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PREFACE 

This is the third report presenting results from Research Project 

1-8-71-156, "Surface Dynamics Road Profilometer Applications," which was 

initiated to carry out the implementation and operation of the Surface Dynamics 

Road Profi10meter (SDP) in field and research applications. 

Although operations efforts will continue to be made to improve measure­

ment accuracy and efficiency, the SDP is now an effective measurement system, 

as is evidenced by the numerous successful research results obtained in the 

last few years, such as the empirical development of a model to predict human 

panel serviceability ratings of roads from roughness amplitudes computed from 

SDP measurements. 

The purpose of this report is to present results from pilot studies done 

with the purpose of analyzing certain pavement distress problems with the aid 

of the SDP. 

The authors appreciate the many helpful suggestions made by the Texas 

Highway Department representative James L. Brown. The engineering consultations 

and SDP measurements by Mr. H. H. Dalrymple and Mr. Noel Wolf and the pro­

gramming support by Mr. Jack O'Quin are also greatly appreciated. 
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ABSTRACT 

A pilot study of certain pavement distress problems is discussed in 

this report. Road roughness measurements made with the Surface Dynamics Road 

Profilometer (SDP) and pavement condition survey data have been analyzed 

by statistical methods to demonstrate approaches to these problems, and, 

within the scope of a pilot study, to obtain results. 

The particular problems addressed are 

(1) comparisons of characteristic roughness types (as to wavelength, 
transverse vs. longitudinal effects, etc.) in pavements of 
different types and ages and 

(2) investigation of relationships among various roughness and distress 
types. 

KEY WORDS: Surface Dynamics Road Profilometer, roughness, distress, digital 
filtering. 
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SUMMARY 

A pilot study of certain pavement distress problems is discussed in this 

report. Road roughness measurements made with the Surface Dynamics Road Prof­

i10meter (SDP) and pavement condition survey data have been analyzed by sta­

tistical methods to demonstrate approaches to these problems and, within the 

scope of the pilot study, to obtain results. The particular problems addressed 

are 

(1) Comparisons of the types of roughness in different types of pave­
ments. Samples of new versus old (scheduled for maintenance) 
flexible pavements and new surface-treated versus new hot-mix 
asphalt-concrete pavements are compared. In broad terms, the 
following observations were made. 

For new versus deteriorated pavements. 

(a) The old pavements have greater roughness amplitudes (more 
severe roughness) than the new pavements. The difference in 
the severity is greater for isolated extreme roughness than 
for measures of overall roughness. 

(b) The sample of old pavements has more road-section to 
road-section diversity than the sample of new pavements 
has. Both samples are more diverse with respect to 
isolated extreme roughness than with respect to overall 
roughness. 

(c) For short wavelengths (0-1 feet) the amplitudes of the ver­
tical motion of one wheel relative to the other (i.e., the 
vehicle roll) is greater than the roughness amplitudes for 
longitudinal waves in either whee1path. The opposite is 
true for longer waves. 

For surface-treated (ST) versus hot-mix aspah1t-concrete (HMAC) roads 

(a) As expected, the less expensive ST roads have more severe 
roughness and are more diverse than the HMAC roads. Each 
sample is more diverse with respect to isolated extreme rough­
ness than with respect to overall roughness. 

(b) The differences between the HMAC and ST roads are most pro­
nounced for roughness with wavelengths less than nine feet. 
As the wavelength increased beyond nine feet, the two samples 
become. increasingly similar. 

(c) The transverse waves have greater amplitudes than the longi­
tudinal waves for short wavelengths, but the reverse is true 
for long wavelengths. 
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(2) Prediction of other distress measures (areas of cracking, cracking 
plus patching, rutting, and total distress) from roughness measures. 
The point here is that the roughness measures, which are obtainable 
from road profiles measured by the SDP, are much less time-comsuming 
than condition surveys done visually. Thus, it is of interest to 
know whether it is feasible to predict the other distress measures 
with sufficient accuracy from the roughness measures. 

The results indiceted that a high percentage, from 72 to 91 percent, 
of the road-to-road variation in the other types of distress can be 
explained in terms of roughness. Thus, it has been shown that there 
is a close relationship between the progression of roughness and the 
progression of other types of distress. The possibilities of using 
roughness measurements as a supplement to or even possibly in place 
of visual condition surveys in future distress-to-performance studies 
appears very promising. 

To obtain reliable, widely applicable predicting equations, further 
analysis with a larger pavement sample would be required. The sample 
used in this study contained 20 road sections, all of which were 
scheduled for maintenance. 

In connection with the pilot study for predicting distress in terms 
of roughness measures, numerous relationships are discussed. The 
following observations, which apply to either the area of cracking 
and patching or the total area of distress, are among the most mean­
ingful. 

(a) For the 0 to l-foot-long waves, the measures of isolated extreme 
roughness are better predictors (of distress) than are measures 
of overall roughness. 

(b) Except for the overall roughness measures for 0 to l-foot-long 
waves, all roughness measures in the range from 0 to 81 feet 
are related to distress to a statistically significant (i.e., 
measureable) extent. Measures of overall and extreme effects 
in both the longitudinal and transverse dimensions are included. 

(c) The 81 to l80-foot-long longitudinal waves are much less clearly 
related to distress than the shorter waves. 

(d) The 81 to l80-foot-long waves in the artificial profile computed 
by taking the vertical surface position in one wheelpath relative 
to that in the other wheelpath are related to distress. As 
discussed above, waves in this artificaial profile cause vehicle 
roll; thus, they are related to road-user comfort. 



IMPLEMENTATION STATEMENT 

The objective of this report is to present findings obtained in a pilot 

study done under Project 156. The study involves two phases: 

(1) the comparison of roads of different types and different ages and 

(2) analysis of relationships among roughness measured by the Surface 
Dynanamics Profi10meter and various distress types. 

Methods of analysis are demonstrated, and, within the scope of a pilot study, 

results are presented. 

The motivation for researching these areas and the applicable results of 

the study are summarized below. 

COMPARISON OF ROADS OF DIFFERENT TYPES AND AGES 

The basic objective of this type of study is to gain insights about con­

struction and maintenance practices so that (1) those practices can be applied 

in a more efficient way and (2) improvements can be formulated. 

A full-scale follow-up to this pilot study, for example, might involve 

an investigation of the progression of roughness in different types of pave­

ments. The ability to anticipate the type of deterioration which a given 

pavement was likely to undergo during the near future (say two years) would 

be an invaluable aid in determining whether maintenance was needed and, if so, 

what kind. 

The following steps, which would be necessary for conducting such a fu11-

scale study, have been carried out in the investigation reported herein: 

(1) development of mathematical tools for analyzing road profile data. 
The digital filtering and statistical methods demonstrated in this 
report can be used to describe the condition of a road surface 
on the basis of (a) the lengths of the roughness waves, (b) the 
overall or average roughness of a section, (c) the presence of a 
few severe bumps, etc., 

(2) verification that it is possible to obtain a meaningful description 
of a road's quality by using these methods. The numerous physically 
realistic results presented in the report provide this verification. 
It is shown, for example, that it is possible to differentiate 
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between surface-treated and hot-mix asphalt-concrete roads on the 
basis of the severity of 0 to 1-foot-1ong waves. This is important 
because these short waves have very small amplitudes, and one 
might doubt whether they could be measured with sufficient accuracy. 

ANALYSIS OF RELATIONSHIPS AMONG ROUGHNESS AND OTHER TYPES OF DISTRESS 

Visual condition surveys to obtain areas of various kinds of cracking, 

patching, etc. are very time-consuming and expensive. Descriptive measures 

of road roughness using the methods discussed above, however, can be obtained 

relatively quickly. Thus, it is of interest to know whether the roughness 

measures contain a significant portion of the information which would be 

obtained from a visual survey. In particular, it is of interest to know 

whether the other types of distress can be predicted from the roughness for 

a given road section. 

This type of investigation is important because of the numerous research 

and operational requirements for pavement condition evaluation, e.g., for 

prescribing maintenance. 

In the pilot study, an investigation of the feasibility of predicting 

other distress measures was carried out. It was shown that a high percentage 

of the road-to-road variation in the areas of cracking, cracking plus patching, 

rutting, and total distress could be explained (i.e., predicted) in terms of 

roughness. The percentages are over 72 percent in all cases, and it is pointed 

out that inclusion of other variables, such as the pavement age, would prob­

ably improve the predictive accuracy. 

Thus, a full-scale study to investigate the use of road profile measure­

ments in place of visual condition surveys for some purposes appears to be 

fully justified. 

In summary, the findings of this report include 

(1) demonstration of analysis tools necessary to solve problems 
relating to pavement performance in two important areas, 

(2) verification of the feasibility of full-scale studies in these 
areas, and 

(3) within the scope of a pilot study, presentation of quantitative 
results. 
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CHAPTER 1. INTRODUCTION 

The objective of the pilot study reported here is to demonstrate several 

types of comparisons and analyses of pavement distress. 

