intuitively a difference should exist. 

Trace Reproducibility-The profilograph was tested for trace reproducibility by 
making 25 forward and 25 reverse runs over the same 0.2-mile section of concrete (2 
template lengths). Manual data reduction errors, discussed later, precluded the use 
of this method of reproducibility testing. Because no optical reduction instruments 
were available to provide exact trace conversion to digital form, the traces were over
laid in sequential sets of five on a light table, and no measurable differences were 
found in either the forward or reverse directions. No reproducibility errors could be 
introduced by changing operators or by interchanging major components, such as the 
recorder or truss sections from 2 other profilographs built in 2 different years. It 
was concluded, therefore, that the profilograph was a reproducible measuring device. 
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Testing the Data Reduction Process-Data analysis centered on 2 forms of testing: 
(a) determining the reproducibility of data reduction, and (b) determining the relation
ship of the data to the specified roughness limit of 1/a in. per 10 lin ft. 

Manual conversion of the analog trace to a digital value of inches per mile proved 
to be the source of greatest error, as shown in Appendix B. From Tables 2, 3, and 4 
in Appendix B, it would seem that the standard deviation of the data reduction process 
can be expected to stay within about 0. 5 in. per mile on very smooth pavements (5 in. 
per mile or less), and to less than 2 in. per mile on all others, with matching ranges 
of 1 and 5 in. per mile respectively. Thus, the present method of data reduction is 
judged adequate for the intended purpose. 

Comparison of the Profilograph and Straightedge 

Another test of the data reduction process involved comparison of profilograph rec
ords with those obtained by the department's specified 10-ft straightedge method of 
measuring deviations exceeding the 1/a-in. limit. The data for this test cons isted of 
straightedge records and matching profilograph traces for both (a) the centerline plus 
each wheelpath of a 1-lane, 0.22-mile long ramp, and (b) the wheelpaths of 1 lane in 
each direction on 3.24 miles of divided, 4-lane pavement. The ramp straightedge data 
given in Table 1 indicated about 25 percent more vertical displacements than did the 
traces. However, on the longer, main-line pavement, over 50 percent more points 
were found by the profilograph than the straightedge presumably because of the fatigu
ing effort of checking about 13 miles of pavement. The time required for the straight
edge measurements is not available ; it took 2 days for 2 men to profilograph both pave
ments and 5 days to reduce and check the tapes. 

For 2 reasons, the 25-ft profilograph and 10-ft straightedge should seldom agree. 
First, the straightedge cannot readily detect bumps, but the profilograph produces a 
trace clearly delineating both depressions and bumps. Second, the response of both 
devices to roughness is a function of their lengths and of the length of the waveform 
generated by the paving process. Thus, Figure 3 shows that both devices indicate 
twice the actual roughness for all pavement wavelengths equal to odd fractions of their 
lengths (25 and 10 ft), and zero roughness for all even fractions. Further, their re
sponse to wavelengths exceeding their own length decreases by one-half for each addi
tional multiple of their length. Similar plots for the BPR roughometer and the General 

TABLE 1 

ROUGHNESS AT TWO SITES USING DIFFERENT MEASURING DEVICES 

Vertical Displacement, in . 
Trace 

¼ '/., '!, 5/iG % 7/46 ½ '/., 3/, 11/26 Other Total 

Ramp Pavement 

1 Profilograph 33 26 13 4 5 82 
Straightedge 17 26 35 3 11 5 3 3 104 

2 Prolllograph 24 22 14 17 3 80 
Straightedge 31 29 24 11 2 99 

3 J>rQlilogrnph 26 21 12 9 4 1 74 
Straightedge 15 25 36 4 11 5 3 4 104 

Main-Line Pavement 

1 Prolllograph 486 236 80 32 7 3 844 
Straightedge 443 53 18 7 2 523 

2 
Prolilograph 453 201 98 20 14 4 2 792 
Straightedge 495 116 60 2 672 

3 Profilograph 511 257 100 44 11 3 2 930 
Straightedge 330 56 21 8 2 417 

4 J>rofllog rapll 521 219 65 17 3 2 828 
SLralghlcdjtc 343 68 24 6 441 



20 

Motors profilometer (10) show that the lat
ter unit is the only device with true re
sponse. These last 2 devices obtain their 
better frequency response from a reference 
generated by complex electronic circuits, 
rather than a fixed, finite-length structure. 

