
1. Report No. 2. Government Accession No. 

4. Till. and Subtitle 

"The Characterization of Road Roughness on 
Bridge Decks and the Adjoining Payement" 

7. Author/s} 

David B. Law, Hugh J. Williamson, 
and W. Ronald Hudson 

9. Performing Organizotion Name and Address 

Center for Highway Research 

TECHNICAL REPORT STANDARD TITLE PAGE 

3. Recipient's Catalog No. 

5. Report Dote 

April 1975 
6. Performing Orgoni zotion Code 

8. Performing Organi zotion Report No. 

Research Report 156-4 

10. Work Unit No. 

11. Contract or Grant No. 

Research Study 3-8-71-156 
The University of Texas at Austin 
Austin, Texas 78712 

13. Type of Report and Period Covered 
~~~--------~--~~--------------------------~ 12. Sponsoring Agency Name and Addr.u 

Texas Highway Department 
Planning & Research Division 
p. O. Box 5051 
Austin, Texas 78763 

15. Supplementary Notes 

Interim 

14. Sponsoring Agency Code 

Work done in cooperation with the Federal Highway Administration, Department 
of Transportation. 
Research Study Title: "Surface Dynamics Road Profi10meter Applications" 

16. Abstract 

An investigation into the characterization of surface profile and roughness 
on bridges and the adjoining pavement has been made and the results are reported 
herein. This investigation included the decomposition of measured roughness on a 
wavelength basis, thereby making possible numerous comparisons and analyses of the 
components of roughness. In this report of the pilot study, several methods of 
characterizing and contrasting roughness types between bridge deck and the adjoin
ing pavement are presented, along with limited results obtained from the analyses 
of three bridge projects. 

17. Key Word. 

digital filtering, General Motors 
Profi10meter, road profile, road 
roughness, bridge deck roughness 

18. Distribution Statement 

19. Security Clauif. (of this report) 20. Security Clallif. (of thi s page) 

Unclassified Unc lass ified 

Form DOT F 1100.1 18-fHl) 

21. No. of Pages 22. P ri ce 

165 



THE CHARACTERIZATION OF ROAD ROUGHNESS 
ON BRIDGE DECKS AND THE ADJOINING PAVEMENT 

by 

David B. Law 
Hugh J. Williamson 

W. Ronald Hudson 

Research Report Number 156-4 

Surface Dynamics Road Profilometer Applications 

Research Project 3-8-71-156 

conducted for 

The Texas Highway Department 

in cooperation with the 
U. S. Department of Transportation 

Federal Highway Administration 

by the 

CENTER FOR HIGHWAY RESEARCH 

THE UNIVERSITY OF TEXAS AT AUSTIN 

April 1975 



The contents of this report reflect the views of the 
authors, who are responsible for the facts and the 
accuracy of the data presented herein. The contents 
do not necessarily reflect the official views or 
policies of the Federal Highway Administration. This 
report does not constitute a standard, specification, 
or regulation. 

ii 



PREFACE 

This is the fourth in a series of reports presenting results from 

Research Project 3-8-71-156, "Surface Dynamics Road Profilometer Applications." 

The project was initiated to carry out the implementation and operation of 

the Surface Dynamics Road Profilometer in field and research applications 

for the Texas Highway Department. 

Although continual efforts will be made to improve the measurement 

accuracy and efficiency, the SD Profilometer is already an effective measure

ment system, as evidenced by the numerous successful research results 

obtained in the last few years. 

This report discusses the use of road profile information obtained 

with the SD Profilometer to analyze road roughness from the standpoint 

of comparing and characterizing surface roughness present on bridge decks 

and the adjoining pavement. 

The authors appreciate the helpful suggestions made by Texas Highway 

Department Contact Representative James L. Brown. Special appreciation 

goes to Mr. H. H. Dalrymple whose continual development of this equipment 

has made its use here pos.sible. Mr. Noel Wolf is also thanked, for 

his engineering consultation and SDP measurements. 

April 1975 
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ABSTRACT 

An investigation into the characterization of surface profile and 

roughness on bridges and the adjoining pavement has been made and the results 

are reported herein. This investigation included the decomposition of measured 

roughness on a wavelength basis, thereby making posssible numerous comparisons 

and analyses of the components of roughness. In this report of the pilot 

study, several methods of characterizing and contrasting roughness types between 

bridge deck and the adjoining pavement are presented, along with limited 

results obtained from the analyses of three bridge projects. 

KEY WORDS: digital filtering, General Motors Profilometer, road profile, 

road roughness, bridge deck roughness 
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SUMMARY 

The types of road roughness present on bridge decks differ appreciably 

from the roughness existing on the adjoining pavement. Through various 

methods of analysis, these different types can be characterized and compared. 

In the pilot study discussed herein, the roughness of three bridges and the 

adjoining pavement was examined in some detail. 

Through the process of digital filtering, whereby a new profile is 

computed from the original road profile in order to isolate the type 

of roughness which is of specific interest, e.g., that with wavelengths from 

o to 15 feet, it is seen from observation of both the filtered and original 

road profile plots that 

(1) short wavelength roughness (0 to 15 feet) is generally much more 
prevalent on the bridge deck than on the adjoining pavement, with 
the roughness increasing significantly at approximately 50 feet in 
advance of the bridge; 

(2) long wavelength roughness (60 feet or more) tends to increase slightly 
near the beginning of the bridge, and then tends to disappear on the 
bridge deck itself; 

(3) waves corresponding to the span length are noticeable on the bridge 
deck and possess amplitudes on the order of .1 inch; 

(4) the bumps at the end of the bridge consist of extremely short wave
length roughness, with amplitudes of approximately .25 inch; and 

(5) similar short wavelength roughness exists at the expansion joints, 
although the amplitudes generally tend to be smaller. 

Mean amplitude-wavelength charts can be used to compare the mean of the 

roughness amplitudes observed on the bridge deck to the mean amplitudes observed 

on the adjoining pavement, as a function of the wavelength of the road surface 

irregularities. For each of the three projects studied, it is seen that 

(1) significant differences in roughness amplitudes generally occur 
between adjoining pavement and bridge deck for both long and short 
wavelength roughness, and 

(2) lane-to-lane variations within each pavement type (bridge deck or 
adjoining pavement) tend to be less than the differences between 
pavement types themselves. 

ix 
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Certain statistical techniques, particularly nested analysis of variance, 

are valuable in making quantitative comparisons of roughness present on bridge 

decks and on the adjoining pavement. Through these various techniques, the 

following features were observed: 

(1) The repeat measurement variation of the profilometer is small enough 
so that differences between wheelpaths in the same lane can be 
recognized in spite of random errors. 

(2) Differences from lane-to-lane are not significantly greater than 
the differences from wheelpath-to-wheelpath within the individual 
lanes from either pavement type. 

(3) The largest percentage of variance among roughness amplitudes is 
explained by differences in pavement type whereas the smallest 
percentage of variation is generally explained by differences 
between the lanes. Other sources of roughness variance considered 
include wheelpath-to-wheelpath differences and differences between 
replicate measurements. 

In addition to measures of overall roughness, methods are available for 

studying measures of the worst roughness in a given section. By means of numeri~ 

cal comparisons of the roughness amplitude distribution measures, the type of 

road roughness both on the bridge deck and the adjoining pavement can be 

characterized. Analyzing the results of this study shows that 

(1) the type of roughness present depends on the span length -- the 
greater this length, the less objectionable the roughness; 

(2) for short wavelength roughness, the amplitudes on the bridge 
deck are generally both more severe and more diverse than those 
found on the adjoining pavement, while, for the long wavelength 
roughness, the amplitudes on the bridge deck tend to be fairly 
uniform and less severe than those on the adjoining pavement; 

(3) for short wavelengths, the transverse roughness (rolling effect) 
is worse than the longitudinal roughness, and 

(4) this transverse roughness tends generally to decrease with 
increasing wavelength on the bridge deck, and it is fairly uniform 
at longer wavelengths and diverse at shorter wavelengths. 



IMPLEMENTATION STATEMENT 

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

study done under Project 156. That study involved the comparison of various 

types of roughness found on bridge decks and the pavement immediately adjoining 

these bridges. Methods of analysis are demonstrated, and, within the scope 

of a pilot study, results are presented. 

The basic objective of this study was to gain insights into the types of 

roughness present on and near bridges, so that further steps can be taken 

towards improving maintenance processes by which roughness in this area 

can be alleviated. A full-scale study could prove the capability to accomplish 

this. 

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

full-scale study, were carried out in the investigation reported herein. 

Mathematical tools for analyzing road profile data have been developed. 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 average amplitude of a section, and 

(c) the presence of a few severe bumps. 

xi 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



TABLE OF CONTENTS 

PREFACE 

LIST OF REPORTS 

ABSTRACT 

SUMMARY 

IMPlEMENTATION STATEMENT 

CHAPTER 1. INTRODUCTION 

Background •• • . • • • • 
Project Descriptions 

MoPac Bridge Project 
Big Sandy Bridge Project 
Plum Creek Bridge Project 

Overview 

CHAPTER 2. DISCUSSION OF METHODS 

General Motors Profilometer .•.••••.• 
Analysis of Roughness Patterns Via Amplitude 

vs. Wavelength Data • • •••••••• 
Statistical Comparisons Among Roughness Amplitudes 
Components of Variance • • . • . • • • • . • • • . 
Roughness Amplitude Distribution Measures .•••.. 

CHAPTER 3. GENERAL DISCUSSION OF THE QUALITATIVE ANALYSIS 
OF ROAD ROUGHNESS DATA 

iii 

v 

vii 

ix 

xi 

1 
2 
3 
4 
4 
5 

9 

9 
10 
14 
15 

Short Wavelength Roughness ••• • • • • • • • • . • • • •• •• 18 
Roughness with Wavelength Corresponding to the Span Length . • .• 23 
Long Wavelength Roughness • • • • • . • • • • • • • • • . . . • •• 26 

CHAPTER 4. QUANTITATIVE ANALYSIS OF ROAD ROUGHNESS DATA4 

Mean Amplitude-Wavelength 
Statistical Analysis • • • • 

Coefficients of Variation • • • • • • • 
Analysis of Variance • 
Components of Variance • • • 

~dii 

31 
33 
36 
39 
46 



xiv 

Roughness Amplitude Distribution Measures 
MoPac Bridge Project 
Big Sandy Bridge Project • 
Plum Creek Bridge Project • • • . 

. . . . . . . . 

CHAPTER 5. SUMMARY OF RESULTS AND CONCLUSIONS 

Summary of Results •••••. 
Qualitative Analysis 
Mean Amplitude-Wavelength 
Statistical Analysis 
Components of Variance .••• • • • • 
Roughness Amplitude Distribution Measures . 

Conclusions and Recommendations •• . . • • • • 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

APPENDICES 

Appendix A. A Detailed Qualitative Analysis of Road 
Roughness Data • • • • • • • • . • 

Appendix B. Roughness Amplitude Distribution Tables 

THE AUTHORS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

50 
50 
51 
52 

55 
55 
56 
57 
57 
57 
58 

61 

63 
137 

151 



CHAPTER 1. INTRODUCTION 

The purpose of this report is to present several methods of characterizing 

and comparing road roughness patterns on bridge decks and the adjoining 