Chapter 2 includes a discussion of comparisons between two different 

populations of pavements on the basis of the various classes of roughness. 

Such analysis is of interest for various purposes, including determing what 

kinds of roughness are predominant in one type of pavement compared to another. 

Comparisons can be made between pavements of two different types: e.g., 

hot-mix asphalt-concrete pavements and surface-treated pavements; pavements 

of a given type with two base courses and pavements of the same type with 

more than two courses; asphalt pavements in cut areas versus other asphalt 

pavement; pavements immediately before and immediately after a given type 

of maintenance; and new and deteriorated pavements of a given type (to deter­

mine patterns of roughness development with age). Thus, much useful informa­

tion would be gained about relative effectiveness of various construction 

and maintenance practices; the insights would, hopefully, contribute toward 

improvement of those practices. For the purpose of these comparisons, a 

decomposition of the roughness in a road can be made on the basis of wave­

length, longitudinal versus transverse effects, and overall versus isolated 

extreme roughness in a section. 

In Chapter 3 an investigation of various relationships among roughness 

and other types of distress is presented. Distress condition surveys to 

measure areas of various kinds of cracking, rutting, patching, etc., are 

very time-consuming. Since roughness measures via road profile data obtained 

from the General Motors Surface Dynamics Profi1ometer are, comparatively, 

very quickly obtained, and since roughness and other types of distress all 

tend to increase with time (the exception that maintenance alters this trend 

is discussed briefly), the feasibility of predicting other distress measures 

from roughness measures is investigated, and further study is shown to be 

justified. In addition to the feasibility of prediction, various interesting 
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relationships among the roughness and other distress measures are explored 

in Chapter 3. 

The conclusions are presented in Chapter 4. 

The measuring system used to determine a road profile, which is simply 

the road surface elevation versus distance along the road, is discussed in 

Appendix I of this report and in Refs I and 2. Correlations among measures 

of roughness of different types are presented in Appendix 2. Plots which 

illustrate road profile analysis methods (digital filtering) used in this 

report are presented in Appendix 3. 
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CHAPTER 2. PAIRWISE COMPARISONS OF POPULATIONS OF PAVEMENTS 

We turn to the comparison of two classes, or populations, of pavements. 

Although analyses are carried out for new versus deteriorated and for new 

hot-mix asphalt-concrete versus new surface-treated roads, the methods are 

clearly applicable for comparison of any two indentifiab1e classes of roads, 

as discussed in Chapter 1. 

COMPARISON OF THE ROUGHNESS COMPONENTS OF NEW AND DETERIORATED PAVEMENTS 

We first compare the roughness components of a random sample of new 
1 

pavements (less than a year old) and a sample of deteriorated pavements 

scheduled for maintenance at the tilne of the data collection. 

The sample of new pavements includes one section se1ected
2 

from each 

of a set of 21 projects investigated in Ref 5, which is a study of new flex­

ible roads in Texas. The projects included in this study are described in 

Table 2.1. 

The deteriorated pavements are those included in Ref 6, excluding 

sections which had maintenance after the condition study but before the 

profi1ometer runs were made and those for which S1 values were not obtain­

able. The deteriorated pavements are summarized in Table 2.2. 

The old pavements are all in counties near Austin, Texas. The new pave­

ments cover more counties and are somewhat more geographically diverse. Addi­

tionally, a higher percentage of old pavements are state or federal highways. 

These differences in the sample are undesirable, but it is felt that the data 

are very adequate for the purposes of a pilot study. 

1A11 projects were rebuilt or reconstructed except one of the HMAC projects, 
which was overlaid (Job 32). 

2Since only one section from each project was included, it was easily possible 
to choose sections with SI replication variation of ±.1 or less, and a second 
random selection was thereby necessitated for only five of 21 projects, i.e., 
in less than one fourth of the cases. 
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TABLE 2.1. SAMPLE OF NEW PAVEMENTS 

Job Highway Pavement 
Number Number County Type SI* 

2 RM 1623 Gillespie ST 3.1 

3 US 87 Mason ST 3.7 

4 RM 2147 Burnett ST 4.1 

5 RM 2147 Burnett ST 2.8 

6 US 80 Hayes and ST 3.5 

7 
Caldwell 

FM 3159 Coma 1 ST 3.7 

8 RM 3160 Kendall ST 3.4 

9 FM 473 Kendall ST 3.8 

10 FM 480 Kerr ST 2.7 

11 FM 3176 Medina and ST 3.7 
Frio 

12 RM 1604 Bexar ST 3.8 

22 SH 6 Grimes HMAC 4.0 

24 SH 71 Fayette HMAC 4.1 

26 1H 10 Guadalupe, HMAC 4.1 
Caldwell, and 
Gonzales 

27 SH 80 Guadalupe HMAC 3.6 

28 SH 123 Guadalupe HMAC 3.7 

29 SH 16 Bexar HMAC 3.6 

31 1H 35 Frio HMAC 4.5 

32 1H 35 Bexar HMAC 3.5 

33 1H 35 Atascosa HMAC 4.4 

34 US 181 Wilson HMAC 3.8 

*These are the SI values for the actual profilometer runs used. They are 

not project averages or averages of replications for the sections chosen 

within the projects. 
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TABLE 2.2. SAMPLE OF DETERIORATED PAVEMENTS 

Section Highway 
Number Number County SI 

P-1 SH 71 Bastrop 3.4 

P-2 L 360 Travis 2.2 

P-3 Pleasant Valley Road Travis 2.0 

1 FM 621 Hayes 2.6 

2 FM 621 Hayes 2.3 

3 SH 80 Caldwell 4.1 

5 SH 71 Bastrop 3.0 

7 SH 71 Bastrop 3.4 

8 SH 71 Bastrop 2.4 

9 SH 71 Bastrop 3.3 

10 SH 71 Bastrop 3.4 

15 US 87 Mason 2.8 

16 US 87 Mason 3.8 

17 US 87 Mason 3.2 

18 US 87 Mason 3.3 

19 US 290 Gillespie 2.9 

20 US 290 Gillespie 2.9 

21 US 290 Gillespie 3.9 

22 US 290 Gillespie 3.7 

23 US 290 Gillespie 3.9 



Digital filtering l was used to obtain measures of the various classes 

of roughness of the road sections studied. 

6 

While a background in the mathematics of digital filtering is not 

required for an understanding of the analyses of road properties presented in 

this report, it is felt that the following brief description of the objectives 

of using filtering will be helpful. 

The output computed by filtering is a derived road profile which contains 

the components of the roughness from the original profile which are isolated 

by the filter (e.g., the roughness with wavelengths from three to nine feet). 

The filtering concept is illustrated in Appendix 3 by presenting a few 

exemplary plots of filtered profiles and of the measured profile from which 

they were computed. Numerous plots of filtered and unfiltered road profiles 

are also presented in the discussion of projects, including bridges and the 

approaching pavement, in Ref 3. The local roughness measures, the r.m.s. 

amplitudes
2 

centered at each of a discrete set of points spaced by two inches 

longitudinally throughout the section, are computed. Thus, the 50th 

percentile amplitude (the amplitude greater than or equal to exactly 50 

percent of the local amplitudes) is an overall ~oughness measure, while the 

95th percentile amplitude, for example, is a measure of the extreme roughness 

within the section. The 50th, 75th, 90th, 95th, and 99th percentile amplitudes 

are used in this study. 

Since the profile runs were not consistently made in eithe: the inside 

or outside lane for the old pavements, no special importance can be associ­

ated with the right versus left roughness measures; hence, corresponding 

values were averaged to obtain a single set of longitudinal roughness measures. 

ISuccessive differences between the outputs of sixth-order low-pass filters 
specified by the tangent form of the squared-magnitude function were used 
as bandpass filtered outputs. Phase shifts were eliminated by filtering 
forward and then filtering the output backwards (Refs 6 and 7). 

2The r.m.s. amplitudes are taken over one cycle of the longest wave in the 
passband under consideration. Thus, for the 3 to 9-foot-long band, each 
r.m.s. calculation involves the data in a 9-foot interval along the road. 
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Measures of transverse roughness were obtained by first taking the point­

wise difference between the left and right whee1path elevations and then 

processing the resulting "profile" the same as the right or left. 

While statistical t and F-tests are the customary vehicles for making 

basic comparisons between populations, the plots of mean amplitudes with 

plus or minus one standard deviation
1 

(of the mean) confidence bars versus 

percentile level presented in Figs 2.1 through 2.12 reveal at a glance several 

interesting re1ationships.2 Regarding the comparisons between the old and 

new pavements, we note the following. 