The profilograph was also compared 
with a BPR-type roughometer. Both de
vices made test runs of identical length in 
the same wheelpaths on the same project. 
The profilograph traces were run the day 
after paving, and the roughometer runs as 
soon thereafter as possible, with the re
sults shown in Figure 4. The indicated 
lack of correlation is contrary to implica
tions in the literature. It can only be ex
plained by noting the differences in re
sponse shown in Figure 3. Neither device 
has been correlated with driver acceptance 
of concrete pavement in this state. How
ever, both devices have been so correlated 
independently elsewhere. Thus, both are 
assumed to produce an output related to 
driver response and therefore to each 
other. 

Summary 

In conclusion, it was found that the pro
filograph is suitable as a construction con-
trol device for monitoring concrete pave-
ment roughness within hours after place-
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ment. The permanently recorded output is exactly reproducible and can be reduced 
from analog to digital form by trained personnel with an acceptable error. The absence 
of correlation between the profilograph and roughometer is accepted as predictable 
from their respective frequency response curves. 
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DISCUSSIONS OF RESULTS 

Sample and Contract Roughness: 
1967-1968 

A sampling of roughness built into newly con
structed concrete pavements in New York State 
in 1967 and 1968 is shown in Figure 5. Two pairs 
of histograms are shown, the first averaging all 
daily test runs in each of the 2 survey years with
out reference to contract or project, and the sec
ond averaging by contract regardless of number 
of test runs per contract. Of particular interest 
in the case of average test roughness are the 
highly significant 25 percent reduction from 1967 
to 1968 (from 23.8 to 17 .9 in. per mile) and 33 
percent reduction in standard deviation (from 
13.7 to 9.2). These reductions were not accom
panied by a similar change in overall average 
contract roughness (also shown in Figure 5), al
though the 34 percent reduction in standard de
viation (from 12.8 to 8.5) is significant. The im-
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plication is that individual projects decreased in number of rough pavement sections 
placed, but for various reasons (to be discussed later) no significant shift occurred in 
overall job performance. However, it should be noted that the causes of roughness 
were not yet defined in 1968, so no corrective action could yet be taken. 

The influence of the contractor is shown in Figure 6, where annual averages are 
plotted for the contractors visited most frequently in this study's 2 seasons. Contrac
tors F, G, H, and I demonstrated that smooth pavements can be placed consistently 
even in the absence of a roughness specification. Contractor D used a new paving train 
during 1968. Extensive equipment repairs and modifications are believed responsible 
for the reduced roughness found for contractor B in 1968. No reason is known for the 
increased roughness produced by E, the continued poor performance by C, or the ex
treme roughness produced by A using a late model slipform on an asphalt-stabilized 
base. 

Factors Influencing Roughness Throughout the State 

Five factors influencing roughness were r eadily identified when the combined 1967-
1968 data were analyzed as discussed previously: (a) finishing machine backup , (b) 
presence or absence of float, (c) number of screeds, (d) crown versus constant cross 
slope, and (e) paving width. 

Finishing Machine Backup-Backing up the finishing machine in conventional paving 
to produce the required multiple passes of the screeds has been standard practice. 
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However, as Figure 7 A shows, 
obtaining a smooth pavement (one 
with little detectable roughness) 
is very difficult. The probability 
plot accompanying the histogram, 
showing the same data as percent
ages, quite vividly demonstrates 
the effect of backing up if any 
given set of roughness criteria 
are to be met. For example, if 
it is assumed that pavement must 
be ground smooth when the rough
ness exceeds 12 in. per mile and 
removed when it exceeds, 30, con
tinued backing up would result in 
removal of 20percent of the pave
ment and grinding of 73 percent 
more. Corresponding values for 
not backing up would be 0 and 64 
percent. 

Presence or Absence of Float
A simple pan float hung behind the 
finishing machine produced the 
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reduction shown in Figure 7B. Using the same limits just mentioned, 20 percent of the 
pavement would be removed and an additional 76 percent would require grinding, if the 
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float is not used. Conversely, using the float would result in removing only 10 percent 
and grinding 70 percent. However, by separating data samples into the smoothest and 
roughest combinations (Fig. 7C), the former would result in no pavement removal and 
grinding less than 40 percent. On the other hand, the latter would require removal of 
20 percent of the pavement and grinding the balance. Unfortunately, data are insuffi
cient to continue this type of cumulative-effect analysis for the next 3 statewide phenom
ena discussed. 