pavements. This report of the work which was intended as a pilot study also 

includes limited results obtained from the analyses of three bridge projects 

studied in detail. The study was concerned with three major areas of interest; 

the adjoining pavement, the bump at the transition from adjoining pavement to 

bridge deck, and the bridge deck itself. 

BACKGROUND 

Road roughness is a problem which has faced pavement engineers ever since 

the first road was constructed. While considerable effort has been directed 

towards improving the quality of the riding surface, roughness still remains 

a severe problem for today's engineers. Because the concepts of performance 

and serviceability are based heavily on surface roughness, a better insight 

into the problems and causes of road roughness is needed. 

It is generally agreed that the purpose of a road is to provide a comfort

able, safe, and convenient method of travel for drivers and their passengers and 

for the transporting of commodities. How well a pavement satisfies this purpose 

at a specific time is called its serviceability. Performance is a measure of 

a pavement's serviceability-age history. In order to determine a pavement's 

serviceability, subjective measures of that pavement's present riding quality, 

called the Present Serviceability Rating (PSR), ar-e obtained. II panel of 

typical road users rate the riding quality of the road on the scale of zero to 

five, with zero indicating an impassible road surface and five a perfect ride. 

The average of each of these users' ratings is the PSR. For more information 

see Ref l. 

Several factors are known to have an influence on the serviceability 

rating given a road section by an individual. These factors include cracking, 

patching, rut depth, surface deterioration, and profile roughness. From 

studies described in Ref 2, 89 percent of the variation in PSR was explained 
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by variations in the road profile roughness, thereby indicating that roughness 

of the road profile is highly correlated with pavement serviceability. 

Thus, it can be seen that if a pavement is to maintain a high level of 

performance, it is essential that objectionable road surface roughness be 

eliminated, or at least significantly reduced. Therefore, investigation of 

this roughness is necessary if improvements in the pavement design system are 

to be accomplished. While objectionable road roughness can occur anywhere, 

there are several areas where this roughness is especially noticeable. 

Included in this category are railroad crossings, swelling clay sections, and 

bridge decks with their adjoining pavements. Each of these is common enough 

and the roughness severe enough to merit special individual studies. 

Several methods of analysis, both qualitative and quantitative, exist that 

are capable of roughness characterization. By use of such mathematical tech

niques as power spectra and digital filtering, the road roughness can be decom

posed on a wavelength basis, thereby making possible numerous comparisons and 

analyses involving the components of roughness. Comparisons of roughness 

patterns among various pavement types can be made with the use of these tech

niques. 

PROJECT DESCRIPTIONS 

The detailed investigation of objectionable road roughness is necessary 

if significant improvements in pavement performance are to be accomplished. 

In the case of roughness on and adjacent to bridge decks, numerous bridges 

of various types must be observed and analyzed. Such an undertaking is beyond 

the scope of the work reported here, which was intended solely as a pilot 

study. However, three projects that include bridge decks were closely studied 

in an attempt to compare and characterize the surface roughness of the bridge 

decks and the adjoining pavements. The three projects studied in detail 

include the MoPac project, the Big Sandy project, and the Plum Creek project. 

The physical details of each project are presented in this section, along 

with a description of which types of filtered profile plots were used. A 

description of the method of obtaining filtered output from a road surface 

profile is given in some detail in Chapter 2. Table 1.1, at the end of this 

chapter, summarizes the details of each of the three projects. 
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MoPac Bridge Project 

The MoPac Bridge project is located in southwest Austin. The data for 

the recently constructed project was collected at the end of 1973, just before 

the road was to be opened for public use. Only the southbound lanes were 

accessible at the time of measurement with the profilometer. The area of 

interest included two bridges with a 900-foot flexible pavement section in 

between. While the first bridge was not studied in detail nor included in 

the chapter on visual observation of the profile plots, it did have a signif

icant effect upon the roughness observed on the flexible pavement since 100-

foot waves were constructed here. This effect, caused by the stationing of 

the project, is discussed in Chapter 3. Although the second bridge was about 

1400 feet long, only about 1000 feet were available for measuring by the 

profi10meter because of construction barriers and the need for a safe stopping 

distance. This bridge consisted of a Portland cement concrete decking with 

97-foot span lengths. Two replicate runs with the profi10meter were made in 

each lane. 

For the MoPac project, only plots of the right profile and the right

left difference profile for a measure of transverse roughness for the 0 to 15-

foot passband are included in Appendix A, although plots of the left profile 

were also obtained. Wavelengths greater than this were not plotted due to the 

long span lengths of the bridge and to the fact that, during the measurement 

with the profi10meter, very short wavelengths, on the order of 5 feet or less, 

were felt by the profi10meter operators whereas no sensation of longer wave

lengths was felt. Visual observation of the unfiltered profile plots con

firmed the suspicion that no significant long wavelength roughness existed 

on the MoPac Bridge at time of measurement with the profi10meter. Only one 

lane was plotted, as significant variations from lane to lane should have 

been nonexistent since this roadway section was not yet open to traffic. 

Analysis of variance studies showed that at the 90 percent confidence level, 

lane to lane differences were insignificant at all wavelengths of interest. 

Variations from whee1path to whee1path were small enough that it was not 

necessary to include the plots of the left profile in this report. 
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Big Sandy Bridge Project 

The Big Sandy Bridge is located in Llano County, on Highway 71. Approxi

mately 20 miles east of Llano, the bridge carries an annual average daily 

traffic of about 1000 vehicles. The bridge consists of ten 48-foot spans and 

provides two lanes, one in each direction. Two replicate runs with the 

profilometer were made in each lane. 

For the Big Sandy Bridge, three passbands were studied. The 0 to 15-

foot passband was of particular interest because of the short wavelengths. 

Roughness corresponding to 30-foot to 60-foot wavelengths was included because 

this passband was centered at approximately the span length of the bridge, 48 

feet. The other passband studied ranged from 80 feet to 110 feet and was 

centered at twice the span length of the bridge. These latter two passbands 

were included to study the effect that span length might have upon bridge deck 

roughness. 

Plots of both lanes on the bridge are included in Appendix A, since 

differences between lanes were expected to be significant because of the 

effects of time and traffic. For each lane, both the right profile and the 

right-left difference profile are included. The left profile was plotted but 

not included in Appendix A, howeve~, as it was felt that enough information 

could be obtained from the other plots. 

Plum Creek Bridge Project 

Plum Creek Bridge is located on Highway 183 in Caldwell County, south of 

Luling, about one mile north of Interstate 10. This section of roadway has 

an annual daily traffic of approximately 3500 vehicles. This project consists 

of two separate roadways and bridges, one for each direction. Each bridge 

has two lanes. The bridge decks are comprised of concrete slabs overlaid 

with hot mix asphalt, while the adjoining pavement on both sides consists of 

asphaltic concrete. The northbound bridge consists of five 39-foot spans 

followed by 37 spans whose length is either 30 feet or 30.5 feet, a total 

length of 1310 feet. The bridge is much newer than the southbound bridge, 

which has a total length of approximately 1200 feet. The southbound bridge 

consists of thirty-six 28.5-foot spans followed by a l2l-foot metal trestle 

and two more 28.5 foot spans. In addition, approach ramps of about 15 feet 
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are present on both sides of this bridge. In addition, this bridge contains 

a benchmark dated 1935. 

For the southbound bridge, only the right profile plot of the outside 

lane is included. Due to the length of the bridge, two sets of plots were 

made so that the entire length of the bridge as well as sufficient sections of 

adjoining pavement on either side could be studied. This was done partially 

because of the steel trestle which was part of the bridge and because the 

effect that this bridge within a bridge was of interest; and partially because 

a comparison of the bumps at both ends of the bridge was desired. Thus, a 

plot of the entire bridge deck profile is available for the 0 to IS-foot 

passband. Rather than use the same upper passband for both sets of plots, it 

was felt that enough information for a given passband could be obtained from 

half of the bridge deck, and that a different passband could be used for each 

set of plots. Therefore, a 60 to 100-foot passband was used for the first 

half of the bridge, while a 15 to 60-foot passband was used for the second 

half of the bridge. 

For the northbound bridge over Plum Creek, the right profile plots for 

both lanes are included. For the inner lane, a 0 to IS-foot passband was used 

to observe the short wavelengths, while a 60 to 10o-foot passband was used to 

observe the longer wavelengths. Four passbands for the outer lane were studied. 

In addition to the 0 to IS-foot passband and the 60 to 100-foot passband, a 

20 to 40-foot passband was used to observe waves having a length coinciding 

with the span length of about 30 feet. A 50 to 70-foot passband was also used, 

to study waves twice as long as the span length. Due to the length of the 

bridge, it was impossible to plot the entire bridge deck with just one set 

of plots. Therefore, only about the first 800 feet of the bridge deck was 

plotted, along with about 130 feet of adjoining pavement. 

OVERVIEW 

Chapter 2 contains a description of the methods used to analyze the 

various components of roughness. This section includes descriptions of the 

profilometer, amplitude vs. wavelength analysis, and statistical analysis of 

roughness data. If the reader is interested only in the results, Chapter 2 

can be skipped without a lack of continuity. Chapter 3 contains a summary of 

the overall comparison of the roughness on the bridge deck versus the 
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roughness on the adjoining pavement by direct visual observations of road 

surface profile plots. Also included in Chapter 3 is the study of the bump 

at the end of the bridge and the effect of waves on the bridge deck that are 

coincident with the span length of the bridge. Chapter 4 includes the compari

son of roughness on bridge decks and the adjoining pavement through the use 

of various mathematical techniques such as power spectral analysis, digital 

filtering, and analysis of variance. The purpose is to supplemen~ the visual 

observation of Chapter 4 with quantitative analyses. In addition to examination 