(1) The older pavements have larger roughness amplitudes, and, except 
for the 81 to 180-foot roughness, the separation is greater at the 
high percentile points than at the 50th percentile points. 

(2) The confidence bars indicate that the sample of old pavements 
is more diverse than the sample new of new pavements, and both 

samples are more diverse at the high percentile points.
3 

(3) The transverse amplitudes are larger than the longitudinal 4 
amplitudes at short wavelengths, but smaller at long wavelengths. 

1The standard deviation is a measure of the diversity of a sample. Defined 
2 

as the mean of expected value of (X - u) , where X is the variable in 
question and u is the mean of X itself, the standard deviation increases 
as the diversity of the values of X increase. 

~he inspection of the plots to see if the confidence limits are disjoint 
can be thought of as performing (nontraditional) hypothesis tests for equality 
of population means. 

3part of the larger diversity of the high percentile points is due to the 
larger sampling error typically incurred in estimating any quantity which is 
strongly influenced by a small subset of the sample. Although the consider­
able predictive value, discussed later in this report, of the high percentile 
points indicates that the sampling error cannot be extreme, a further study 
of sampling errors in the various roughness measures would be helpful. 

4This result was expected. At short wavelengths, the transverse amplitude is 
analogous to the standard deviation of the difference between two uncorre1ated 
random variables (the right and left profile elevations with long wavelengths 
removed by filtering), while the right or left longitudinal amplitudes are 
analogous to the standard deviation of one or the other of the random vari­
ables. The standard deviation of the difference is, of course, larger. At 
long wavelengths, the situation is reversed, since the right and left eleva­
tions are positively correlated. 
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Fig 2.8, R.m.s. amplitude versus percentile level trans-
verse roughness - passband 9 to 27 feet. 
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Fig. 2.10. R.m.s. amplitude versus percentile level trans­
verse roughness - passband 27 to 81 feet. 
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The comparisons made above by graphical presentation are made in the 
1 

traditional ways in Tables 2.3 and 2.4 via t and F-tests. 

The (two-sample) t-statistic is a test for the equality of the new 

versus the old pavements. The two outcomes which we consider for each rough­

ness measure are as follows: 

(1) The means are so nearly equal that their difference could be 
explained in terms of random sampling variation. In this case, 
we cannot conclude that there is a true difference. 

(2) The mean for the old pavements is sufficiently larger than that 
for the new pavemments to justify the conclusion with some 
confidence that we have identified an aspect of roughness for 
which the older pavements are worse than the new pavements, and the 
results are said to be statistically significant. 

The F-test is a test for the equality of the variances of a given rough­

ness measure for the new versus the old pavements. The two alternatives 

considered for each roughness measure are as follows. 

(1) The section-to-section variation among the old pavements is not 
measurably greater than that among the new pavements. 

(2) With some confidence, we can state that the old pavements are more 
diverse than the new pavements. In this case the results are said 
to be statistically significant. 

It is possible for the new pavements to have a larger roughness measure 

or to appear to be more diverse in some respect because of sampling error. 

COMPARISON BETWEEN HOT-MIX ASPHALT-CONCRETE AND SURFACE-TREATED ROADS 

The HMAC and ST roads from the sample of 21 new pavements were compared 

using the same analysis techniques as in the new versus old pavement compari-

son. 

1 

The following relationships are observed from Figs 2.13 through 2.24. 

The tests are one-tailed. The t-test for independent samples when 01 f 02' 

discussed in Ref 9, was used. It was felt that the convenient assumption 
of equal variances was unjustified, and the F-tests substantiate this 
suspicion. 



Wavelengths 
(feet) 

0-1 

1-3 

3-9 

9-27 

27-81 

81-180 

0-1 

1-3 

3-9 

9-27 

27-81 

81-180 

TABLE 2.3. T-STATISTICS TO COMPARE NEW AND DETERIORATED 
SAMPLE ROUGHNESS AMPLITUDE MEANS 

LONGITUDINAL ROUGHNESS 

Percentile 

50 75 90 95 

1.45 1.43 1.40 1. 57 

4.37 4.56 4.69 4.51 

3.06 3.20 3.15 3.14 

4.20 3.94 3.67 3.29 

4.57 4.56 4.75 4.66 

2.08 1.94 1.84 1.85 

TRANSVERSE ROUGHNESS 

1.51 1.54 1.59 1.56 

2.44 2.67 2.92 1.93 

2.72 2.79 2.93 2.79 

4.48 4.68 4.01 3.29 

5.44 5.25 4.96 4.47 

3.34 3.07 3.23 3.22 

T = ( Mean (Old) - Mean (New) ) / Standard Error 

All values are significant at the .10 level 

15 

99 

1.60 

4.15 

3.33 

3.22 

4.35 

1. 95 

1. 52 

2.13 

3.02 

3.40 

4.35 

3.30 



TABLE 2.4. F-STATISTICS TO COMPARE NEW AND 
ROUGHNESS AMPLITUDE VARIANCES 

LONGITUDINAL ROUGHNESS 

Percentile 

Wavelength 
(feet) 50 75 90 

0-1 .26 .24 .23 

1-3 7.49* 9.82* 10.96* 

3-9 1.79* 2.17* 4.22* 

9-27 4.66* 6.69* 7.18* 

27-81 6.38* 4.96* 3.91'1( 

81-180 .730 .89 1. 75 

TRANSVERSE ROUGHNESS 

0-1 .26 .25 .24 

1-3 .47 .51 .92 

3-9 1.27 1.93* 3.55* 

9-27 5.26* 6.37* 10.99* 

27-81 7.39* 5.46* 6.29* 

81-180 2.29* 1.30 1.66 

F == 
BETWEEN SECTION MEAN SQUARE, OLD PAVEMENT 
BETWEEN SECTION MEAN SQUARE, NEW PAVEMENT 

Each F has 19 and 20 degrees of freedom. 

*Significant at the .10 level 
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DETERIORATED 

95 99 

2.81 7.06* 

15.21* 26.46* 

6.65* 21.21* 

8.09* 7.74* 

4.53* 6.01* 

2.21* 2.26* 

5.61* 14.33* 

12.08* 36.96* 

5.68* 27.48* 

22.96* 19.03* 

8.56* 10.88* 

1.69 1.71 



0 ... . 
0 

CD 
0 . 

...... 0 
• 

Z .... 
1.0 

W O 
00 
::::> 
I-.... 
...J 
0.....,. 
t: o C:: o 
V') · t:1)I 
'0 

a::;' 
0 

o o 

H -
S -

S 

HMAC 

ST 

Bars indicate confidence 
limits of plus or minus 
one standard deviation 
about the mean 

S 

~H 
H~_~ ________ ------ae~--------~ 

.+-------~------,-------.-------.-------,,------, 
0 40 •00 50.00 60.00 70.00 60.00 90.00 100.00 

PERCENTILE LEVEL 

Fig. 2.13. R.m.s. amplitude versus percentile level longi-

0 ... 
0 

CD 
0 . 

...... 0 
• z .... 

II) 

w~ 
00 
::::> 
I-.... 
...J 
0.....,. 
1:: 0 
C::o 
V') 

• 
%:1)1 
'0 

Q:' 0 

o 

S 

tudinal roughness - passband 0 to 1 foot. 

H 

S -
HMAC 

ST 

Bars indicate confidence 
limits of plus or minus 
one standard deviation 
about the mean 

o.~. ______ ~ ____ ~~~--~~--~~=---~~~~ 04h.oo 50.00 sh.oo 7b.oo ah.oo sb.oo lbo.oo 
PERCENTILE LEVEL 

Fig 2.14. R.m.s. amplitude versus percentile level trans-
verse roughness - passband 0 to 1 foot. 

17 



1.0 
0 

0 

... 
0 

~c 

Z 
....... 

(T") 

We; 
0 

..... 

....J 
a.."" :CO C:o 
U') . 
:c_ 

• 0 
0:::' 

0 

o 0: 

H -
S -

S 

H 

HMAC 

ST 

Bars indicate confidence 
limits of plus or minus 
one standard deviation 
abo!c1t the mean 

S 

H 

'~1--------r-------T-------.~------r-------'-------~ 
0 40 ,00 50.00 6'0.00 70.00 BO.OO 9'0.00 1'00.00 

PERCENTILE LEVEL 

Fig. 2.15. R.m.s. amplitude versus percentile level longi­
tudinal roughness - passband = 1 to 3 feet. 