Number of Screeds-For many years, New York State paving specifications have re
quired the use of 1 finishing machine with a minimum of 2 screeds. However, some 
regions have required a minimum of 3 screeds and others a minimum of 2 finishing 
machines with 2 screeds each. Further, some contractors have paving trains includ
ing as many as 6 screeds. It was therefore essential to determine the optimum com
bination. As Figure 7D shows, 3 screeds appear to be adequate, and 4 to produce 
rougher pavement; however, the difference is so small that it could well represent the 
previously discussed analog-to-digital conversion error and thus should be ignored. 
Insufficient data were collected on the other combinations, which thus are not included. 
One interesting fact that came up during review of multiple-finishing machine trains is 
that neither ability of the operator, mechanical condition, nor method of operation of 
the first machine had any significant effect on roughness. For example, one train ob
served several times producing smooth pavement had a very poorly maintained, badly 
worn-out old finishing machine, run by an inexperienced operator, followed by a new 
machine run by an experienced one. The first machine frequently had to back up and 
always moved at an erratic pace with frequent stops, while the second never backed up 
and always maintained a uniform pace. The first machine was subsequently rebuilt and 
assigned an experienced operator, without significant effect on pavement roughness. 

Constant Cross Slope-Since the advent of multiple-lane paving, the contribution of 
the crowned cross section to roughness has been frequently discussed. Figure 7E shows 
the difference between the normal crown and a constant cross slope on tangent align
ment. Here again, this one change would result in removing no pavement and grinding 
less than 40 percent to meet the previously discussed limits. Another significant point 
is that the roughest traces were obtained on projects where the contractor tried hard
est to obtain a peaked crown. Transitions had an average roughness of 22.4 in. per 
mile-not significantly different from crowned tangents-but the variance was signifi
cantly higher. However, transitions were 66 percent rougher than tangents with con
stant cross slope and 25 percent rougher than superelevated curves. The implication, 
therefore, is that the methods used to adjust a finishing machine from 1 section to an
other require considerable improvement. 

Paving Width-The earliest cause-effect relationship detected during this study was 
the cumulative roughness resulting from lane-at-a-time paving. Figure 7F shows the 
highly significant 41 percent average increase in roughness for the second lane of a 2-
lane roadway, using single-lane rather than full-width placement. Similar increases 
are encountered for all successive lanes. Thus, the third lane of a pavement placed 
lane-at-a-time will be about 80 percent rougher than the first. 

In summary, 5 factors were found responsible for pavement roughness throughout 
the state: backing the finishing machine, absence of a float, too few screeds, using a 
crowned cross section, and lane-at-a-time paving. Unfortunately, the data were in
sufficient for analysis of the total combined effects of these variables. However, 
avoidance of the first 2 factors showed that extremely smooth pavement could be pro
duced even with the other three present. Thus, it is hypothesized that avoiding all 5 
factors would ensure pavement of minimum roughness. 

Factors Affecting Roughness on Single Contracts 

Random occurrences of roughness should be expected on individual projects. The 
causes are legion. Some of the more significant encountered during this study are 
discussed next and were given special attention in the 1969 construction season. 

Base Course-The type and roughness of the base material over which concrete 
pavement is placed have long been thought to influence final roughness of the riding 
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surface. In this regard, some question has remained as to the effect on roughness of 
the 12-in. beneficiated gravel base generally used in New York. Unfortunately, the 
absence of statewide use of treated bases precludes full-scale comparison. However, 
2 contracts having such material were encountered and illustrate that presence of such 
material does not necessarily guarantee smoother pavement because other factors may 
exert more influence. 

The first contract had several replicate sections of 8 in. of gravel, covered with (a) 
4 in. of beneficiated gravel, (b) 4 in. of soil-cement, or (c) 3 in. of asphalt-stabilized 
base. The 8 gravel, 4 soil-cement, and 18 asphalt-stabilized sections had averages 
of 5.22, 6.88, and 2.59 in. per mile respectively and standard deviations of 3.74, 3.62, 
and 2.59. Although the asphalt-stabilized sections were numerically smoothest, the 
differences were not statistically significant. Further, the tendency of asphalt base to 
be associated with smoother pavement was not verified. 

The second contract had 4 in. of bituminous-stabilized base over 8 in. of gravel 
throughout. Based on measurements made on pavement placed on 6 different days, 
average roughness was 40.22 in. per mile, with a range of 11.8 to 92.2 making it the 
roughest placed in the state during the study's 2 years. 