of roughness patterns on bridges and the nearby pavements, the replication 

errors of the roughness amplitudes computed from road surface profiles measured 

by the THD General Motors Surface Dynamics Profilometer are studied in some 

detail and shown to be small enough for almost any practical purpose. Chapter 

5 contains the report summary and conclusions. Included in Appendix A is 

a detailed description of the filtered profile plots as well as the plots 

themselves. Chapter 3 summarizes these observations. Appendix B contains 

the results of the roughness amplitude distribution study discussed in 

Chapter 4. 



TABLE 1.1. PROJECT INFORMATION 

Type of 
Span No. of Bridge Profilometer 

Project Length Lanes Surface Type AADT Length Runs Used Location 

Mopac 97' 3 per Portland cement None .... 1400' 2 runs for Southwest 
Bridge direction bridge deck each of ! Austin 
Project asphaltic 2 lanes Mopac 

concrete Freeway 
adjoining 
pavement 

, 

Big Sandy 48' 1 per Same as ",1000 480' 2 runs for Highway 71 
direction above each lane Llano Co. 

Plum Creek 28.5'- 2 per Hot mix ",3500 ",1300' 1 run for Highway 183 
39' direction overlay on northbound each lane Caldwell Co. 
varies concrete slabs 

adjoining ",1200 ' 
pavement is southbound 
asphal tic 
concrete 
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CHAPTER 2. DISCUSSION OF METHODS 

GENERAL MOTORS PROFILOMETER 

The road profile data which were necessary for this study were collected 

with the Texas Highway Department General Motors Surface Dynamics Profilometer 

operated by the Center for Highway Research. 

A road profile is obtained by the profilometer by means of two small 

road wheels which are mounted on trailing arms underneath the vehicle, one 

in each wheelpath. These road wheels are held in contact with the pavement 

surface by a 300 lb. spring force. The relative motion of each road wheel 

and the vehicle body is then measured by a potentiometer. Accelerometers 

attached to the vehicle body measure the vertical acceleration of the 

vehicle relative to an earth-fixed coordinate system. This information is 

then input into an analog computer where it is double-integrated and then 

combined with the information gathered from the two potentiometers to obtain 

the true road profile. Thus, the profilometer provides, for each pavement 

section, separate analog profile records for both the right and left 

wheelpaths. 

This description of the process of obtaining a true road profile has 

been simplified. If a greater understanding of the mechanics of the profil

ometer is sought, many sources are readily available, including Refs 

3 and 4. 

ANALYSIS OF ROUGHNESS PATTERNS VIA AMPLITUDE VS. WAVELENGTH DATA 

The road profile information measured by the profilometer and presented 

in the section on qualitative analysis is valuable for obtaining a visual 

impression of roughness patterns and studying certain special effects. Cal

culation of roughness measures, however, facilitates further analysis. 

In particular, we are interested in the degree of roughness at various 

wavelengths. An approach for decomposing the roughness on the basis of 

wavelength by using power spectra is discussed in Ref 2. Basically, 

9 
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the fast Fourier transform is used to compute the power spectrum, and the 

power values are converted to r.m.S. amplitude estimates. This is done by 

computing the r.m.s. amplitude of the sinusoid at the center of each fre

quency band which has the power spectral value actually computed. 

The mathematics of the power spectral calculations are covered in 

Appendix 1 of Ref 2. The important point here is that r.m.s. amplitude 

estimates are' obtainable for comparing road profiles on the basis of 

roughness of various wavelengths. 

STATISTICAL COMPARISONS AMONG ROUGHNESS AMPLITUDES 

We now consider statistical comparisions among road profiles. We will 

explore the following questions: 

(1) Is the repeat measurement variation small enough so that differences 
between wheelpaths in the same lane can be recognized in spite of 
random errors? 

(2) Are the differences from lane to lane significantly greater than 
the differences from wheelpath to wheelpath within the individual 
lanes? 

(3) Are the differences from bridge deck to nearby pavement significantly 
greater than the differences from lane to lane within either 
bridge deck or pavement? 

These three questions will be considered separately for each of a set 

of wavelengths. Questions 1 and 3 are of primary interest. 

Question 1 is of interest because of its importance relative to the 

measurement accuracy of the profilometer; if the system is capable of 

measuring wheelpath differences within the same lane, then surely the 

accuracy is good enough for any reasonable practical purpose. This implies 

that the run-to-run, or replicate run, measurement errors are so small that 

differences between lanes are distinguishable. 

Question 3 is important in identifying and comparing characteristic 

roughness patterns on bridges and approaching pavements. 

The three questions can be addressed by using a nested analysis of 

variance approach (Ref 5). The "nesting" arrangement for this study is 

shown in Fig 2.1. 
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Thus, we consider the following mathematical model. 

where 

= 

= the measured amplitude (for a given wavelength) on 
the nearby pavement if i = 1 and on the bridge if i = 2, 
in lane j, whee1path k, replicate measurement 1; 

lJ = the overall average amplitude for this wavelength; 

8i 
= the effect of the ith structure (bridge, nearby pavement); 

of jth th 
Lij = the effect the lane on the i structure; 

effect of 
th th 

Wijk = the the k whee1path of the j lane in 
structure i; and 

= a measurement error term. 

* Thus, considering the terms 8, L, W, and e to be random variables, the 

three questions above can be restated mathematically as follows: 

(1) Is o 2 = 01 w 
(2) Is o 2 

L 
O? 

(3) Is o 2 = 01 
8 

It is precisely these questions that analysis of variance addresses, 

The nested analysis of variance approach is summarized in Table 2.1. 

The mean squares (MS) are the sums of squares divided by the correspond

ing numbers of degrees of freedom. The expected mean squares are simply the 

expected values of the mean squares, 

Thus, to test the hypothesis 0
8

2 = 0, we use the test statistic 

*If the bridge-nearby pavement effect were considered "fixed" (in analysis of 
2 2 2 2 2 

variance terms), we would simply replace Os by (81 + 82)/(2-1) = 81 + 82 • 

The analysis would be otherwise unaffected. 



Source 

Structure 

Lane 

Wheelpaths 

Error 
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TABLE 2.1. ANALYSIS OF VARIANCE SUMMARY 

Degrees of 
Freedom 

n -1 
S 

Sum of 
Squares (SS) 

(Y - Y 
i ... 

nS It.. 2 
E EL (Y. -Y ) 

i = 1 j = 1 1j . . i ... 

n n.. n 
ES EL EW(Y Y )2 

i = 1 j = 1 k= 1 ij k. - ij .• 

Expected Mean 
Square (EMS) 

222 2 
o +n 0 +n n 0L +n n It.. Os e ew we ewL 

222 
o +nO +nno

L e e w w e 

o 2+n 0 2 
e e w 

o e 
2 

nS ' ~, nw' and ne are the numbers of "levels" of the various factors; 

e.g., ~ is the number of lanes included in either the bridge or the nearby 

pavement. The dot and bar notation indicate averages; for example, 
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MS(Structures) 

MS (Lanes) 

From the EMS column, we see that numerator and denominator have the 

same expected value if a 2 = 0, but the expected value of the numerator 
2 s 2 

is larger by nenw~oS if aS 1 O. The other two hypothesis tests are 

motivated similarly. 

COMPONENTS OF VARIANCE 

We now consider the variance contributions of the various factors, 

S (structure), L (lane), w (whee1path), and e (error)., The purpose of this 

statistical test is to determine, for a given road section including 

adjoining pavement and a bridge, (1) the percentage of the variation 

among roughness amplitudes attributable to measurement error, for each 

of a set of wavelengths, and (2) the amount of variation attributable to 

differences between the bridge and the nearby pavement? 

Using MS to denote mean square as before, and referring to Table 2.1, 

we see 

Thus, 

E(MS(Structure» - E(MS(Lane» 

'2 2 2 
+ nenw~oS ) - (Oe + ne(J,w + 

MS(Structure) - MS(Lane) 
n n n

L e w 

= (0 2 
e 

n Ii 0L2) 
w e 

is an estimate of 

Estimates of and 
2 a are obtained similarly. 

e 

Thus it is estimated that 

a ~ = MS (Lane) - MS (Wheel path) 
n n 

2 
CJ w = 

e w 

MS(Whee1path) - MS(Rep1ication) 
n 

e 



0
2 

= MS(Rep1ication) 
e 
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The components of variance for a given wavelength are then determined by 

the percentage of variation contributed by each specific factor compared to 

the overall variance. 

ROUGHNESS AMPLITUDE DISTRIBUTION MEASURES 

While the methods presented above involve only an overall measure of 

roughness, it is desirable to take into account the variability of roughness 

within a given section of roadway. There may be areas of extreme roughness 

which adversely affect the pavement's riding quality to a measurable extent 

but are averaged out over a section of roadway so that their impact is 

basically unnoticeable. That is, the averaging of these extreme amplitudes 

with all the remaining roughness of the same wavelength over the length of 

pavement section of interest tends to minimize the effect of these areas. 

In order to analyze these localized areas of severe roughness, it is 

first necessary to mathematically compute artificial profiles from the 

actual road profile. These artificial profiles contain only specified rough

ness, such as the 0 to ls-foot wavelengths. Measures of local roughness can 

then be computed at discrete steps throughout the section. Local measures 

are obtained from the profile data over a length equal to the upper bound of 

the passband, with a step size of approximately 2 inches. 

From these local roughness measures, it is possible to compute the 

distribution for each passband of interest. Various measures can then be 

defined in terms of percentiles. For this study, the 50th percentile, 

commonly called the median, and the 75th, 90th, 95th, and 99th percentile 

amplitudes were calculated. The qth percentile is defined as the measure 

which exceeds or equals exactly q percent of all measures. Thus, the 90th 

percentile, for example, is the amplitude which is greater than or equal to 

exactly 90 percent of all the local roughness amplitudes. 

This process can be carried out for both longitudinal roughness and 

transverse roughness, obtained from the right-left difference profile. 

Through such measures of local roughness, a better characterization of road 

roughness can be developed. 
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CHAPTER 3. GENERAL DISCUSSION OF THE QUALITATIVE ANALYSIS 
OF ROAD ROUGHNESS DATA 

This chapter contains a discussion of the findings obtained from visual 

observation of the road profile plots of the three projects studied in detail, 

the MoPac project, the Big Sandy project, and the Plum Creek project. Several 

profile plots are also included to illustrate and clarify the discussion. 

To aid the reader in better understanding these profile plots, vertical lines 

have been placed along the position scale of these plots to indicate features 

of the bridge deck that are of interest. A long mark is used to indicate 

either the beginning or end of the bridge deck, while a short mark is used to 

indicate the location of expansion joints. A more detailed discussion 

of these plots is contained in Appendix A, along with the complete set of 

profile plots. 

Road surface profiles of both the right and left wheelpaths can be accu

rately measured by the General Motors profilometer, currently owned by the 

Texas Highway Department and operated by the Center for Highway Research. 

These road profiles are in the form of road surface elevations observed at 

equally spaced distances and are an essential tool for the development of 

a better understanding of the changes in roughness caused by the presence 

of any physical structure, in this case bridge decks. From the plots of 