1.0 
e; 
0 

... 
e; 

~o 

z 

(T") we: 
00 
:::> 
I-..... 
....J 
a..."" :co 
0:' 0 

U') . 
:c_ 

• 0 
0:::' c 

o 
o 

H -
S -

S 

H 

HMAC 

ST 

Bars indicate confidence 
limits of plus or 
minus one standard 
deviation about the 
mec:lU 

s 

H 

04~6-.-0-0-----50ri -.o-o-----6Tb-.-o-o----7~br.-0-0-----6~b-.-oO-----9'b-.-o-o----~Ibo.oo 

PERCENTILE LEVEL 

Fig 2.16. R.m.B. amplitude versus percentile level trans­
verse roughness - passband ~ 1 to 3 feet. 
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Fig 2.20. R.m.s. amplitude versus percentile level trans-
verse roughness - passband 9 to 27 feet. 
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Fig 2.22. R.m.s. amplitude versus percentile level trans­
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(1) As expected, the ST roads have larger amplitudes for short wave­
lengths, and the section-to-section variation is greater than for 
the HMAC roads. Each sample is more diverse at the high percentile 
points than at the low points. 

(2) For the 9 to 27 and 27 to 8l-foot bands, we see an increasing simi­
larity with increasing wavelenth between the two types of pavements. 
This is very reasonable. One would expect the differences between 
new H~C and new ST pavements to be most pronounced in the short 
wavelengths. 

(3) For the 81 to l80-foot band, the HMAC amplitudes are again signifi­
cantly smaller than the ST amplitudes. 

Although a generally lower quality among the ST sections was expected, the 

reversal of the trend of increasing similarity with increasing wavelength 

was not expected. There is no known construction difference that would 

consistently introduce larger amplitude long waves in new ST pavements as 

opposed to new HMAC pavements, but such a difference could easily exist 

between two small samples. A 40 to 90-foot bump (i.e., a half wave with 

wavelength to 80 to 180 feet) is definitely not in the range of a large hill 

which would be cut through. The reversal is believed to be due to random 

sampling error. This is possibly explained by the fact that measurements had 

to be made where new pavements had been built; an ideal sample of paired 

observations designed to eliminate geographical effects was not obtainable. 

The explanation is apparently not due to differential swelling clay effects in 

the two samples, however, because the HMAC sections are said in Ref 4 to be 

in swelling clay areas more often than the ST sections (some swelling clay 

effects could be observed in the first year). 

The sampling anomaly does not affect the validity of the study (Ref 4) 

of SI values of new pavements, since the very long waves do not influence 

the 81 values. 

The t and F-statistics for the HMAC versus ST comparisons are pre­

sented in Tables 2.5 and 2.6. 

A further comparison, new HMAC pavements with one surface course versus 

new HMAC pavements with two courses, was planned. An examination of the SI 

values, which are based on roughness amplitudes, however, indicated that the 

SI differences between the two samples was much less than the sampling error. 

Thus, it is unlikely that any information would have been gained that is not 

present in the pooled HMAC results, which are presented above. Samples larger 

than those obtainable by dividing the available sample of ten HMAC pavements 

into two parts would be required for a meaningful comparison. 



TABLE 2.5. T-STATISTICS TO COMPARE HMAC AND ST 
SAMPLE ROUGHNESS MEANS 

LONGITUDINAL ROUGHNESS 

Percentile 

Wavelength 
(feet) 50 75 90 

0-1 6.09* 6.14* 6.34* 

1-3 9.20'1( 9.51* 9.46* 

3-9 5.54* 5.15* 4.42* 

9-27 1.01 .431 -.05 

27-81 -.38 -.69 -1.10 

81-180 2.37* 2.96* 2.91* 

TRANSVERSE ROUGHNESS 

0-1 6.15* 6.27* 6.54* 

1-3 9.83* 9.89* 9.49* 

3-9 5.51* 5.23* 4.68* 

9-27 3.01* 2.35* 1.34 

27-81 1.65* .24 -.16 

81-180 3.42* 3.75* 3.75* 

T = (Mean (ST) - Mean (HMAC) ) 

* significant at the .10 level 

95 

6.29* 

9.31* 

4.23* 

.09 

-.94 

2.89* 

6.47* 

9.39* 

4.46* 

1.43* 

.15 

3.63* 

24 

99 

6.26* 

7.23* 

3.60* 

.07 

-.84 

2.84* 

6.28* 

7.64* 

3.84* 

1.15 

.26 

3.73* 



TABLE 2.6. F-STATISTICS TO COMPARE HMAC AND 
ROUGHNESS AMPLITUDE VARIANCES 

LONGITUDINAL ROUGHNESS 

Percentile 

Wavelength 
(feet) 50 75 90 

0-1 1.28 1.46 1.07 

1-3 2.94* 2.07 1.69 

9-27 .61 .45 .24 

27-81 .74 .74 .72 

81-180 3.27* 2.13 1. 73 

TRANSVERSE ROUGHNESS 

0-1 1.39 1.68 1.61 

1-3 2.77* 2.52* 1.94 

3-9 1.39 1.68 1.61 

9-27 .95 .81 .36 

27-81 .61 .37 .43 

81-180 4.07* 8.07* 5.65* 

F = BETWEEN SECTION MEAN SQUARE, ST 
BETWEEN SECTION MEAN SQUARE, HMAC 

Each F has 10 and 9 degrees of freedom. 

*significant at the .10 level 
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ST SAMPLE 

95 99 

1.06 1.01 

1. 55 1.58 

.23 .49 

.67 .59 

1.85 1.68 

1.92 1.97 

2.00 2.34 

1.92 1.97 

.39 .24 

.54 .56 

4.74* 4.64* 



CHAPTER 3. RELATIONSHIPS AMONG DISTRESS MEASURES 

Various distress measures are available (Ref 6) from a condition survey 

done for the sample of deteriorated pavements discussed above. The survey 

procedure of the .2-mile sections is described in that reference. The basic 

process included: 

(1) marking the beginning of a section with spray paint, 

(2) moving a measuring wheel linearly along the pavement and stopping 
each time a distress manifestation was encountered, 

(3) recording the distance measurement in feet and drawing the distress 
manifestation on a graphical data sheet to scale at the appropriate 
position, and 

(4) marking the end of the section with spray paint after .2-mile, 
1056 feet, had been traversed. 

HRB Special Report 113 (Ref 3) was the guide in identifying distress 

manifestations. 

DISTRESS MANIFESTATIONS, 

Reference 5 contains tables of numerous distress measures, including several 

classes of cracking. All types of distress are given in square feet. Linear 

cracking, which is also given in feet, is measured in area units by assuming 

that a six-inch wide band is "distressed" by a crack. 

In this pilot study, we examined the relationships among roughness measures 

and four distress measures: the areas of cracking, cracking plus patching, 

rutting, and total distress. The distress measures are given in Table 3 .1. 

RELATIONSHIPS BETWEEN ROUGHNESS MEASURES AND OTHER DISTRESS MEASURES 

Obtaining roughness measures from profilometer data is extremely fast 

compared to the very time consuming condition survey methods. Thus, it is 

of some interest to know whether it is feasible to predict, with reasonable 

accuracy, distress measures from roughness measures. Additionally, the 
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TABLE 3 .1. DISTRESS MEASURES 
(square feet) 

Cracking 
+ Total 

Section Cracking Patching Rutting Distress 

P-1 48 48 0 54 

P-2 22 22 0 526 

P-3 3945 5398 72 5470 

1 1270 7030 640 8200 

2 479 5679 0 6648 

3 81 1409 64 2604 

5 1867 2315 0 2335 

7 362 366 0 796 

8 182 1601 0 1741 

9 7 806 0 984 

10 64 144 0 144 

15 0 1339 320 2618 

16 0 0 0 501 

17 0 600 340 3710 

18 0 90 0 790 

19 599 5789 1000 7629 

20 214 7619 80 7699 

21 160 2540 400 2940 

22 60 2030 0 2030 

23 100 1170 0 2310 



relationships among various distress measures, or the extent to which 

various distress types tend to be present simultaneously, is of general 

interest simply for understanding pavement distress. 

The means and standard deviations of the variables are given in 

Table 3.2. 

Stepwise regression was used to develop models for predicting areas 

28 

of cracking, cracking plus patching, rutting, and total distress (Refs 10 and 

11). Stepwise regression is simply a method which successively enters terms 

into and deletes terms from a model in order to obtain a predicting 

equation with no unnecessary terms. Statistical hypothesis tests 1 are per­

formed to determine which terms make a significant contribution to the 

predictive value of the model and which terms seem to follow only the 

noise in the data. The higher the significance level used in performing 

the tests, the more selective the regression method is in including terms. 

Tables 3.3 to 3.7 summarize the results obtained using hypothesis tests 

at the 90 percent level (the probability of erroneously deciding that a given 

term should be included is .1). 
2 The R values are very important, since they are the proportions of 

road-to-road variations in the various distress measures that were explained 

or predicted in terms of the roughness measures. The percentages of the 

variations explained are 72.44 for area of cracking, 84.72 for cracking or 

patching, 90.87 for rutting, and 79.89 for the total area of distress. It 

is felt that these percentages are e1tremely good in view of the fact that 

the numbers of terms in the models were kept small for reasons discussed 

below. 