Apparently, such extremes in roughness can be attributed to no one condition. 
Rather, the differences are believed to represent combinations of all parameters op
erating at their respective limits. However, from the first project, it does appear 
that special base courses might warrant further testing. 

Supervision-Figure 8 shows one project on which the only change in operations was 
replacement of the paving train foreman between August 1 and 7. All other personnel 
and all equipment remained constant. The paving was 24-ft wide Interstate on new lo
cation. By July 3, the foreman was quite interested in reducing roughness. The fol
lowing 4 tests show he was able to do so consistently. Unfortunately, his successor 
never was able to achieve the same control, although he did manage to equal the initial 
tests. An important point here is that, if the previously discussed roughness limits 
had been in effect, all pavement placed after August 1 would have required grinding. 

Concrete Mix-The combined effects of a harsh mix and backing up the finishing 
machines are shown in Figure 9. This was formed, 2-lane pavement placed with 2 
finishing machines. From data collected for this train on other contracts, a roughness 
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average of about 11 in. per mile could be ex
pected. However, the operator of the last fin
ishing machine was backing up on October 22 
at his own discretion. When the effect of back
ing up was pointed out, it was stopped. Then it 
became obvious that the finishing machines were 
having trouble because of the harshness of the 
mix. A 5 percent r eduction in the quantity of 
2- and 2½-in. stone brought roughness down to 
a respectable level. 

Transverse Joints-The contractor has the 
option of either forming or sawing transverse 
contraction joints at the specified 60 ft 10 in. 
spacing. Figure lOA shows results of poor 
hand finishing; in this case, every joint is con
tributing 0.1 to 0.3 in. of roughness. Fortu
nately, not all joints were as bad as the three 
shown or average roughness per mile would 
have been increased 17.4 in. because of joint 
construction. 
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Forms-The care required in setting forms 
and the need for high-strength forms to produce 
smooth pavement have long been recognized. 

Figure 9. Effects of eliminating backup and 
modifying mix. 
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Figure 10. Typical profilograph traces showing roughness-generating conditions. 
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However, frequently overlooked is the treatment forms received during concrete place
ment. Figure l0B shows 2 cases of forms loosened by the operator of a Maxon spreader 
who frequently rammed his hopper against the stops as hard as possible. Loose or 
poorly set forms will produce even more pronounced roughness patterns. However, 
the pattern may be obscured by erratic finishing machine operation (shown in Fig. l0C). 
Here forms with as mucb as ¾-in. sags between stake pockets and with damaged end 
plates were poorly set, pushed out of alignment by the grader operator doing fine grad
ing, and further loosened by both the spreader and 2 or more passes of the finishing 
machine. In tiJ.is case, it is almost impossible to delineate the forms although one pos
sible relationship is indicated. 

Night Joints- Joints formed at the end or the beginning of the construction day are 
probably the most consistent source of rouglmess. Figure lOD shows a typical night 
joint in a very smooth slipform pavement. This joint would req11ire grinding the full 
width of the pavement. This trace also delineates the multiple response of any finite
length, roughness-measuring device to large surface deviations. The swale to the 
right of the night joint results from the front support wheels of the profilograph climb
ing up to the night joint, allowing the sensor wheel to drop with respect to the frame. 
The high point of the night joint is emphasized by the sensor wheel resting on it while 
the front and rear support wheels are down. Additional distortion is probably caused 
by profilograph response to various wavelengths. For example, if the night joint had 
a wavelength of exactly 25.00, 8.33, or 5.00 ft, the trace would indicate twice the true 
amplitude. Fortunately, as discussed earlier, these wavelengths are usually canceled 
by those occurring at 12.50, 6.25, and 3.125 ft, which produce zero response. The 
trace to the left of the joint would then be a mirror image of the right. 

Drainage Structures- Two types of drainage structures were found significantly to 
influence pavement roughness. The firs is the standard flush-mounted inlet frame 
and grate cast into the pavement. This common park.way design will result in rough
ness patterns as shown in Figure lOE. The carryover from the edge of the grate 
through the third wheelpath, at least 16 ft in this case, is quite obvious. At the nor
mally used spacing of 200 to 300 ft between inlets, these structures can constitute a 
significant source of roughness. 