both the filtered and unfiltered profiles, a great amount of information 

can be obtained merely by visual observation. 

Here, digital filtering is referred to as a method for computing a 

new profile from the original road profile in order to isolate a certain type 

of roughness which is of specific interest, e.g., that with wavelengths from 

o to 15 feet. Thus, the components of the road roughness can be observed 

and analyzed separately, thereby enabling a more thorough investigation into 

roughness characterization. 

The reader should be aware of one slight problem in using road profile 

plots directly. The operation of the electronic measuring system aboard 

the profilometer requires certain processing (analog filtering) of the road 

17 
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profile data which introduces a frequency dependent "phase shift." This 

"phase shift" is simply a positive spatial translation of the waves. While 

the short waves are virtually unaffected, roughness with wavelengths longer 

than 32 feet is shifted somewhat to the right on the profile plots; the longer 

the wavelength, the greater this phase shift. Thus, some of the long wavelength 

roughness on the adjoining pavement appears to extend onto the bridge by a frac

tion of a wavelength. While further work is needed to formulate and implement 

an acceptable cure for the phase shift problem, much meaningful information can 

be obtained from the present data as long as this problem is recognized. The 

reader who is interested in studying the characteristics of the frequency 

response to phase shift should see pages 8-10 of Ref 3. 

SHORT WAVELENGTH ROUGHNESS 

It is observed from Figs 3.1 through 3.4 that the profile is much smoother 

on the adjoining pavement than it is on the bridge deck for all three projects 

studied. This is due to the increased amplitudes of the short waves that occur 

after they pass onto the bridge deck. On the adjoining pavement, the profile 

consists of short waves having small amplitudes. Beginning about 50 feet before 

the bridge deck, or more in the case of the MoPac project, the wavelengths and 

amplitudes of these short waves begin to increase. Once onto the bridge deck, 

the waves then tend to become very short and have much larger amplitudes than 

those present on the adjoining pavement. 

In relation to the overall longitudinal roughness, spikes, defined here as 

extremely short wavelength roughness having large amplitudes, are generally very 

noticeable on the bridge deck where expansion joints occur, particularly on the 

older bridges. The amplitude of these spikes often exceeds .25 inch, as 

seen in Fig 3.3. 

The plots presented in Appendix A of the right-left difference profile, a 

measure of the transverse roughness, indicate that this transverse roughness 

is also more severe on the bridge deck than on the adjoining pavement. On the 

bridge deck, it is very difficult to detect the location of the expansion joints 

due to the magnitude of the surrounding transverse roughness. While the spikes 

marking expansion joints generally have large amplitudes, the amplitudes of the 

normal roughness varies from about .20 inch for the Big Sandy project to about 
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.10 inch for the MoPac project. This roughness becomes significant when it is 

realized that the wavelength is extremely short. 

This large amplitude transverse roughness is also capable of being de

tected by a driver, as it tends to cause him to sway slightly from side to 

side. Although this effect is not severe, it is considered undesirable. 

ROUGHNESS WITH WAVELENGTH CORRESPONDING TO THE SPAN LENGTH 

From observation of Figs 3.5 and 3.6, which plot roughness corresponding 

to the span lengths of the Big Sandy and Plum Creek projects, it is readily 

apparent that the length of the spans of a bridge greatly influences the type 

of roughness found on the bridge deck. ~oughness with wavelengths corresponding 

to the span lengths exists with generally sizable amplitudes. The peaks of these 

waves occur at expansion joints, which serve to locate the bridge columns. The 

beams span from two such columns. Vertical deflection is restrained at these 

locations, whereas, along the length of the span, vertical deflection is 

possible and should increase with both age and span length. 

Several studies have been conducted which indicate that PSR is more depen

dent on short wavelength roughness than on roughness with long wavelength. For 

example, Reference 6 indicates that wavelengths on the order of 10 feet have 

the most effect on PSR. Thus it seems desirable to use longer spans in order to 

minimize the detrimental effect that the span length has on roughness. Another 

feasible possibility includes using a variable span length, thereby eliminating 

the steady rhythm caused by constant oscillation. 

The amplitude of these waves is generally greatest near the center of the 

bridge deck, whereas, near the ends, the amplitudes are at a minimum. For 

the two older projects (Big Sandy and Plum Creek), short span lengths of 

48 feet and about 30 feet were used, and the plots of the surface profile 

revealed amplitudes on the order of .1 inch for each project. 

From a study of the transverse roughness plots presented in Appendix A, 

it is observed that the bridge deck tends to lack significant roughness corres

ponding to the span lengths of the bridge, although roughness can be found on 

the adjoining pavement with similar wavelength. Thus, it appears that trans

verse roughness is unaffected by the span length. 
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LONG WAVELENGTH ROUGHNESS 

From Figs 3.7 and 3.8, it is observed that roughness with a wavelength 

longer than about 60 feet is virtually absent on bridge ~ecks, whereas, immedi

ately before .. and after 'the bridge, roughness having considerable amplitude does 

exist. It is also noticed that on the adjoining pavement, this roughness tends 

to increase as the bridge is approached. 

One very interesting feature observed in Fig 3.9 is the effect that 

"stationing" of the MoPac project has on surface roughness. A station is a 

distance of 100 feet, which is used by surveyors to space grade stakes. Gen

erally, at eve.J"Y 50-foot interval,- or half station, the desired elevation of 

the roadway is marked in relation to the existing grade by means of cut or 

fill stakes. This allows the operators of the grading equipment to more ac

curately set the grade. 

From Fig 3.9, it can be seen that lOO-foot waves are generated, starting 

about 300 feet from the beginning of the bridge deck. While the elevation 

of these stakes appears to be the same, 100-foot waves exist, probably due to 

the fact that the operators of the grading equipment had too few grade 

stake s to "aim" for. The nearer they approached the bridge, the fewer the 

grade stakes available to use, which perhaps explains why the amplitude became 

greater. This problem could be minimized by decreasing the distance between 

grade stakes when approaching a bridge, or any other structure. In practice 

these grade stakes may be actually placed every 25 feet, although the profile 

plots seem to strongly indicate a 50 foot spacing. 
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CHAPTER 4. QUANTITATIVE ANALYSIS OF ROAD ROUGHNESS DATA 

While visual observation of road surface profile plots are very informative, 

several mathematical techniques are available which produce qualitative com

parisons of roughness amplitudes. These comparisons enable a greater under

standing of the road surface roughness present on bridge decks and the adjoining 

pavement. This chapter deals with these qualitative analyses. 

MEAN AMPLITUDE~WAVELENGTH 

In addition to visual observation of the filtered and unfiltered profile 

plots, useful information can be obtained from the mean amplitude-wavelength 

charts, Figs 4.1-4.3. On these charts, the mean of the amplitudes of the rough

ness observed on the bridge deck is compared to the mean observed on the pave

ment adjoining the bridge deck, as a function of the wavelength of the road 

surface irregularities. For each wavelength, the range for each pavement type 

(bridge deck or adjoining pavement) is indicated by bracketed bars. These bars 

are determined by plotting the r.m.s. amplitudes of the means of each of the 

two lanes studied, or of each direction in the case of the Plum Creek Project, 

including both wheelpaths, as well as all replications. These r.m.s. amplitudes 

for a given frequency are obtained from the POWER6 program, which is discussed 

in a later section; here we are interested in interpreting the amplitudes as 

measures of roughness, which increase as the road surface deformation worsens. 

For the MoPac Bridge Project, greater amplitudes occur on the adjoining 

pavement for long wavelengths, whereas, for short wavelengths, greater ampli

tudes occur on the bridge deck, as seen in Fig 4.1. At these shorter wavelengths, 

the difference in amplitudes is very significant; for wavelengths of 10.8 feet 

or less, the amplitudes of the bridge deck are over twice those observed on the 

adjoining pavement. Also of interest is the fact that the variation in amplitude 

from lane to lane, which is often sizable, is never large enough to cause an 

overlapping in the amplitude ranges of the bridge deck and adjoining pavement. 

However, for wavelengths in the range of 35 feet, the mean amplitudes are 

approximately the same, thereby explaining why the F-test discussed in the 

31 



82.6 
G.M. :: 137 X 10· 2 
M.B. :: 12.1 X 10· 2 
M.P. :: 15.2 X 10- 2 

------

-.. • Jt:. 
U 

.~ 
c: 

• 'D 10· :e 
Q 
e .. 

--------8r;tI,;;O--_ 
ect ................................ 

----

43.3 
G.M. :: 45.8 X 10- 3 
M.B. :: 39.8 X 10-3 

M.P. = 51.9 X 10- 3 

---

21.6 
G.M. =16.6 X 10- 3 

M.8. = 21.2 X 10- 3 
M.P. =12.0 X 10- 3 

5.4 -4 
G.M.= 40.4 X 10 
M.B.= 56.6 X 10- 4 

M. P = 24.3 X 10- 4 

.!.Q.& -4 
G.M.:: 90.8 X 10_4 M.8.:: 134.0 X 10 
M.P. :: 47.4 X 10- 4 

3.1 
-- .A G.M.::27.5 X 10 

M.8.=38.6 X 10- 4 

M.P. = 16.5 X 10- 4 

.k1. 
G.M.: 21.9 X 10-: 
M.8.= 29.3 X 10· 
M.P.:: 14.3 X 10"4 

1(j~~~~ ____________________________________ 4-____________________ ~ __ ~--------~------~--~4--
5.4 3.1 2.7 

86.2 43.3 21.6 10.8 

Wav.l.nQI'I {in f"t I 

G M. - Grand Mean 
M.B. - M.an of BridQe Observations 
M. P. - Mean of Pavement Observations 

Fig 4.1. Mean Amp1itude~Wave1ength Chart ~ MoPac Bridge Project 

W 
N 



33 

following pages for variations between pavement and bridge deck was statistically 

insignificant at a wavelength of 43.3 feet but significant at the 90 percent 

confidence level for every other wavelength studied. 

From Fig 4.2, the mean amplitude-wavelength chart for the Big Sandy Bridge 

Project, a different situation is presented. While, for longer wavelengths, 

larger amplitudes occur on the pavement section, the relationship between the 

shorter wavelengths and amplitude appears to be random. Although the variation 

from lane to lane is never enough to cause an overlapping of the amplitude 

ranges for the bridge deck and the pavement section for the wavelengths studied, 

there are four locations where the two mean amplitudes are approximately equal. 

Except for a wav~length of 21.6 feet, the mean amplitude observed on the 

bridge deck is never much larger than the mean amplitude of the pavement 

section. Another interesting feature is that the mean amplitude was greater 

for the MoPac Bridge than for the Big Sandy Bridge, in every case but two, 

the 43.3 and the 21.6-foot wavelengths, which was surprising. As ex-

pected, the Big Sandy project generally had larger values of mean amplitude 

on the pavement section than did the M~Pac project since it was much older. 

From Fig 4.3, the mean amplitude-wavelength chart for the Plum Creek 

Bridge project, a situation similar to that observed for the MoPac project 

occurs. Larger amplitudes occur on the pavement section for the longer 

wavelengths; whereas larger amplitudes occur on the bridge deck for the shorter 

wavelengths. However, the direction-to-direction variations are generally larger 