Since the sample includes only 20 pOints, a model including a large 

number of terms would be suspect. The models for cracking, cracking or patch­

ing, and total area of distress have two terms, three terms, and three terms 

1partia1 F-tests are used -- the F-to-remove statistics are included in the 
tables. The reader who is not interested in the statistical fine points 
can ignore these without losing the basic objectives of the study. 
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TABLE 3.2. MEANS AND STANDARD DEVIATIONS OF THE VARIABLES 

Variable Mean Standard Deviation 

R50 1 1 1.6032038E-02 4.5517060E-03 

R90 1 2 2.6974630E-02 7.1850185E-03 

R99 1 3 5.5212925E-02 6.0309546E-02 

R50 2 4 2.5561742E-02 1.5074864E-02 

R90 2 5 4.6499352E-02 2.8024241E-02 

R99 2 6 8.5089355E-02 6.4565113E-02 

R50 3 7 1.6254596E-02 6.3522837E-03 

R90 3 8 3.0421547E-02 1.5497806E-02 

R99 3 9 7.42138 20E -02 5.8252508E-02 

R50 4 10 2.4351227E-02 9.5253099E-03 

R90 4 11 4.9840112E-02 2.6801888E-02 

R99 4 12 8.2286962E-02 5.4507109E-02 

R50 5 13 5.9621472E-02 2.4302822E-02 

R90 5 14 1.0869526E-01 4.2195408E-02 

R99 5 15 1.2999685E-01 5.8207307E-02 

R50 6 16 1.4812227E-01 5.0495455E-02 

R90 6 17 2.1860163E-01 9.7581552E-02 

R99 6 18 2.3763157E-01 1. 1174852E-01 

D50 1 19 2.3586710E-02 6.5546151E.-03 

D90 1 20 3.9188080E-02 1.0353693E-02 

D99 1 21 8.6303410E-02 1. 174056 7E-01 

D50 2 22 1.9179775E-02 5.4566831E-03 

D90 2 23 3.2527430E-02 1.1400877E-02 

D99 2 24 8. 2944405E-02 1.0522250E-01 

D50 3 25 2.1957415E-02 8.1476235E-03 

D90 3 26 4. 1360000E-02 2.1965764E-02 

D99 3 27 1. 0569580E-01 9.7681087E-02 

D50 4 28 3.2886975E-02 1. 365315 7E-02 

D90 4 29 6.3826775E-02 3.6158112E-02 

D99 4 30 1. 1119608E-01 8.6208628E-02 

D50 5 31 5.9192220E-02 2.3973469E-02 

(Continued) 
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TABLE 3.2. Continued 

Variable Mean Standard Deviation 

D90 5 32 1.0855470E-Ol 5.l0l4742E-02 

D99 5 33 1.3622322E-Ol 7.8667979E-02 

D50 6 34 1.0671533E-Ol 5.2196937E-02 

D90 6 35 1.5664395E-Ol 7.3595958E-02 

D99 6 36 1.6608324E-Ol 7.71445l5E-02 

CR 37 4. 7300000E+0 2 9.4696007E+02 

C+P 38 2. 2997500E+03 2.5278686E+03 

RUT 39 l.4580000E+02 2.693l953E+02 

TOTAL 40 2.9864500E+03 2.6873526E+03 

The variable names of the roughness measures include R (for right-left 

average, or longitudinal, roughness measure) or D (difference, or transverse, 

roughness), percentile level, and passband number, in ascending order for 

increasing wavelengths. All roughness measures are in inches. 

CR = area of cracking, sq. ft. 

C+P = area of cracking or patching, sq. ft. 

RUT = area of rutting, sq. ft. 

TOTAL = total area of distress, sq. ft. 



TABLE 3 .3. PREDICTION OF TOTAL AREA OF CRACKING (Ft. 2) 
FROM ROUGHNESS MEASURES 

HYPOTHESIS TESTS FOR INCLUSION OF TERMS IN MODEL AT 90 PERCENT LEVEL 

MULTIPLE R* .8511 .7244 

STANDARD ERROR FOR RESIDUALS 526 

DF** 

REGRESSION 2 

RESIDUAL 17 

(CONSTANT -1.97 E+3) 

ANALYSIS OF VARIANCE 

SUM OF 
SQUARES 

1.23 E+7 

4.70 E+6 

VARIABLES IN EQUATION 

Mean 
SQUARES 

6.17 E+6 

2.76 E+5 
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F 
RATIO 

22.338 

VARIABLE COEFFICIENT 
STANDARD 

ERROR F to REMOVE 

R50 1 8.60 E+4 

R90 3 3.51 E+4 

* multiple correlation coefficient 

** degrees of freedom 

3.00 E+4 8.202 

8.82 E+3 15.808 



TABLE 3 .4. PREDICTION OF TOTAL AREA OF CRACKING OR 
PATCHING (Ft. 2) FROM ROUGHNESS MEASURES 

HYPOTHESIS TESTS FOR INCLUSION OF TERMS IN MODEL AT 90 PERCENT LEVEL . 

MULTIPLE R . 9204 .8472 

STANDARD ERROR FOR RESIDUALS 1077 

REGRESSION 

RESIDUAL 

(CONSTANT -6.07 E+2) 

VARIABLE 

R 90 6 

D 90 3 

D 99 5 

DF 

3 

16 

ANALYSIS OF VARIANCE 

SUM OF 
SQUARES 

1.03 E+8 

1.86 E+7 

MEAN 
SQUARE 

3.43 E+7 

1.15 E+6 

VARIABLES IN EQUATION 

STANDARD 
COEFFICIENT ERROR 

-9.94 E+3 2.89 E+3 

5.40 E+4 1.33 E+4 

2.09 E+4 4.16 E+3 

F 
RATIO 

29.566 

F to REMOVE 

11.842 

16.394 

25.271 
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TABLE 3.5. PREDICTION OF TOTAL AREA OF RUTTING (FT. 2) 
FROM ROUGHNESS MEASURES 

HYPOTHESIS TESTS FOR INCLUSION OF TERMS IN MODEL AT 90 PERCENT LEVEL 

MULTIPLE R .9533 R2. 9087 

STANDARD ERROR FOR RESIDUALS 98 

ANALYSIS OF VARIANCE 

SUM OF MEAN F 
DF SQUARE S SQUARE RATIO 

REGRESSION 6 1. 25E+6 2.09E+5 21.572 

RESIDUAL 13 1. 26E+5 9.68E+3 

VARIABLES IN EQUATION 
(CONSTANT -5.24E+2) 

VARIABLE COEFFICIENT STANDARD F TO REMOVE 
ERROR 

R 90 2 -9.36E+3 1. 33E+3 49.700 

R 50 5 1.44E+4 2.88E+3 25.038 

R 50 6 4.31E+3 9.07E+2 22.567 

R 90 6 -1.94E+3 4.57E+2 17.949 

D 50 4 9.20E+3 3. 29E+3 7.807 

D 99 5 -2.00E+3 7.02E+2 8.097 
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TABLE 3.6. PREDICTION OF TOTAL AREA OF DISTRESS (FT.2) 
FROM ROUGHNESS MEASURES 

HYPOTHESIS TESTS FOR INCLUSION OF TERMS IN MODEL AT 90 PERCENT LEVEL 

MULTIPLE R .8938 .7989 

STANDARD ERROR FOR RESIDUALS 1313 

ANALYSIS OF VARIANCE 

SUM OF MEAN F 
DF SQUARE S SQUARE RATIO 

REGRESSION 3 1.10E+8 3.65E+7 21.184 

RESIDUAL 16 2.76E+7 1. 72E+6 

VARIABLES IN EQUATION 
(CONSTANT -8.83E+2) 

VARIABLE COEFFICIENT STANDARD F TO REMOVE 
ERROR 

R 99 6 -9.21E+3 3.03E+3 9.246 

D 90 3 5.95E+4 1. 55E+4 14.664 

D 90 5 3.31E+4 7.42E+3 19.920 
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TABLE 3 .7. PREDICTION OF TOTAL AREA OF RUTTING (FT.2) FROM 
ROUGHNESS MEASURES 

HYPOTHESIS TESTS FOR INCLUSION OF TERMS IN MODEL AT 90 PERCENT LEVEL 

MULTIPLE R .8572 R2 .7989 

STANDARD ERROR FOR RESIDUALS 151 

ANALYSIS OF VARIANCE 

SUM OF MEAN F 
DF SQUARES SQUARE RATIO 

REGRESSION 3 1.01E+6 3.38E+5 14.776 

RESIDUAL 16 3.65E+5 2.28E+4 

VARIABLES IN EQUATION 
(CONSTANT -3.19E+2) 

VARIABLE COEFFICIENT STANDARD F TO REMOVE 
ERROR 

R 90 2 -8.11E+3 1. 75E+3 21. 370 

R 90 5 5.91E+3 2. 25E+3 6.899 

D 50 4 1. 49E+4 3.72E+3 16.042 
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plus a constant term, respectively. The model for rutting includes six terms 

plus a constant. 