The second type of roughness-producing drainage structure is the buried unit. Fig
ure lOF shows the effect of a large box culvert designed with the top of its roof very 
near the top of subgrade. In this case, the structure had been carefully backfilled 
several months prior to paving. The embankment also had served as a haul road for 
some time. However, the weight of the slipform paver supported by the extrusion 
plate presumably exceeded the capacity of the backfill material, because the tape im
plies depressions on either side of the structure. 

Vibration-On most formed jobs, the primary means of vibration was a series of 
pan surface vibrators suspended across the rear of the top course spreader. These 
were occasionally found to be completely inoperative and were frequently suspected of 
faulty operation. Because no means of determining their absolute frequency and am
plitude was available, only their presence and appearance were noted. Figure lOG 
shows a set of traces for a 2-lane pavement where the vibrators in the top lane were 
obviously not working and those in the bottom lane were. The roughness ranged from 
18 in. per mile on top to 9 in. per mile on the lower trace. Similar cross-pavement 
variations were also encountered where surplus mortar was permitted to accumulate 
on the form rail or tracks of a slipform on the side of the paving operation checked in
frequently by the foreman or the inspector. 

Finishing Machines-The influence of various components of finishing machines 
(such as screeds, vibrators, and pan floats) on pavement roughness has been described. 
To prove that the differences were not due to equipment source, condition, or operation, 
most of these data were developed on projects where only one parameter was varied. 
However, data were collected on all equipment trains, and, although limited in regard 
to slipforms, no large disparities existed. 

Eight different types of finishing machines were encountered on conventionally 
formed pavements. Three produced 95 percent of the data. Their average roughnesses 
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were 19.58, 19.10, and 19.85 in. per mile with corresponding standard deviations of 
9.25, 9.10, and 8.00. The other 5 machines were not analyzed in detail because of 
their small sample sizes. All 8 manufacturers' machines varied in age and condition 
to the extent that any direct comparison with the new slipform machine would be mis
leading. 

Three manufacturers' slipform pavers were evaluated. One wire-controlled ma
chine paved 3 projects with averages of 6.2, 5.8, and 8.0 in. per mile, with correspond
ing standard deviations of 4.0, 1.7, and 3.5 in. per mile. A second wire-controlled 
machine paved one project with an average of 40.2 in. per mile and standard deviation 
of 13.0. The third machine was a grade-sensing unit, which paved one project with an 
average of 6.9 in. per mile and standard deviation of 3.4. The first machine was oper
ated by the same personnel on all projects. The other two were run under factory su
pervision by local crews unfamiliar with this new paving method. 

The outstanding feature of these data is the absence of any association between rough
ness and any one manufacturer or paving method. It is true that conventional equipment 
produced pavements with average roughnesses generally higher than slipform . How
ever, many projects were equal in roughness to the best slipform contracts. There
fore, it is concluded that the higher averages are attributable to equipment age and con
dition, use of less than an optimum train, or poor operating methods. 

CONCLUSIONS 

This study's conclusions fall into 3 categories: suitability of the measuring method, 
roughness factors found most critical throughout the state, and influence of purely job
related occurrences on roughness: 

1. The profilograph is suitable for rapidly obtaining a permanent, reproducible 
record of pavement roughness within hours after placement. 

2. The factors most important in controlling roughness, in order of suggested ease 
of implementation, are as follows: (a) elimination of paving machine backup, (b) use 
of a pan float, (c) use of at least 3 screeds , (d) use of constant cross slope, and (e) 
us e of full - width paving, or a t least the elimination of lane-at-a-time paving. 

3. Many purely job-related factors can override the best specifications. Those 
appeai•ing most frequently were the following (not necessarily in order of impor tance): 
(a) changes in s upervision, (b) mix design, (c) faulty equipm ent, and (d) design details 
in associa ted wo1·k such as dr ainage s tructures. 
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EVALUATION OF PROFILES 

Scope 

This method describes lhe proec<lnrc used for clcter. 
mining the Profile lnclcx from pro/ilogrnms of pnve. 
ments mndc with the C11liforni11 type Prolilogrnph Rncl 
also describe~ the procedure used to loonte individunl 
high ni:Cll!I when tlieir recluotion is required by the 
contract special provisions. 

The profilogram is recorded on a scale of one-inch 
equal to 25 feet longiludinally nnd one-inch equnl to 
one-inch, or full scale, vertically. The aetermination 
of the Profile Index involves measuring "scallops!' 
that appear outside a "blanking" band. 'l'hc deter
mination of indiviclnal high nrcas involves the use· of , 
a special template. 