than the lane-to-lane variations of the two previous cases. Due to the fact that 

this project consists of two separate roadways, this feature is not unexpected. 

These large variations in the amplitude ranges cause an overlapping of the 

ranges for wavelengths of 43.3 and 21.6 feet. This explains the lack of statis

tical significance between the amplitudes on the bridge deck and those observed 

on the adjoining pavement at the 90 percent confidence level, as the F-values 

are 1.18 and .39 respectively, whereas F . is 8.53. 
Crl.t 

STATISTICAL ANALYSIS 

Although the visual analysis of the profile plots and mean amplitude

frequency charts presented above is extremely useful, statistical techniques, 

particularly nested ~tialysis of variance, are also valuable in making 

quantitative comparisons • While the details of the analysis techniques 
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10-3L-----------~------__________________________ _L ______________________ ~ ______________ ~ ________ L_ __ ~L-__ 

21.6 10.8 5.4 3.12.7 86.2 43.3 
Wave'en9th (in feet) 

G. M. - Grand Mean 
M.B.- Meon 01 Bridge Observations 
M.P. - Meon 01 Pavement Observations 

Fig 4.3. Mean Amplitude Wavelength Chart - Plum Creek Bridge Project 
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are included in a section of Chapter 2, the results obtained from these 

statisticaltech1'liques are presented in this section. 

Coefficients of Variation 

The coefficient of variation, defined here as the standard error 

of measurement divided by the r.m.s. roughness amplitude, is an indication 

of the relative measurement error. More commonly, the coefficient of 

variation is the sample standard deviation (which in some cases may be 

interpreted as a standard error) divided by the sample arithmetic mean. 

As seen from Table 4.1, the coefficients of variation for the MoPac 

project are generally smaller for the bridge than for the flexible pavement, 

as are the standard errors. This is because the transverse surface irreg

ularities on the bridge are smaller, and, therefore, the unavoidable variations 

in the wheelpaths travelled by the profilometer in replicate runs produce 

smaller measurement replication variances. Note from Table 4.2, however, 

that the variances are never significantly different at the .05 level. 

Except in some cases where the r.m.s. amplitudes are very small for 

the flexible pavement roughness, the coefficients of variation are generally 

very small, indicating good measurement repeatability. This is due partly 

to the fact that, since MoPac had not been opened to the public at the time 

the measurements were made, the transverse road surface irregularities were 

small relative to a typical older project with surface deformations 

induced by traffic and weather. The coefficients of variation for the data 

pooled for the bridge and flexible pavement are less than .08, or 8 

percent, in all but one case, as seen in Table 4.2. 

The standard errors, on the order of a thousandth of an inch, appear 

unusually small until one realizes that 

(1) the data being considered have been averaged (r.m.s.) over sections 
of several hundred feet and 

(2) the roughnes~ and, hence, . the measurement errors have been 
partitioned on a frequency basis in computing the power spectrum. 

No claim is being made that the elevation of the road at a given point can 

be measured to the accuracy of .001 inch. 
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TABLE 4.1. REPLICATION VARIANCES TREATED SEPARATELY 

FOR THE BRIDGE AND FLEXIBLE PAVEMENT 

MOPAC Bridge Project 

Bridge Deck Data 

Standard Coe fficient 90% Upper Confidence for 
(ft. ) Error (in.) of Variation Standard Error (in.) 

86.2 .00348 .0287 .00676 

43.3 .00073 .0184 .00142 

21.6 .00054 .0256 .00105 

10.8 .00041 .0306 .00080 

5.4 .00028 .0503 .00054 

3.1 .00015 .0380 .00029 

2. 7 .00007 .0249 .00014 

Flexible Pavement Data 

Coefficient 9070 Upper 
of Variation Confidence for 

Stand~rd Coe fficient Using Mean of Standard Error 
(ft. ) Error (in. ) of Variation Poo led Da ta.'< (in. ) 

86.2 .00395 .0260 .0289 .00767 

43.3 .00177 .0342 .0386 .00344 

21.6 .00134 .1118 .0809 .00260 

10.8 .00075 .1590''0'< .0826 .00146 

5.4 .00063 . 2600*''< .1561 .00122 

3.1 .00027 . 1625''<* .0982 .00052 

2. 7 .00012 .0861 .0548 .00023 

,,< 
The mean of the pooled data was used, due to the fact that the shorter 
wavelengths had such small means for the flexible pavement 

** The large coefficients of variation here are due to small means, not to 
large measurement replication variances. The standard errors are not 
out of line with the other standard errors. 
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TABLE 4.2. REPLICATION VARIANCES COMBINED FOR 

THE BRIDGE AND FLEXI BLE PAVEMENT 

MOPAC Bridge Project 

F - Statistics to Compare Replication Variances for the Bridge Deck and 
Nearby Pavement 

for ). '" 86.2 ft. , F = 1. 29 

for ), .... 43.3 ft. , F == 5.88''<' 

for ). '" 21.6 ft. , F = 6.09-"" 

for It == 10.8 ft. , F == 3.35 

for It "" 5.4 ft. , F "" 4.93k 

for ), = 3.1 ft. , F ': 3.34 

for ), == 2.7 ft. , F = 2.79 

F '" variance (flexible pavement) 
variance (bridge) 

* significant for .10 percent confidence level, 
F == 6.39 

crit.05 

F· == 4.11 
crit. 10 

Pooled Data 

Standard Coefficient 90% Upper Confidence for 
A (ft.) Error (in.) of Variation Standard Error (in.) 

86.2 .00372 .0273 .00564 

43.3 .00136 .0338 .00205 

21.6 .00102 .0615 .00154 

10.8 .00061 .0668 .00092 

5.4 .00049 .1212 .00074 

3.1 .00022 .0783 .00033 

2.7 .00010 .0463 .00015 
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The same type of information is available for the Big Sandy Bridge 

Project, but the results are different. From Table 4.3, it is seen that 

neither the bridge deck nor the adjoining pavement consistently has the larger 

coefficient of variation. The magnitudes clearly increase as the wavelength 

decreases however, indicating that the larger relative errors in smaller 

amplitudes correspond to the short wavelengths. By comparing the co

efficients of variation for the Big Sandy Bridge, Tables 4.3 and 4.4, with 

those of the MoPac project, Tables 4.1 and 4.2, it can be seen that the 

coefficients of variation are generally larger for the Big Sandy Bridge 

Project, particularly for the bridge deck data. This is expected, due to 

the effects of weather and traffic on the Big Sandy Bridge. 

For the Plum Creek Bridge Project, the coefficients of variation for 

the bridge deck are generally larger than those of the pavement at shorter 

wavelengths, as seen from Tables 4.5 and 4.6. At longer wavelengths, this 

relationship is generally reversed. Also noticeable is the fact that 

these coefficients of variation are larger than those obtained on either 

the MoPac or Big Sandy projects, particularly for adjoining pavement at 

the longer wavelengths. For the shorter wavelengths on the bridge deck 

( A = 3.1 feet and A = 2.7 feet), the coefficients of variation are roughly 

the same for both the Big Sandy and the Plum Creek bridges. 

Analysis of Variance 

From the output of the analysis of variance (AOV), we can consider 

several statistical comparisons among road profiles. The three questions 

of interest are: 

(1) Is the repeat measurement variation small enough so that differ
ences between wheelpaths in the same lane can be recognized in 
spite of random errors? 

(2) Are the differences from lane to lane significantly greater than 
the differences from wheelpath to wheelpath within the individual 
lanes? 

(3) Are the differences from structure to structure (bridge to nearby 
pavement) significantly greater than the differences from lane 
to lane within either structure? 

The importance of each question is discussed in Chapter 2. 
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TABLE 4.3. REPLICATION VARIANCES TREATED SEPARATELY 
FOR THE BRIDGE AND FLEXIBLE PAVEMENT 

Big Sandy Bridge Project 

Bridge Deck Data 

Standard Coefficient 90% Upper Confidence for 
A (ft.) Error (in.) of Variation Standard Error (in.) 

86.2 .00443 .0394 .00861 

43.3 .00273 .0563 .00530 

21.6 .00046 .0165 .00089 

10.8 .00040 .0752 .00078 

5.4 .00050 .1016 .00097 

3.1 .00060 .2176 .00117 

2.7 .00060 .2608 .00117 

Flexible Pavement Data 

Standard Coefficient 90% Upper Confidence for 
X (ft.) Error (in.) of Variation Standard Error (in.) 

86.2 .00560 .0240 .01088 

43.3 .00279 .0656 .00542 

21.6 .00104 .0738 .00202 

10.8 .00021 .0245 .00041 

5.4 .00045 .1200 .00087 

3.1 .00049 .1964 .00095 

2.7 .00040 .1410 .00078 



" (ft.) 

86.2 

43.3 

21.6 

10.8 

5.4 

3.1 

2.7 

TABLE 4.4. REPLICATION VARIANCES COMBINED FOR 
THE BRIDGE AND FLEXIBLE PAVEMENT 

Big Sandy Bridge Project 

F - Statistics to Compare Replication Variances 
for the Bridge Deck and Nearby Pavement 

for ).. 86.2 ft. , F 1.60 

for ).. = 43.3 ft. , F = 1.04 

for ).. 21.6 ft. , F = 5.21 

for ).. = 10.8 ft. , F 0.28 

for ).. = 5.4 ft. , F = 0.82 

for ), 3.1 ft. , F 0.67 

for " = 2.7 ft. , F = 0.46 

F = 6.39 
crit. 05 

F = 4.11 
crit .10 

Pooled Data 

Standard Coefficient 90% Upper Confidence for 
Error (in.) of Variation Standard Error (in.) 

.00505 .0292 .00765 

.00276 .0607 .00418 

.00080 .0381 .00121 

.00032 .0460 .00048 

.00047 .1084 .00071 

.00055 .2094 .00083 

.00051 .1986 .00077 

41 
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* 

A 
(feet) 

86.2 

43.3 

21.6 

10.8 

5.4 

3.1 

2.7 

86.2 

43.3 

21.6 

10.8 

5.4 

3.1 

2.7 

TABLE 4.5. REPLICATION VARIANCES TREATED SEPARATELY 
FOR THE BRIDGE AND FLEXIBLE PAVEMENT 

PLUM CREEK BRIDGE PROJECT 
Bridge Deck Data 

Standard 
Deviation Coefficient 
(inches)* of Variation 

.01475 .1260 

.00379 .1149 

.00100 .0728 

.00167 .1521 

.00094 .2368 

.00062 .2016 

.00085 .2974 

Flexible Pavement Data 

.03491 .1028 

.01464 .2411 

.00649 .3824 

.00264 .4202 

.00060 .2185 

.00020 .1267 

.00025 .1893 

90 Percent Upper 
Confidence For 
Standard Deviation 

.02860 

.00736 

.00194 

.00324 

.00182 

.00120 

.00165 

.06775 

.02841 

.01259 

.00512 

.00116 

.00039 

.00045 

Standard deviation based on variance including contributions from 
error and whee1path-to-whee1path effects. 



* 

TABLE 4.6. REPLICA TION VARIANCES COMBINED FOR THE 
BRIDGE AND FLEXIBLE PAVEMENT 

Plum Creek Bridge 

F-Statistics to Compare Replication Variances for the 
Bridge Deck and Nearby Pavement 

for A = 86.2 ft. , F = 4.99 

for A = 43.3 ft. , F = 1.99 

for A = 21.6 ft. , F = 3.02 

for A = 10.8 ft. , F = 0.88 

for A = 5.4 ft. , F = 1.93 

for A = 3.1 ft. , F = 20.10 

for A = 2.7 ft. , F = 2.08 

F = 19.00 F = 9.00 
crit . 05 crit 

.10 

Pooled Data 

Standard 90 Percent Upper 
Deviation Coefficient Confidence For 

43 

A 
(feet) (inches) * of Variation Standard Deviation (in.) 

86.2 .02680 .1174 .0404 

43.3 .01069 .2281 .01614 

21.6 .00465 .3023 .00702 

10.8 .00221 .2563 .00334 

5.4 .00079 .2347 .00119 

3.1 .00046 .1972 .00069 

2.7 .00063 .3007 .00095 

Standard deviation based on variance including contributions from 
error and whee1path-to-whee1path effects. 
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If the answer to a given one of these questions is yes, we say the 

result is statistically significant; that is, a difference has been iden

tified which is large enough so that it is very unlikely that it could be 

explained as random sampling error. The statistical test used to address 

this question is called an F-test. For a more detailed explanation see pp. 9-13. 

From the computed F-values for the MoPac data, it is observed 

that the variation between bridge deck and adjacent pavement is 

statistically significant for every wavelength considered except for the 

43.3-foot wavelength, as seen in Table 4.7. It is also seen in Table 4.7 

that the lane-to-lane variations on both the bridge deck and adjoining 

pavement were statistically insignificant for every case, while the variation 

from wheelpath to wheelpath was always statistically significant. This 

latter result is very important, since it indicates that the profilometer 

is sufficiently accurate to measure differences between wheelpaths in the 