While the hypothesis tests indicate that there is excellent reason 
1 to include all of the six terms, another model was developed using 95 percent 

confidence. A model with only three terms explaining 73.48 percent of the 

road-to-road variation in rutting area was obtained (see Table 3.7). 

It is felt that these results, limited by the small sample size, indicate 

that a further investigation into the possibility of performing condition 

surveys by means of prediction from roughness measures is fully justified. 

The residuals from the regression models, defined by 

where 

ith value of the dependent variable, 

= ith predicted value of the dependent variable 

are plotted against the appropriate dependent variables in Figs 3.1 through 

3.5 for the five regression models discussed above. 

This type of plot is valuable in revealing remaining trends not pre­

dicted by the regression model. 

Note that in each case the data are scattered considerably, indicating 

that the unexplained residuals have a predominant portion which is unrelated 

to the dependent variables. This is as it should be. 

Notice also that in each case there is an apparently linear trend with 
2 

positive slope. Thus, the quantity 

if is small and positive if 

Yi - Yi is, on the average, negative 

is large; i.e., there is a tendency 

of the model to overpredict if the amount of distress is small and to under­

predict if the amount is large. 

lSee the F-to-remove statistics in Table 3.5. 

2It is a slight inconvenience that the plots produced by the systems stepwise 
regression program have an inverted vertical scale. 
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Fig 3.3. Plot of residuals (Y-Axis) versus area of rutting (X-Axis). 



~4.000 1716.449 337A.89R ~041.341 6703.196 8366.245 •• 
885.224 25 47 .673 4210.122 5872.571 7535.020 ., · . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

- 2934.9' • • • 
• • 

• • • 
• • • 
• • • 

-2459.80 • • • 
o • • 
o o • 

• · . 
• o • 

-1964.63. • • 
• • 
• • 
• • 
o • 

• • 
• • • 

• • 
• • 
• • 
o • 

• • • 
o • • 

o • 

o • 

o· 

• • 
• 0 

o -II 
• 0 

• 0 
Zero Line ~ 

-6~.9~ • ~ o. 

o-----------------------------------------------------------.. ------------~~ . 
• 
• 

• 

86t'll39 0 

• 
• 

13 4 1.56 • 

• 
• 
• 
• 

• • 
• • 
• • · . 
• • 
• • 
.0 

00 

• 0 .0 
• • 
• • 
• • 
• • 
• • 
• • 
• • 
• • 

s ••••..••.•••.•••••.•••••••••••••••••••••• ~ • • • • • • • • • • • 
4.000 1716.449 337H.HQ~ ~041.347 b/OJ.79h 8366.245 •• 

HH~.224 2541.6'(3 47.10.122 5872.5'1 7535.020 .. 

Fig 3.4. plot of residuals (Y-Axis) versus total area of distress (X-Axis). 



n.uoO 204.0H2 40A.lhl 612.24~ Hlb.327 1U20.408 •• 
1()~.041 306ol?~ ~JIJ.2()4 714.iHb 918.367 •• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

-266.6 1 .n 
~ 

• • 
• • · . · . · . 

-2°9.8 1 · . · . · .. 
.. .. 
.. .. 
.. . 
.. . 
.. .. 
.. . 
.. .. 
.. .. 
.. .. 
.. .. 
.. . 
.. .. 
.. .. 
.. .. 
.. .. 

.. .. 

.. .. 

.. .. . .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
.. .. 
~ .. 
.. .. 
• • 
.. .. 
.. .. · .. · .. · .. .. .. · .. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
o • u 0 0 i-' I) .... (I He '+ 0 H • 1 fd f) 12 .. ~ 4 ~ t; 1 h • J £'"' 1 020 • 40 A .. • 

Hc.0 4 1 10h.l~r. ~l(l.l!(l4 114 .. £'t:l6 Ylfl.367 ., 

Fig 3.5. Plot of residuals (Y-Axis) versus area of rutting (X-Axis) 
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Experimentation with models with more terms yielded mixed results. The 

trends were absent from the cracking and the cracking plus patching plots 

obtained by building models using 80 percent confidence. The models included 

13 and 5 terms (plus constants), respectively. The trends were not removed 

from the rutting or total distress models. 

The use of advanced statistical techniques (principal component 

analysis) to explore the possibility of obtaining a transformed set of statis­

tically independent predictor variables which were small in number but 

contained essentially all of the information in the original larger set 

would possibly solve the problem. A model would be sought involving few 

terms with high information content. 

Investigation of other predictor variables, especially time since con­

struction or since the last major maintenance, might yield a variable which 

explained distress differences among roads with similar roughness patterns. 

Examination of the residuals plotted against selected independent 

variables gave no evidence of lack of fit. 

The regression models cannot be used to infer a relationship between 

a given dependent variable and a given independent variable. 

A note is in order on the negative coefficients of some of the variables 

in the equations. Where negative coefficients appear, one should not infer 

that a roughness measure is negatively or inversely related to the dependent 

variable. The explanation is that the other terms in the model taken alone 

tend to overpredict in such a way that the term with the negative coefficient 

tends to correct the error. 

Individual relationships are obtained from the matrix of correlation 

coefficients. Our interest here is not in the theoretical properties of 

correlation but in the physical relationships which are revealed by this 

measure of predictability of one variable in terms of another. 

The correlation coefficient is 

1 if the distress measure is perfectly predictable from a 
linear function of the given roughness measure and the 
variables tend to increase simultaneously, 

o if there is no linear relationship, and 

-1 if perfect linear prediction is possible and one variable 
increases as the other decreases. 
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Values between -1 and 1 are measures of the extent of predictability; 

the square of the coefficient is the proportion of the road-to-road distress 

variation explainable as a linear function of the given roughness measure. 

Tables 3.8 to 3.11 give the individual correlations among the distress 

measures and the roughness measures. According to the method presented in 

Ref 9, page 185, a correlation coefficient from a sample of size 20 is signi­

ficantly greater than zero if it exceeds .3 1 Because of sampling errors, 

there are some correlations which are negative but small in magnitude; none 

of these is significantly less than zero. 

One must be very careful in examining the correlations for the area of 

cracking, since the value given is the area of unmaintained cracking; it is 

not clear what differential effects maintenance may have had on cracking and 

roughness. Thus, the very low correlations between the 99
th 

percentile of 

both longitudinal and transverse roughness amplitudes for 0 to 1-foot wave­

lengths are probably misleading. Similar comments could possibly be made 

about rutting. The correlations for cracking or patching and total area of 

distress, however, are physically meaningful. 

make 

1 

For the area of cracking or patching and the total area of distress, we 

special note of the following relationships. 

(1) For the 0 to 1-foot-1ong waves, the 99
th 

percentile amplitudes 
are better predictors of distress than the lower percentile points. 

(2) In the range from 0 to 81 feet, except for the lower percentile 
points for the 0 to 1-foot band, all roughness measures have 
significant correlations. 

(3) The 81 to 180-foot longitudinal waves are much less clearly related 
to distress than the shorter waves; the high percentile amplitudes, 
which may be influenced by small hills, are apparently uncorre1ated 
with distress. 

(4) The amplitudes, including the high percentile points, of the long 
transverse waves are related to distress. Waves due to right-left 
profile elevation differences, upon which the transverse amplitudes 
are based, cannot be caused by hills and probably should be con­
sidered pavement roughness. 