PART I. DETEli.MINATION OF THE 
PROFILE INDEX 

Procedure 
A. Equipment 

The only special equipment needed to determine 
the Profile Index is a plastic sea le 1. 70 inches wide 
and 21.12 inches long representing a pavement 
length of 528 feet or one-tenth of a mile at a scale 
of 1" = 25'. A pllll;tie scale for the profilograph may 

• be obtained by lhc Districts from tho Service and 
Supply Department. Near the center of the scale is 
an opaque band 0.2 inch wide extending lhe entire 
length of 21.12 inches. On either sido of this bnud 
are scribed lines 0.1 inch apart, parallel to the opaque 

.hand. These lines serve as a convenient scale to n1eos
ure deviations or nxeursions of the graph above or 
below the blanking band. These are called "scnllops". 

B. Method of Counting 

Pince tl1e plastic ~enlc over the profile in such a way 
as to "blank oul" as much of the profile nn possible. 
When this is done, senllop~ Rbnve nnd below the blan'k• 
ing band usually will be approximntely balanced. See 
Figure I. 

The proftle trace will mo,•o from a generally hor
izontal po~ition when i:oing nround snpcrclevolecl 
curves making it impossible to blank out the central 
portion of the trace witl10ut shifting the scale. When 
such conditions occur the profile should be broken 
into short sections and the blanking !,and repositioned 
on each section while counting as shown in the upper 
part of l?igure n. 

Stnrting nt the right nucl of tl10 scnlo, measure nml 
totnJ tho hci~h t of nil the S<!Rllops appearing l,oth 
ebo\'e nllll hclow the hlnnki11::- hand, 1nnmmri11g each 
11callop to lhc ncnrcst 0.05 iuch ('1111li n Lcntl1) . Write' 
thiK tot11I on the profile sheet near the- lc(t c11d o.f Lh a 
11C11lc together with a smnll mnrk to nlign Lhe sculo 
when moving to lhc next seer.ion. Short portions of 
the profile line mny he vi~ililc out.~iclc the 1,lnnl:iui: 
band but unless they project 0.03 inch or more and 
extcncl longitudinnlly for two feet (0.08" on the pro• 
filogram) or more, they nre not included in the count. 
(See Figure I for illustration of these special condi
tions). 

When scallops occurring in the first 0.1 mile are to• 
tnled, slicle the scale to the left, aligning the right end 
of the scnlc with the smnll mark prc\'iously made, au<l 
proceed with the counting in the same manner. The 
last section counted may or may not be an even 0.1 
mile. If not, its length should be scaled to determine 
its length in miles. An exam pie follows : 

Beclion lenatA 1 Covnt,, ,entA 
mils, of GR inc~ 

0.10 - ---·----------- l>.0 
0.10 4.0 
0.10 - - -------- 8.5 

400' =0.076 ·----- ------ 2.0 

Total 0.870 __ 14,11 

The Profile Index is determined as "inches per 
mile in excess of the 0.2-ineh blanking band" but is 
simply called the Profllc Index. Tito procedure for 
convcrtiJig counts of Profile Index is as follows: 

Using the figures from the above example: 

Length = 0.376 miles, total count= 14.5 tenths 
of an inch 

Profile Index = 1 mile 
length of profiles 

in miles 
1 

Prl = 0_376 X 1.45 == 3.9 

X 
total 
count 
in inches 

(Note thnt the formula uses the count in inches rather than 
teotbs of an inch ond is obtained by dividing the count by ten.) 

The Profile Index is thus determined for the profile 
of any line called for in the spccificotfons. Profile In
dexes may be averaged for two or more profiles of 
the same section of road if the profiles are the same 
length. 

Example: 
Section 
lenglh. 
mile, 

0.10 
0.10 
0.10 

400' = 0.076 
Total __________ 0.37G 

Prl (by formulu) 

Count., 1enth, of an i11ch 
Le/1 toheel Righf wheel 

track track 

5.0 
4.0 
3.5 
2.0 

14.5 

3.9 

.4.5 
5.0 
3.0 
1.5 

14.0 

3.7 

Average= 
3

·
9 t 3

·
7 = 3.8 

The specifications state which profiles to 11sc when 
computing the averngc Profile 1 ndcx for control of' 
construction operations. 