same lane. 

From the AOV output for the Big Sandy Bridge, the variation between 

pavement and bridge deck is again observed to be statistically significant, 

this time for every wavelength, as shown in Table 4.7. Only for the 83.3-

foot wavelength is the variation between lanes statistically significant. 

Of particular interest is the fact that the variations between wheel paths 

are again statistically significant, except for the 5.4-foot wavelength. 

The fact that the F-values are smaller for short wavelengths than in the 

case of MoPac indicates that small variations in the wheelpath traversed 

by the profilometer will cause large changes in mean amplitudes for the 

short wavelengths. This, too, is not unexpected, as the effect of traffic 

will cause certain distress manifestations, such as rutting, which will 

vary with lateral position in the lane. This effect will be greater for 

short wavelengths than for the longer ones. 

From observation of the computed F-statistics obtained from the output 

of the analysis of variance program, for the Plum Creek Bridge Project, 

Table 4.7, no statistical difference is observed between directions. That 

is to say, the northbound lanes and the southbound lanes are not significantly 

different. This is not surprising, as the structural details were somewhat 

similar. The difference from lane-to-lane is not significant when compared 

to variations between wheelpaths within the same lane. However, the 



F . 
cr1·t. 05 

F . 
cr1t. 10 

TABlE 4.7. COMPUTED F-LEVELS FOR ROUGHNESS AMPLITUDES 

Plum Creek Project Big Sandy Project MoPac Project 

Lane Direction Whee1path Lane Whee1path Lane 
to to Versus to Versus to 

Lane Direction Structure Error Lane Structure Error Lane Structure 

2.42 3.65 31. 20** 21.14** 9.44** 11.54* 13.26** 2.29 9.16* 

.03 669.26** 1.18 3.36* .429 12.72* 26.13** 3.52 3.44 

1.84 2.67 .39 3.07* 1.07 36.00** 7.10** .42 109.16** 

1.07 1.14 14.57* 190.90** .09 24.64** 7.92** 2.81 36.71** 

1.94 1.85 2.64 1.37 1.43 12.45* 3.87** 2.11 21.33** 

.93 3.66 11.99* 2.95* .03 10.79* 6.04** 1.34 51. 63** 

.42 1.82 32.48** 3.60* .05 26.33** 35.96** .39 64.01** 

3.84 6.94 18.50 3.84 6.94 18.50 3.84 6.94 18.50 

2.81 4.32 8.53 2.81 4.32 8.53 2.81 4.32 8.53 

* significant at 90 percent confidence level 

** significant at 95 percent confidence level 

).. 
(feet) 

86.2 

43.3 

21.6 

10.8 

5.4 

3.1 

2.7 



46 

difference between bridge deck and adjoining pavement was significant at 

both the 86.2-foot wavelength, where the pavement was rougher, and the 

shorter wavelengths (A = 10.8 feet, 3.1 feet, and 2.7 feet), where the 

bridge deck was rougher. 

Components of Variance 

Also available in the AOV output are the mean sums of squares. From 

these values, the components of variance can easily be obtained. The 

components of variance determine what percentage of variance among roughness 

amplitudes is due to measurement error, to wheelpath to wheelpath variations, 

to lane-to-lane variations, and to variations between bridge deck and pave

ment. As can be seen from Table 4.8, which contains the components of variance 

for the MoPac project, the percentage of the variance due to measurement error 

is always small, less than 4.2 percent, while the percentage of variance due to 

variations between pavement and bridge deck is generally very large, especially 

for the smaller wavelengths. Only for a wavelength of 43.3 feet is 0
2 less than 
s 

70 percent. In addition, the percentage of variance explained by variations from 

lane to lane is about the same as variations occurring from wheelpath to wheelpath. 

In Table 4.9, the components of variance for the Big Sandy Bridge are 

presented. The percentage of variance due to variations between wheelpaths 

is much larger now, especially at the shorter wavelengths. The variation 

from lane to lane contributes very little to the total variation. However, 

the replication error contributes a sizable percentage of the total 

variance for very short wavelengths, where components range from 24.12 at 

5.4 feet to 48.16 when A = 3.1 feet. This is, as discussed earlier, most 

likely due to the effects of traffic upon the pavement, as the replication 

variance is very small for the long wavelengths. 

The Plum Creek Bridge, due to its separate roadways, was analyzed in 

a slightly different manner, as discussed previously. Because of the lack 

of replications for each lane, tl.e components of variance due to measure

ment error and variations between wheelpaths had to be combined. 

The components of variance for the plum Creek Bridge are presented in 

Table 4.10. The percentage of variance attributed to differences between 

pavement and bridge deck is generally very high, whereas this percentage 



TABLE 4.8. COMPONENTS OF VARIANCE FOR THE MOPAC BRIDGE PROJECT 

B6.2 43.3 21. 6 

Wavelength 
(feet) 

10.8 5.4 3.1 
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2.7 Variance 
Component! 
--~----'~-----------------------------------------------------------

2 

cr 
e 

2 

cr 
W 

2 

cr 
S 

1.3BxlO-5 1.B4xlO-6 1.04xlO-6 3.69xlO-7 2.40xlO-7 4.66xlO-B 1.02xlO-B 

(2.35) (1.72) (2.24) (0.93) (4.12) (loBI) (0.77) 

B.5OxlO-5 2.3lxlO-5 3.lBxlO-6 1.2BxlO-6 3.44xlO-7 1.17xlO-7 1.79xlO-7 

(14.45) (21.58) (6.B5) (3.23) (5.91) (4.54) (13.47) 

5.94xlO-5 3.04xlO-5 0 
(10.10) (2B.40) (0) 

1.32xlO-6 2.5BxlO-7 2.40xlO-B 

(3.33) (4.43) (0.93) 
o 

(0) 

4.3OxlO-4 5.l7xlO-5 4.22xlO-5 3.67xlO-5 4.9BxlO-6 2.39xlO-6 1.14xlO-6 

(73.10) (4B.30) (90.91) (92.52) (B5.54) (92.72) (B5.77) 

Components are given in (in.)2 and percent of total (in parentheses) for 
each wavelength. 

2 

8 :::; standard error 
e 
2 

crL = lane-to-lane variance 

2 
cr = wheelpath-to-wheelpath variance 

w 
2 

cr = bridge to flexible pavement variance 
s 



TABLE 4.9. COMPONENTS OF VARIANCE FOR THE BIG SANDY BRIDGE PROJECT 

Components given in (in)2 and % of total (in parenthesis) for each wavelength 

A (ft.) 86.2 43.3 21.6 10.8 5.4 3.1 2.7 

.. 2 -5 -6 -7 -7 -7 -7 -7 
°e 2.55 x 10 7.63 x 10 6.45 x 10 1.02 x 10 2.24 x 10 3.03 x 10 2.61 x 10 

(0.31) (23.33)* (0.62) (0.68) (24.12) (48.16)* (35.37)* 

2 -4 -6 -6 
Ow 2.57 x 10 9.03 x 10 9.56 x 10 9.70 x 10 -6 4.15 x 10 -8 2.95 x 10 -7 3.39 x 10 -7 

(3.16) (27.48) (9.25 ) (64.96) (4.47) (46.88) (45.93) 

'" 2 -3 0 -7 -8 0 
°1 

1.14 x 10 3.50 x 10 0 3.32 x 10 0 

(14.04) (0) (0.34) (0) (3.57) (0) (0) 

.. 2 -3 -5 -5 -6 -7 -8 -7 
Os 6.70 x 10 1.62 x 10 9.28 x 10 5.13 x 10 6.30 x 10 3.12 x 10 1.38 x 10 

(82.49) (49.30) (89.79) (34.36) (67.84) (4.96) (18.70) 

'" 2 == standard error .. 2 °e Ow == wheelpath-to-wheelpath variance 

,. 2 -= lane-to-lane variance A 2 == bridge to flexible pavement variance 
°1 Os 

* sizable percentage here is largely due to a small bridge deck-to-adjoining pavement variance. Note that the 
The error variance is not out of line. 
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TABLE 4.10, COMPONENTS OF VARIANCE FOR THE PLUM CREEK BRIDGE PROJECT 

Wavelength 
(feet) 

86.2 43.3 21.6 10.8 5.4 3.1 

A2 ,,2 -4 -4 -5 -6 -7 -7 
O'e + O"w 7.l8xlO 1.14xlO 2.l6xlO 4.88x10 6.23xlO 2.l5xlO 

(2.73) (13.90) (45.80) (31.83) (38.26) (15.88) 

,,2 -4 
0 -6 -7 -7 0 O'L 5.l0xlO 9.03xlO 1.76xlO 2.92xlO 

(1.94) (0) (19.15) (1.15) (17.94) (0) 

,,2 -3 -4 -5 -7 -7 -7 
O'D 1.15x10 6.49xlO 1.65xlO 1.836xlO 2.56xlO 1.33xlO 

(4.38) (78.96) (35.04) (1.20) (15.69) (9.83) 

,,2 -2 -5 -5 -7 -6 
o"s 2.40xlO 5.87x10 0 1.01xlO 4. 58x10 1.01xlO 

(90.97) (7.14) (0) (65.84) (28.12) (74.32) 

components are given in (in.)2 and percent of total (in parenthesis) for each 
wave length. 

A2 standard error O'e 

,,2 
::: lane-to-lane variance O'L 

2 
" ::: wheelpath-to-wheelpath variance O'w 

,,2 
::: direction-to-direction variance O"D 

... 2 
O's :;: bridge to flexible pavement variance 

2.7 

3.94xlO -7 

(24.58) 

0 
(0) 

3.36xlO 
-8 

(2.10) 

1.18xlO -6 

(73.32) 
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is much smaller for variations due to differences in lanes or differences in 

directions. However, a fairly high component of variance does exist for 

the variation due to differences in wheelpaths pooled with measurement error. 

This is understandable when it is realized that these two categories, 
2 2 

ae and a w ' have been combined due to the physical nature of the Plum Creek 

Bridge. 

ROUGHNESS AMPLITUDE DISTRIBUTION MEASURES 

While the methods discussed above are ideal for comparisons of overall 

roughness measures, additional information in the form of roughness amplitude 

distribution measures is very beneficial. Through these measures, both 

mean amplitude and measures of the worst roughness in a given section can 

be determined for each pavement type. It is these extreme areas of pave

ment roughness that are most likely to affect a driver, yet these isolated 

effects tend to average out over a long enough section so that their 

effect upon overall roughness amplitude is minimal. By means of numerical 

comparisons of the roughness amplitude distribution measures, the type of 

road roughness on each pavement type can be better characterized. For 

this study, the 50th, 75th, 90th, 95th, and 99th percentile points were 

used, in addition to the mean. A percentile point is used as a measure of 

what amplitude exists such that a given percentage of observations have 

values less than or equal to this value. The 90th percentile amplitude, 

for example, is the value greater than or equal to 90 percent of all the 

local roughness amplitudes for a given road section. Local roughness 

measures are computed at discrete steps throughout the section. 

MoPac Bridge Project 

It is observed that the span length appears to have virtually no 

effect upon the roughness present on the bridge deck. In fact, the 

amplitudes were larger on the adjoining pavement than they were on the 

bridge deck. This feature is not surprising, however, when it is recalled 

that the span length was 97 feet, while prominent 100 foot waves existed 

on the adjoining pavement, caused by the stationing of the project. It 

must also be remembered that the bridge had yet to be subjected to the 
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effects of traffic and time. For the bridge deck section, the Bl to 120 

foot passband indicates that, for the right profile, a rather uniform rough

ness distribution exists, as the 99th percentile amplitude is only .01 

inch larger than the 50th percentile point. The difference profile, on 

the other hand, contains several waves of much larger amplitudes than 

the average roughness amplitude. These extreme transverse roughness amplitudes 

approach the amplitudes of the longitudinal roughness. 

For the short wavelength roughness, 0 to 20 feet, the bridge deck 

much rougher for the right profile, particularly for the extreme roughness 

measures, than is the adjoining pavement. These extreme measures differ 

vastly from the mean and 50th percentile roughness measures. The difference 

profile roughness measures indicate that the rolling effect is more severe 

than the longitudinal roughness for the short wavelengths on the bridge 

deck, 0 to 9 feet. This transverse roughness is also generally more severe 

on the bridge deck than it is on the adjoining pavement for the shorter 

wave lengths. 

The standard deviations of the two sections indicate that the rough-

ness on the bridge deck is less uniform and therefore contains a larger 

variety of roughness amplitudes than the adjoining pavement for the short wave

lengths, while the opposite holds true for the larger wavelengths. 

Big Sandy Bridge Project 

The span length of the bridge, 4B feet, plays a definite role in 

determining the type of roughness present on the bridge deck. For both 

lanes of the bridge, the 40 to 60-foot waves have greater amplitudes than do 

the 60 to Bl-foot waves, which differs from the trend of increasing, amplitude 

with increasing wavelength. It is also noted that the longitudinal 

roughness corresponding to the span length tends to be fairly uniform, 

that is, the 99th percentile amplitude is only .015 inch greater than the 

50th percentile amplitude, whereas, on the adjoining pavement, the roughness 