This applies for a one-tailed test. 
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TABLE 3.8. CORRELATIONS BETWEEN AREA OF CRACKING 
AND ROUGHNESS AMPLITUDES 

Percentile 

Wavelengths Longitudinal Transverse 

(feet) 50 90 99 50 90 99 

0 to 1 .684 .613 .062 .656 .597 .037 

1 to 3 .702 .706 .667 .736 .529 .277 

3 to 9 .702 .769 .332 .994 .634 .254 

9 to 27 .601 .552 .559 .540 .536 .518 

27 to 81 .422 .290 .291 .407 .247 .321 

81 to 180 .252 .105 .187 .338 .256 .264 
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TABLE 3.9. CORRELATIONS BETWEEN AREA OF CRACKING 
OR PATCHING AND ROUGHNESS AMPLITUDES 

Percentile 

Wavelengths Longitudinal Transverse 

(feet) 50 90 99 50 90 99 

0 to 1 .299 .298 .517 .257 .317 .513 

1 to 3 .450 .493 .635 .614 .802 .448 

3 to 9 .512 .664 .532 .526 .769 .451 

9 to 27 .543 .692 .672 .586 .736 .734 

27 to 81 .609 .458 .422 .533 .666 .718 

81 to 180 .300 -.051 -.030 .302 .293 .346 
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TABLE 3.10. CORRELATIONS BETWEEN AREA OF RUTTING 
AND ROUGHNESS AMPLITUDES 

Percentile 

Wavelengths Longitudinal Transverse 

(feet) 50 90 99 50 90 99 

0 to 1 -.086 -.129 - .092 - .108 -.142 -.090 

1 to 3 .016 -.014 - .111 .114 .101 -.091 

3 to 9 .440 .375 .184 .559 .384 .207 

9 to 27 .543 .304 .081 .611 .263 .143 

27 to 81 .491 .298 .240 .397 .348 .194 

81 to 180 .042 -.072 -.068 .520 .434 .397 
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TABLE 3.11. CORRELATIONS BETWEEN TOTAL AREA DISTRESSED 

Percentile 

Wavelengths Longitudinal Transverse 

(feet) 50 90 99 50 90 99 

0 to 1 .255 .269 .438 .223 .289 .428 

1 to 3 .394 .429 .513 .569 .721 .353 

3 to 9 .538 .640 .538 .562 .728 .482 

9 to 27 .558 .675 .643 .616 .725 .722 

27 to 81 .630 .443 .406 .570 .682 .703 

81 to 180 .300 -.048 -.039 .387 .360 .399 



CHAPTER 4. CONCLUSIONS 

Analysis techniques employing digital filtering were used in computing 

various measures of roughness of the road sections studied. The use of these 

measures was demonstrated in comparing a sample of new pavements and a sample 

of old pavements and by comparing samples of new hot-mix asphalt-concrete 

and surface~treated pavements. Several interesting relationships involving 

the various components of roughness were obtained. It is felt that the 

potential of the methods presented in comparing pavements of different types 

and ages, as well as comparing pavement roughness immediately before and 

after maintenance, is great. 

Further, the feasibility of predicting from the rouhness measurements 

certain classes of distress, such as the area of cracking or patching, was 

demonstrated by developing regression models which predicted large percent­

ages (over 72 percent in all cases) of the road-to-road distress variations. 

The fact that the number of sections for which condition survey data were 

available is not large (20) and that the sections are all located in central 

Texas (all in Texas Highway Department District 14) should be considered 

before using the models. Moreover, the sections were all scheduled for main­

tenance at the time of the measurements, and, therefore, are not a random 

sample of Texas roads. It is felt, however, that the results fully justify 

further study in this area. 

The following specific observations were made regarding the new versus 

deteriorated pavement comparison. 

(1) The old pavements have greater roughness amR1itudes (more severe 
roughness) than the new pavements. The difference in the severity 
is greater for isolated extreme roughness than for measures of 
overall roughness. 

(2) The sample of old pavements studied is more diverse from road 
section to road section in its roughness than is the new sample. 
Both samples are more diverse with respett to isolated extreme 
roughness than with respect to oyera11 roughness. 

(3) For short wavelengths (0 to 1 foot), the amplitudes of the verti­
cal movement of one wheel relative to the other (i.e., the vehicle 
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roll) are greater than the roughness amplitudes for longitudinal 
waves in either whee1path. The opposite is true for longer waves. 

For surface-treated (ST) versus hot-mix asphalt-concrete (HMAC) roads, 

the following points were made. 

(1) As expected, the less expensive ST roads have more severe roughness 
and are more diverse than the HMAC roads. Each sample is more 
diverse with respect to isolated extreme roughness than with 
respect to overall roughness. 

(2) The differences between the HMAC and ST roads are most pronounced 
for roughness with wavelengths less than nine feet. As the wave­
length increases beyond nine-feet, the two samples become 
increasingly similar. 

(3) The transverse waves have greater amplitudes than the longitudinal 
waves for short wavelengths, but the reverse is true for long 
wavelengths. 

In connection with the pilot study for predicting distress in terms of 

roughness measures, numerous relationships are discussed. The following 

observations, which apply to either the area of cracking and patching or the 

total area of distress, are among the most meaningful. 

(1) For the 0 to 1-foot-10ng waves, the measurements of isolated 
extreme roughness are better predictions (of distress) than are 
measures of overall roughness. 

(2) Except for the overall roughness measures for 0 to 1-foot-10ng 
waves, all roughness measures in the range 0 to 81 feet are related 
to distress to a statistically significant (i.e., measureab1e) 
extent. Measures of overall and extreme effects in both the longi­
tudinal and transverse dimensions are included. 

(3) The 81 to 180-foot-10ng longitudinal waves are much less clearly 
related to distress than the shorter waves. 

(4) The 81 to 180-foot-10ng waves in the artificial profile computed by 
taking the vertical surface position in one whee1path relative 
to that in the other whee1path are related to distress. As dis­
cussed above, these transverse waves cause vehicle roll; thus they 
are related to road user comfort. 
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APPENDIX 1. DESCRIPTION OF PROFILE MEASURING SYSTEM 

The General Motors Surface Dynamics Profilometer (SDP) was used to collect 

road profile data for this study. The SDP is owned by the Texas Highway 

Department and is being operated by the Center for Highway Research. 

The SDP is a special purpose van with equipment needed to measure 

the road surface elevation in the right and left wheelpaths versus distance 

along the road. Two non-inflated measuring wheels are mounted on trailing 

arms underneath the vehicle, one arm in each wheelpath. The wheels are held 

in contact with the road by a 300 lb. spring force. The motion of each wheel 

relative to the vehicle body is monitored by means of a potentiometer. An 

accelerometer is positioned in the truck above each measuring wheel; double 

integration of the accelerations yield the vertical position of the vehicle 

body in an earth-fixed coordinate system, which can be combined with wheel 

(i.e., road surface) position relative to the truck to obtain road-surface 

elevation in an earth-fixed coordinate system. Continuous monitoring of 

this quantity yields the road profile. 

The above is a very simplified description. References 1 and 2 contain 

more detailed discussion of the measuring process. 
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APPENDIX 2. RELATIONSHIPS AMONG ROUGHNESS MEASURES 

Relationships among roughness measures are important since these 

measures are convenient predictors of panel serviceability ratings, and 

as noted previously, possibly of other distress measures. If it were known 

that the various percentile amplitudes were very highly intercorrelated for 

each given passband, or if the corresponding measures for two successive pass­

bands were highly correlated, then perhaps the redundant measures should be 

omitted. 

Thus, the correlations among the roughness measures for the deteriorated 

road sample are included here for future reference in research studies 

involving roughness characterization. 

The full correlation matrix is given in Table A2.l. Specific elements 

from the full matrix are presented in Tables A2.2, A2.3, A2.4, and A2.5 in a 

format which illustrates several comparisons. 

Although there are some high correlations, it is clear that there is a 

diversity of information among the various roughness measures. The very high 

correlations among corresponding longitudinal and transverse roughness mea­

sures for wavelengths under 27 feet are the most striking results.
l 

lIt was expected, however, that the correlation between corresponding rough­
ness measures would decrease with wavelength. If two random variables are 
uncorrelated, their standard deviations determine the standard deviation of 
their difference. As the variables become increasingly ocrrelated, the 
covariance explains an increasing portion of the standard deviation of the 
difference. 
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TABLE A2.1. CORRELATION MATRIX FOR TIlE ROUGHNESS MEASURE 

CORRELATION ~ATRIx 

R 50 1 
1 

1.000 

R 90 1 

.9S~ 

1.000 

R 99 1 
3 

.066 

.249 
1.000 

R 50 2 R 90 2 
4 S 

.680 .676 

.560 .514 
-.022 .014 
1.000 .993 

1.000 

(Continued) 

R ~9 2 

.540 

.634 

.68A 

.547 

.619 
1.000 



TABLE A2.1. Continued 

R 50 3 R 90 3 R 99 3 R 50 3 R. 90 4 R 99 4 R 50 5 R 90 5 
7 8 9 10 11 12 13 14 

.475 ,471 .241 .411 .449 ,445 .387 .226 

.385 .434 .426 .32r; .414 .453 ,302 .143 
-.100 ,268 ,797 -.046 .231 .47? .054 .033 

.728 ,694 ,167 .729 .75~ .b92 .685 .561 
,707 ,710 ,237 .70~ .773 .744 .682 .562 
.374 ,625 ,732 .40r .599 .704 .427 ,334 

1.000 .908 .244 .A61 .160 .bll ,611 ,476 
1.000 ,538 .A24 .811 .77A ,573 ,461 

1.000 .32, .439 .580 .215 .072 
1.00n .866 .661 ,795 .637 

1.000 .905 .738 .674 
1.000 ,573 .537 

1.000 .865 
1.000 

(Continued) 



TABLE A2.1. Continued 

R 99 5 R 50 6 R 90 6 R 99 6 D 50 1 90 1 99 1 D 50 2 D 90 2 

15 16 17 18 19 20 21 22 23 

.247 .438 .272 .323 .995 .9~8 .017 .782 .480 

.169 .319 .188 .236 .965 .995 .194 .71e; .55~ 

.041 .011 -.101 -.097 .059 .329 .998 .120 .748 

.559 .532 .376 .415 .651 .525 -.049 .CJ31 .597 

.565 .549 .384 .421 .647 .549 .047 .938 .666 

.338 .164 .071 .124 .524 .670 ,663 .64~ .896 

.472 .311 .165 .211 .455 .356 -.122 .771 .482 .460 .293 .118 .173 .442 .435 .250 .759 .726 

.081 -.105 -.158 -.116 .230 .483 .774 .324 .767 

.616 .225 .243 .295 .379 .295 -.063 .151 .533 

.681 .377 .259 .291 .425 .40 7 .212 .11\19 .74? 