C. Limitations of Count in 0.1 Mile Sections 

When the specifications limit the amount of rough. 
ness in "any one.tenth mile section," the scale is 
moved along the profile and counts made at various 
locations to find those sections if any, that do not con
form to specifications. The limits are then noted on -the 
profile and can be later located on the pavement 
preparatory to grinding. 

D. Limits of Counts-Joints 

When counting profiles, a day's paving is consid
ered to include the last portion of the previous day's 
work, which includes the daily joint. The last 15 to 
30 feet of a day's paving cannot usually be obtained 
until the following day. In general, the paving con. 
tractor is responsible for the smoothness of joints if he 
places the concrete pavement on both sides of the 
joint. On the other hand, the contractor is responsible 
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only for tho pavemP.nt placed by him if the work 
abuts a bridge or a pavement placed under another 
eontract. Proftlogroph readings ,~hon approaching 
mch joints should be taken in conformance witl1 
enrrout epecilleo lions. 

B. Average Profile Index for the Whole Job 

When averaging Profile Indexes lo obtain an aver
age for tl1e job, the averngc fpr each day must be 
"weighted" according to its length. Tl1is is roost 
easDy done by totaling tlie counts for tho O:l mile 
teelion11 of a given line or lines t111d usmg the total 
length of the line in the computation for determining 
the Profile Index. 

PART II. DETERMINATION OF HIGH POINTS 
IN EXCESS OF 0.3 INCH 

Procedure 

A. Equipment 
The only spceiul equipment uecclod is n Jllnslic !cm• 

plate 1111\'Jng u line 0110-h1ch long 8Cribed on one face 
wit!, n 11111011 hole or scribed mni·k nt either end, mul 
a slot 0.8 inch from nn(l pnrnllcl to the scribed line. 
Seo Figure II. (The one-inch line corresponds to a 
borir.ontnl diatnncc of 25 feet on the ho.rizontnl scn'lc 
of the profilogram.) The plastic template may be ob
tained from Sen·ice and Supply Dep11rlment. 

B. Locating High Points in Exces• of 0.3 Inch 
At each prominent peak or l1ish point on the profile 

t.race, place the trmp!ate so that the Rmall holl'S or 
ecribe mules at each end of the scribed line intersect 
the proftle trace to form a chord across lho base of I.be 
peak or in.dicatcd bump. The line on the templutc 
need not be boritonlnl. With a sharp pencil draw a 
line using the narrow slot in the tcroplotc Rs a guide. 
Any portion of tho trace extending above this line 
,vill in<licale the approximate lcngtb and height of 
the deviation in ell:ccss of 0.8 inch. 

There may be instancr.s where lhe distance between 
easily recognizable low points is less tbun one-incl1 
(25 feet). In 1111ch cases a shorter chord length shall 
be usc(I in makiJJg the Rcribcd line 011 the templa to 
tangent to the tTace at the lo,v points. It fa the intent 
however, of this requirement tl,at tho bnseliue for 
measuring the height of bumps will be ns nearly 25 
feet (1-fooh) 1111 pos.~iblc, but in no cnso to exceed this 
value. \Vhen lhe distance between prominent low 
points is greater then 25 feet (1-inah) make tho ends 
of the Rcdbed line inlotlleet the profile lrnce when the 
templnto is in a nearly horizontal position. A few 
u :nmplca of the procedure are shown in the lower por
tion of Figure II. 

llflRINCI 
A California Method 

ud ol To•t on Can!. 526-D 

EXAMPLE SHOWING METHOD OF DERIVING PROFILE INDEX FROM PROFILOGRAMS 

~.1-:u'~ w:1~::IIIO s,ALE 

., ... 
---

TYPICAL CONDITIONS 

A B rlGUUI C 

c-= 

SPECIAL CONDITIONS 

tnloli fo' U.H ' "(IQ. 
cc:o1, "'1.tn • N tt , ..,. . 1, ,11 

D 

METHOD OF COUNTING WHEN POSITION OF PROFILE SHIFTS AS IT MAY 
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Appendix B 
DAT A REDUCTION TESTING 