contains a wider range of amplitudes. 

For short wavelength roughness, 0 to 9 feet, the bridge deck tends to be 

rougher, particularly for the extreme roughness measures, than the adjoining 

pavement. These extreme measures differ greatly from the mean amplitude. 
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The difference profile indicates that the transverse roughness is more severe 

than the longitudinal roughness for the short wavelengths. This transverse 

roughness is also generally more severe on the bridge deck than it is on 

the adjoining pavement for the 0 to 3-foot wavelengths. It is also seen that 

these transverse roughness measures decrease with increasing wavelength 

on the bridge deck, while they increase on the adjoining pavement. 

The standard deviations of the sections indicate that for short 

wavelength roughness, 0 to 9 feet, the bridge deck longitudinal roughness 

varies to a greater extent than that of the adjoining pavement. while for 

the longer wavelengths, 9 to 81 feet, the situation is reversed. For the 

transverse roughness, only the 0 to 9-foot wavelength roughness has large 

variations in amplitude on the bridge deck, while large variations always 

occur on the adjoining pavement. 

Plum Creek Bridge Project 

Once again, the span length influences the type of roughness present 

on the bridge. It is observed that, for wavelengths corresponding to the 

span length, the bridge deck is rougher than the adjoining pavement, 

particularly for the lower percentile points. It is also noted, that, 

unlike the other two projects, the higher percentile amplitudes are larger 

than the mean roughness amplitude. This is not surprising when it is realized 

that the span length varies somewhat over the length of the bridge. From 

observation of the roughness amplitudes, it is apparent that the amplitudes 

of this span length induced roughness is much greater than it would be for 

a longer span length. 

For the short wavelengths, the bridge deck is generally rougher. 

Because different roadways are used for each direction, larger variations 

occur between directions than existed for the Big Sandy Bridge project. On 

the bridge deck, the higher percentile amplitudes are much greater than the 

mean amplitude. As can be seen from the standard deviations of the rough

ness measures, the bridge deck roughness is more diverse for short 

wavelength roughness, whereas the adjoining pavement roughness is more 

diverse for the longer wavelengths. 



From the transverse roughness measures, it is observed that the 

amplitudes generally decrease with increasing wavelength for the bridge 

deck, while these amplitudes tend to increase with wavelength on the 

adjoining pavement. 

S3 
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CHAPTER 5. SUMMARY OF RESULTS AND COOCLUSIONS 

I t has been shown that several methods of analysis are available for 

characterizing and comparing road roughness on bridge decks and the adjoining 

pavement. Such methods include power spectral analysis, analysis of variance, 

components of variance, and visual observation of filtered road profile plots. 

Through the use of these techniques, it is felt that a better understanding 

of road roughness can be obtained, both for bridge decks and the adjoining 

pavement. Once a thorough understanding of the problem exists, meaningful 

steps can be taken towards alleviating the problem of road roughness 

associated with the presence of bridges. 

While, with the aid of the methods mentioned previously, bridge deck 

roughness can be characterized and contrasted to the roughness existing on 

the adjoining pavement, it is impossible to arrive at widely applicable, con

clusive findings due to the limited nature of this pilot study. Within the 

scope of a pilot study, however, results are presented, and several methods of 

obtaining these roughness characterizations have been presented and demonstrated 

for three pavement projects. The results of the study are summarized 

below. 

SUMMARY OF RESULTS 

Qualitative Analysis 

Long wavelength roughness on the adjoining pavement tends to increase 

appreciably before the beginning of a bridge and then dies out on the 

bridge deck itself. However, a significant increase in short wavelength, 0 to 

10 feet, roughness amplitudes on the adjoining pavement occurs about 50 feet, 

or 150 feet in the case of the MoPac Bridge project, from the beginning of the 

bridge. This short wavelength roughness is also extremely prevalent on the 

bridge deck itself. 

The span length of a bridge has a major effect upon the type of roughness 

present on a bridge deck, as large amplitude waves corresponding to the span 

length occur on the bridge. While this effect is fairly insignificant for 
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very long span lengths, span lengths on the order of 30 to 50 feet lead to very 

noticeable roughness, as witnessed on both the Big Sandy and Plum Creek bridges. 

This problem also is not as objectionable to a car passenger on short bridges 

as it is on longer ones. 

The most severe areas of roughness related to bridges are the bumps at 

the ends of the bridge. While the asphaltic concrete pavement on either side 

of the bridge will generally compact with time due to the loads applied by the 

traffic, or expand due to the presence of swelling clay, the Portland Cement 

Concrete bridge deck remains virtually unaffected by compaction, thus causing 

bumps due to the unequal settlement. These bumps have an amplitude of approxi

mately .25 inch. Other factors that have an influence on the roughness at the 

end of the bridge include the presence of an approach ramp and/or a 12-inch 

wide concrete abutment. Both of these structures create a bump themselves, 

while reducing somewhat the magnitude of the bumps at the actual ends of the 

bridge deck. 

The surveying layout of the project may tend to induce 100-foot waves onto 

the pavement immediately adjoining a bridge deck. This is most likely due to 

construction problems such as difficulties in grading and compacting the soil. 

This effect increases near the beginning of a bridge, probably because the 

construction crew does not have enough grade stakes just ahead of the bridge 

to "aim for" in the grading process. Difficulties are also encountered in 

properly compacting the soil in these areas. 

Mean Amplitude-Wavelength 

From the mean amplitude-wavelength charts, several general observations 

are noteworthy. For each of the three cases studied, the adjoining pavement 

section has larger amplitudes for the longest wavelength than does the bridge 

deck. As the amplitude decreases, so do the r.m.s. amplitudes for both sec

tion types. For the shorter wavelengths, 15 feet of less, the amplitudes 

on the bridge deck are generally larger than the corresponding amplitudes 

on the adjoining pavement, which can also be observed from the plots of the 

filtered profiles. Whether or not the span length has any effect on determining 

the zone where the two lines cross remains to be seen, as only a small sample 

has been used for this pilot study. This.feature might be of possible future 

interest, however. 
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Statistical Analysis 

From the observations of the statistical comparisons of the roughness data, 

it is very important to realize that the repeat measurement variations have 

been shown to be small enough to allow differences between wheelpaths in the 

same lane to be recognized, as seen in Table 4.7. Since the profilometer is 

capable of obtaining information this accurately, it is accurate enough for 

most practical purposes. Also of note is the fact that the difference in 

roughness amplitudes between bridge deck and adjoining pavement was significant 

in nearly every case. Thus, different types of roughness occur on each 

structural type. Lane-to-lane variations were found to be insignificant. 

Components of Variance 

From the components of variance tables (Tables 4.8, 4.9, and 4.10), it is 

observed that both wheelpath-to-wheelpath variations and measurement error for 

replicate runs of the same wheelpath are generally greater for the older bridge 

for which replicate runs were made (Big Sandy) than for the new (MoPac). Thi~ is 

understandable due to the effects of traffic and time, which cause irregulari

ties in the road surface. Because of these irregularities, there are small 

differences in the wheelpaths traversed by the profilometer in replicate runs 

and the result is larger measurement differences in older pavements as 

compared to newer ones. However, age seemed to have surprisingly little effect 

on the lane-to-lane variations for the projects studied, relative to wheelpath 

variations. The variation between structures, bridge deck and adjoining 

pavement, consistently explains more of the total roughness variance for the 

new project, MoPac, than for the older sections for the shorter wavelengths. 

This is most likely because other variations, such as measurement error due 

to pavement distress varying with lateral location, increase with age. Table 

4.7 reinforces the information mentioned above. 

Roughness Amplitude Distribution Measures 

From the roughness amplitude distribution tables presented in Ap

pendix A, it is seen that the type of long wavelength roughness present 

on a bridge deck depends upon the span length. The greater the span length, 

the less objectionable is the road roughness. For the short wavelength rough-
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ness, the amplitudes on the bridge tend to be both more severe and more diverse, 

while for long wavelength roughness, the amplitudes on the bridge tend to be 

less severe and fairly uniform in comparison to the roughness present on the 

adjoining pavement. The transverse roughness (rolling effect) is worse than 

the longitudinal roughness for very short wavelengths. On the bridge deck, 

this transverse roughness tends generally to decrease with increasing wave

length and is fairly uniform at these longer wavelengths while being more 

diverse at the shorter wavelengths. 

CONCLUSIONS AND RECOMMENDATIONS 

The results of this study show that an appreciable amount of roughness 

is associated with the presence of bridge decks, both on the bridge decks 

themselves and the adjoining pavement. Although it would be virtually impos

sible to eliminate this roughness, several methods, involving both design and 

construction techniques, could be employed in order to reduce this e.ffect. 

As mentioned earlier, the span length of a bridge tends to induce rough

ness of similar wavelength on the bridge deck. In order to minimize this 

effect, the possibility of constructing new bridges with either very long 

(greater than 80 feet) or varying span lengths should be considered. Long span 

lengths, while inducing definite roughness, would not be as detrimental to the 

riding quality as would roughness caused by shorter span lengths. Previous 

studies (see Reference 6) have indicated that short wavelength roughness tends to 

have more effect upon ride quality than does long wavelength roughness. Varying 

span lengths, on the other hand, could be used much in the same manner as 

variable joint spacing is sometimes used in jointed concrete pavements. 

These variable distances between contraction joints are used to eliminate the 

steady rhythm of the tires hitting the joint filler at regular time intervals. 

Similarly, varying span lengths would eliminate the steady rhythm caused by 

roughness of a constant wavelength. 

The problem of 100-foot waves created by the surveying layout of the road

way section within about 300 feet of a bridge could easily be eliminated by 

increasing the frequency at which cut or fill stakes are placed. If these 

stakes were placed every 25 feet or so, rather than only every half-station 

as is currently the practice, the operators of the grading equipment would be 
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better able to accurately grading the roadway section, as more stakes would 

be available for the operators to "aim" for. However, near the end of the 