.567 .440 .275 .306 .425 .476 .453 .755 .82a 

.842 .432 .533 .559 .358 .287 .040 .701 .563 

.991 .465 .615 .626 .208 .138 .033 .521 .441 
1.000 .491 .670 .683 .232 .166 .039 .521 .440 

1.000 .668 .635 .445 .327 -.000 .49e; .288 
1.000 .993 .290 .196 -.109 .306 .120 

1.000 .331 .241 -.106 .34" .152 
1.000 .942 .009 .759 .453 

1.000 .276 .69~ .590 
1.000 .oeC) .728 

1,000 .725 
1.000 

(Continued) 
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TABLE A2.1. Continued 

D 99 2 D 50 3 D 90 3 D 99 3 D 50 4 D 90 4 D 99 4 

24 25 26 27 28 29 30 

.1SR .393 .366 .200 .382 .469 .402 

.363 .325 .385 .40 7 .331 .460 .423 

.830 -.08 4 .541 .704 .02Q .307 .506 
-.053 .645 .581 .069 .635 .752 .618 

.031 .625 .625 .139 .617 .782 .674 

.800 .32'J .726 .670 .406 .629 .675 

-.055 .943 .734 .156 .842 .727 .595 
.254 .a65 .936 .436 ,811 .791 .764 
.765 .261 .712 .982 .406 .469 .581 
,001 .905 .738 .245 ,959 .774 .5a3 
,194 .791 .797 .341 ,818 .961 .864 
.330 .590 .816 .473 .599 .917 ,964 

.074 .653 .570 .161 ,707 .673 .4R2 
,033 ,534 ,466 .018 ,504 .b04 ,445 

.032 .519 .459 .027 .466 .bll .465 
-,218 ,302 .274 -.119 .148 ,484 .482 
-,187 .179 .086 ... 164 .070 ,233 .141 
-.152 ,212 .1~~ -.130 .11~ .249 .154 

.16 1 ,378 .335 .~OO .355 • ~.5-'+ ,3~7 

.lt28 .302 .412 ,4b7 .314 .465 ,453 

.817 -.104 .528 ,738 .011 .284 .4A7 

.122 .718 ,676 .229 .715 .837 .706 

.054 .47~ .865 .680 .552 .785 .8}6 
1.000 -.031 .461 .766 .OA2 .224 .344 

1.000 ,754 .202 .909 .760 .588 
1.000 .625 .752 .803 .820 

1.000 ,341 ,386 .491 
1.00n .156 .568 

1.000 .924 
1.0nO 

.............. ------. 

Ln 

(Continued) 00 



TABLE A2.1. Continued 

D 50 5 D 90 5 D 99 5 D 50.6 D 90 6 D 99 6 
31 32 33 34 35 36 

.504 .320 .397 .310 .200 .223 

.442 .26.4 .34A .191 .117 .149 

-.004 .201S .284 -.Z2" -.015 .057 

.708 .56~ .63' .483 .330 .359 

.705 .5A4 .669 .457 .330 .363 

.439 .42'1 .52n .024 .062 .126 

.532 .3~7 .408 .572 .501 .489 

.452 .384 .440 .444 .466 .475 

.166 .119 .218 -.036 el11 .148 

.693 .5015 .468 .551 .400 .383 

.663 .61§ .701 .329 .252 .280 

.490 .51q .674 .220 .222 .27 1 

.938 .AS6 .772 .620 .477 .484 

.770 .78~ .737 .41? .420 .432 

.744 .71)7 .735 .376 .399 .413 

.515 .58" .675 .556 .519 .564 

.528 .464 .45n .451 .379 .380 

.539 .44A .43" - -.44'! .371 .369 

.-492 • 291 .376 .300 .1-64 .2tf7-

.424 .27' .360 .180 .132 .169 

-.031 .19!5 .271 ".238 -.Old .053 

.732 ."n6 .685 .503 .356 .387 

.515 .51it6 .669 .1'1} .251 .315 

.073 .149 .185 -.287 -.1 49 -.095 

.582 .446 .433 .031 .551 .536 

.443 .462 .51? .371 .45! .481 

.152 .147 .lb8 -.044 .102 .135 

.633 .47] .418 .556 .425 .410 

.650 ."4n .7b1 .346 .281 .325 

.433 .516 .686 .215 .242 .300 
1.000 .87] .SOl .b27 .427 .443 

1.000 .948 .546 .511 .558 
1.000 .41R .399 .460 

1.000 .8b4 .845 
1.000 .994 

1.000 Vl 
\.0 
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TABLE A2.2. CORRELATION MATRICES FOR 50, 90, 99th PERCENTILE AMPLITUDES 

Percentile 

Wavelengths Longitudinal Transverse 

50 90 99 50 90 

0 to 1 1.000 .954 .066 1.000 .942 .009 

1.000 .249 1.000 .276 

1.000 1.000 

3 to 9 1.000 .908 .244 1.000 .754 .202 

1.000 .538 1.000 .625 

1.000 1.000 

27 to 81 1.000 .865 .842 1.000 .864 .845 

1.000 .991 1.000 .994 

1.000 1.000 



61 

TALBE A2.3. CORRELATIONS BETWEEN CORRESPONDING LONGITUDINAL 
AND TRANSVERSE ROUGHNESS MEASURES 

Wavelengths Percentile 

(feet) 50 90 99 

0 to 1 .995 .995 .998 

1 to 3 .933 .666 .800 

3 to 9 .943 .936 .982 

9 to 27 .959 .967 .964 

27 to 81 .938 .782 .735 

81 to 180 .556 .379 .369 



TABLE A2.4. CORRELATIONS BETWEEN CORRESPONDING ROUGHNESS 
MEASURES FOR 0 to 1-FOOT WAVELENGTHS 
AND 1 to 3-FOOT WAVELENGTHS 

Roughness Measure Correlation 

50th Percentile, longitudinal .680 

90th Percentile, longitudinal .574 

99th Percentile, longitudinal .688 

50th Percentile, transverse .759 

90th Percentile, transverse .590 

99th Percentile, transverse .817 
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TABLE A2.5 CORRELATIONS BETWEEN CORRESPONDING ROUGHNESS 
MEASURES FOR 3 to 9-FOOT WAVELENGTHS 
AND 9 to 27-FOOT WAVELENGTHS 

Roughness Measure Correlation 

50th Percentile, longitudinal .861 

90th Percentile, longitudinal .811 

99th Percentile, longitudinal .580 

50th Percentile, transverse .909 

90th Percentile, transverse .803 

99th Percentile, transverse .491 
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APPENDIX 3. ILLUSTRATION OF THE DIGITAL FILTERING CONCEPT 

Digital filtering can be used to isolate for further analysis a 

particular part or aspect of the roughness represented in a measured road 

profile. An artificial profile, which has the roughness characteristics 

of interest, is calculated mathematically from the measured profile. 

A test section on the Old San Antonio Road near Bryan, Texas, was 

chosen because of its interesting roughness patterns. The two-lane surface­

treated road is quite rough; there are both long waves, which are caused at 

least in part by a swelling subgrade, and short waves. 

The isolation of roughness with 0 to 10-foot wavelengths is illustrated 

in Fig A3.1. Isolation of 60 to 100-foot-long waves is demonstrated in 

Fig A3.2. Notice especially the pronounced long waves present in both the 

measured and the filtered profiles in frame 2 of Fig A3.2. 

Because of the presence of roughness with a wide range of wavelengths, 

it is sometimes very difficult to filter I~y eye" to see what should and 

should not be present in the filtered profile. This is especially true when 

one bump actually involves a range of wavelengths; see, for example, the 

V-shaped fall and rise at about position 330 feet in Fig A3.1. Nevertheless, 

close examination of the plots definitely shows that the filter is capable 

of isolating the desired information. 

A sixth-order filter specified by the tangent form of the squared­

magnitude approximating function was used in this study (Ref 6). 
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