To evaluate the error resulting from manual conversion of the analog trace to a 
digital value of inches per mile, concrete pavements representing the full range of 
measured roughness were selected for detailed analysis. Pavements selected had 
average roughness of 109.84, 14.32, and 3.70 in. per mile, and standard deviations 
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of 7.34, 0.71, and 0.43 in. per mile respectively. Eleven per s ons, comprising 4 
graduate engineers and 7 technicians without previous profilograph experience, re
duced each set of 3 traces an average of 5 times in 1 continuous work period. The 2 
regular operators had reduced the same traces, 1 set at a time, over a 2-year period. 
All tapes r epresented exactly 0.1 mile of pavement and were 21.12 in. long (25 ft per 
in.). E.ach person could s elect the portion of the trace to be covered by the 0.2-in. 
wide dead band on the template (Fig. 2). The magnitude of projections extending out
side of the dead band was determined by counting the number of 0.1-in. increments 
inscribed on the template to the nearest quarter of an increment. 

TABLE 3 

REDUCTION OF IDENTICAL DATA BY TRAINED 
AND UNTRAINED PERSONNEL 

TABLE 2 

REDUCTION OF DATA BY UNTRAINED PERSONNEL 
5-Run Standard 

Coefficient 
Trace Avg. Deviation Range of Variation, 

percenta 

5-Run Standard Coefficient 
Trace Avg. D_eviatlon Range of V ariatlon, 

percenta 

Trained 

1 5.19 0.28 4.75- 5.75 5,5 

1 17.10 1.09 15.50-20 .00 6.4 
2 10.82 1.25 7 .75-12.25 11.5 
3 10.22 1.15 7 .50-12.2 5 11.2 

2 1.81 0.30 1.25-2.25 17 .0 
3 5.38 0.45 4.75-6 .00 8.4 
4 2.38 0.42 1.75-3 .25 17 .6 

4 19 .11 1.72 16 .00-23 .75 9.0 
Untrained 

8 (S/X ) 100 ~ coefficient of variation. 
1 5.46 0.30 5.25-6.00 5.5 
2 1.96 0.34 1.50-2.50 17 .3 
3 6.04 1.04 4.75-7 .50 17.2 
4 2.82 0.34 2.25- 3.25 12 .1 

TABLE 4 

EFFECT OF TRAINING ON DATA REDUCERS 

Standard Coefficient 
Operator Triala Meanb Range of Variation, 

Deviation percentC 

Initial 121.44 2.25 119.50-124.25 1.85 
Replicated 121.13 1.05 119 .75-122.25 0.87 

2 Initial 114.81 2.27 112 .00-117.00 1.98 
Replicate 113 .10 1.16 111 .50-114.25 1.03 

3 Initial 106.50 3.44 104.00-111.50 3.23 
Replicate 109.75 1.19 108.50-111.00 1.08 

4 Initial 108 .75 4 .11 104.50-114.25 3.78 
Replicate 108.50 1.74 107.00-111.00 1.61 

5 Initial 108.75 7.62 100.00-115.50 7.00 
Replicate 108.19 1.38 107 .00-110.00 1.27 

6 Initial 102.25 3.28 99.50-106.00 3.23 
Replicate 95.00 3.68 0.00- 98.75 3.87 

8A "trial" is examination of the same tape 4 times. 

bMean of the 4 examinations. 

ccoetticient of variation • IS/X }100. 

dset of tapes examined after training period. 
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These 2 steps-covering the dead band and 
counting the increments-were determined to 
be the sources of error. Five untrained men 

Mean and 
produced the results given in Table 2 by rep- standard Deviation 

licating their reduction of 4 sets of traces 5 
times each. The 2 regular operators with 2 Mean 

Years of experience were unable to ·produce Operators 1- 5 
Operator 6 

better results for relatively smooth pavement Difference 

than 2 untrained persons (Table 3). However, standard Deviation 

as roughness increased, experience provided Operators 1-5 

the most reliable estimates. Tables 4 and 5 Operator 6 

give the wide variability both within and be- Difference 

tween the ·work of reducers using the same 
set of traces throughout. Six persons were 
asked to evaluate the roughness of this set of 

TABLE 5 

SUMMARY 

Initial 

112.05 
102.25 

-9.80 

3.94 
3.28 

-0.66 

Replicate 

112.13 
95.00 

-17 .13 

1.30 
3.68 

+2.38 

traces over a 6-month period. The sixth man is one of the very few who did not re
duce his standard deviation with time. His efforts are included here to show that such 
things occur. However, excluding him, these data indicate that a reduction in conver
sion variance can be achieved, while maintaining a constant mean. 