bridge, this interval might need to be decreased to prevent the creation of 

50-foot waves in the same manner as 100-foot waves are currently built in, as 

these shorter waves would only serve to worsen the existing situation. 

The bump at the end of the bridge, due primarily to differential settle

ment, is generally the worst type of bridge-related roughness. This roughness 

could be reduced somewhat if the compaction of the soil in the area were 

improved. Care should therefore be taken to see that the area immediately 

next to the bridge is compacted as well as possible, using whatever methods 

are available to the construction crew. Soils susceptible to swelling should 

be removed if feasible. Another possible means of reducing this roughness 

might be the addition of a fairly short length of rigid pavement, called an 

approach slab, on either side of the bridge. The purpose of this strip would 

be to reduce the stress caused by dynamic loading due to vehicles "falling" 

off the end of the bridge deck. Since Portland cement concrete pavements are 

less subject to rutting and consolidation than asphaltic concrete pavements, 

the differential settlement between bridge and adjoining pavement may be 

reduced by using rigid pavement on either side of the bridge. The length of 

these rigid pavement sections would be dependent on the distance necessary 

for the vehicles to lose the vertical acceleration caused by the remaining 

bump at the end of the bridge; several districts currently use 20 foot approach 

slabs. In this way, the large bump at the end of the bridge would be replaced 

by two smaller, and consequently less objectionable, bumps: one at the end of 

the bridge and the other at the end of the rigid pavement strip. It is recom

mended that further study be conducted to compare roughness between bridges 

with and without approach slabs. 
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APPENDIX A. A DETAILED QUALITATIVE ANALYSIS OF ROAD ROUGHNESS DATA 

Road surface profiles of both the right and left wheelpaths can be accurately 

measured by the General Motors profilometer currently owned by the Texas High-

way Department and operated by the Center for Highway Research. These road 

profiles are in the form of road surface elevations observed at equally spaced 

distances and are an essential tool for the development of a better understanding 

of the changes in roughness caused by the presence of any physical structure, in 

this case bridge decks. From the plots of both the filtered and unfiltered pro

files, a great amount of information can be obtained by visual observation. 

Here, digital filtering is referred to simply as a method for computing a 

new profile from the original road profile in order to isolate the type 

of roughness which is of specific interest, e.g., that with wavelengths from 

o to 15 feet. Thus, the components of the road roughness can be observed 

and analyzed separately, thereby enabling a more thorough investigation into 

roughness characterization. 

Included in this appendix is a discussion of the profile plots of the 

three projects studied in detail, the MoPac project, the Big Sandy project, 

and the Plum Creek project. The second part of this appendix contains the 

profile plots of these projects. To aid the reader in better understanding 

the profile plots, vertical lines have been placed along the position scale 

of these plots to indicate features of the bridge deck that are of interest. 

A long mark is used to indicate either the beginning or end of the bridge 

deck, while a short mark is used to indicate the location of an expansion joint. 

As was mentioned previously, in Chapter 3, the operation of the electronic 

measuring system aboard the profilometer requires certain processing (analog 

filtering) of the road profile data which int~oduces a frequency dependent "phase 

shift." In order to more accurately interpret the road surface profile plots, 

the reader should be aware that, while short waves are virtually unaffected, 

roughness with wavelength longer than 32 feet is shifted to the right on the pro

file plots; the longer the wavelength, the greater this phase shift. The effect 

of this is to cause some of the long waves of the adjoining pavement to appear 
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to extend onto the bridge by a fraction of a wavelength in some cases. 

Despite this disadvantage, much meaningful information can be obtained 

from the present data. 

The reader who is interested in studying the characteristics of the 

frequency response to phase shift should see pages 8-10 of Ref 3. The chart on 

page 9 of Ref 3 requires a vehicle speed of 20 mph and use of filter two, which 

were also used for all road measurement by the profilometer during this study. 

MOPAC BRIDGE PROJECT 

From visual observation of the profile plotsof the MoPac Bridge Project, 

the following features are apparent. 

It is observed from the plots of the right profile, Figs. A.l through A.3, 

that the profile is much smoother on the adjoining pavement than it is on 

the bridge. This is due to the increased amplitudes of the short waves that 

occur after passing onto the bridge deck, which begins at about 290 feet. 

On the adjoining pavement, the profile consists of very short waves having 

very small amplitudes. These wavelengths, and the corresponding amplitudes, 

begin to increase gradually at about 150 feet before the bridge. The crossing 

onto the bridge deck itself is marked by a distinct spike (an extremely short 

wave having a relatively large amplitude). While other spikes are noticeable 

at 97-foot increments, due to the expansion joints of the bridge, they are not 

as severe. There are pronounced 5 to lO-foot-long waves on the bridge, along 

with shorter waves of smaller amplitude. The 0 to 5-foot waves have much larger 

amplitude than those observed on the approaching pavement. Another feature that 

is noticeable is the long wavelength roughness, which increases greatly just 

before the bridge and then tends to die out once onto the bridge deck itself. 

The same trends exist for the right-left difference plots, as seen in 

Figs.A.4 through A.6. While short waves with very small amplitudes occur on 

the pavement section, slightly longer waves, on the order of 6 feet, with 

larger amplitudes, for the most part, occur on the bridge. The crossing onto 

the bridge deck itself is marked by a severe spike. Spikes marking the 

expansion joints are noticeable but often difficult to detect due to the 

surrounding roughness. The amplitudes of the long wavelengths, 30 feet 

or more, tend not to be significant on the bridge deck, although the amplitude 

of these long wavelengths becomes much greater just before the bridge. 
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Another interesting feature that appears on the MoPac Bridge project is 

the effect of stations. Stations and half-stations are used by surveyors 

to indicate at 50-foot intervals the correct grade at which the project is 

to be constructed. On the flexible pavement between the two bridges, it is 

observed, in Figs. A.7 and A.8, that several lOa-foot waves appear as the 

shorter bridge deck is approached. The amplitudes of these waves also increase 

as the distance to the shorter bridge decreases. This feature is most likely 

due to the fact that the operators of the grading equipment have difficulty 

grading accurately near the beginning of a bridge because they have too few 

grade stakes,one at every half-station, to "aim" for. The nearer they approach 

the bridge deck, the fewer grade stakes they have to use, which explains why 

the amplitudes become greater. 

Observation of the bump at the end of the bridge shows that the beginning 

of the bridge deck is very noticeable. 

As seen in Fig. A.4, the right-left difference profile for the MoPac 

Bridge project, the bump at the beginning of the bridge is characterized by 

a spike with an amplitude of approximately .25 inch, followed by a slightly 

smaller spike a foot later. This second spike is the actual beginning of the 

bridge deck, while the first spike marks the end of the approaching flexible 

pavement. In between these two points rests a 12-inch concrete abubnent, 

which serves to support the bridge beam, as well as provide a transition from 

pavement to bridge deck. From Fig. A.1, the right profile for MoPac, it is 

observed that these two spikes have amplitudes of about .20 inch and .17 

inch respectively. Another feature observed is that the right profile and 

the right-left difference profile are very similar in the area of the beginning 

of the bridge deck. In both cases, the spike points upward, indicating that 

the bridge deck is at a slightly higher level. 

BIG SANDY BRIDGE PROJECT 

From visual observation of the profile plots of the Big Sandy Bridge 

project, the following information is obta ined. 

For the a to 15-foot passband for the right profiles, noticeable 

differences exist between the profiles of the bridge deck and the pavement, 
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as seen in Figs. A.9 through A.12. The waves on both sections are normally 

very short, so that they appear as "bumps." Both before and after the bridge 

deck~ which begins at about 170 feet and ends at around 650 feet, these "bumps" 

are generally of small magnitude, particularly on the western side of the 

bridge. However, on the bridge deck, these "bumps" are usually of much 

larger amplitude and occur far more frequently, resulting in a darker and 

thicker plot for the bridge deck. The spikes which mark expansion joints 

on the bridge deck are very noticeable. 

From the right-left difference profiles for the 0 to IS-foot 

passband, it is observed, in Figs. A.13 through A .16, that the bridge deck 

is somewhat rougher than the approaching pavement. Spikes on the bridge 

deck denoting expansion joints usually are noticeable, as are both ends of the 

bridge deck. Short wavelengths generally tend to occur more frequently, 

and with larger amplitudes, on the bridge deck than on the approaching 

pavement, although there is very little difference in the eastbound lane. 

For the 30 to 60-foot passband for the right profiles of the Big 

Sandy Bridge project, it is observed that no wavelengths with significant 

amplitudes appear on the western side of the bridge, as seen in Figs. 

A.17 through A.20. On the eastern side, however, some waves having sizable 

amplitudes do occur, particularly on the eastbound lane after leaving the 

bridge deck. On the bridge deck itself, these waves, which closely correspond 

to the span length of 48 feet, are definitely noticeable, and generally appear 

to have larger amplitudes when nearer the center of the bridge deck. 

For the right-left difference profiles for the 30-foot to 60-foot 

passband, shown in Figs. A.2l through A.24, the bridge deck contains no 

waves having an appreciable amplitude. However, waves do exist on the 

approaching pavements and the amplitudes are usually noticeable. The ampli

tude of these waves tends to die out once the bridge deck is reached. 

For the 80 to 110-foot passband for the right profiles, it is 

observed, from Figs. A.25 through A.28, that only waves with very small 

amplitudes occur on the bridge deck and on the western part of the 

approaching pavement. However, on the eastern side of the bridge deck, 

waves possessing considerable amplitude exist. The amplitudes of these 

waves which have a length of approximately 85 feet, die out once the bridge 

deck is encountered. 
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For the right-left difference plots of the 80 to 110-foot passband, 

seen in Figs. A.20 through A.32, very little difference exists becween those for 

bridge deck and the western side of the adjoining pavement, as the roughness 

waves for both sections have fairly short wavelengths. However, the section 

of adjoining pavement to the east of the bridge deck contains longer 

waves, about 90 feet in length, with much larger amplitudes, as it also 

does for the 30 to 60-foot passband. This feature of distinct differ-

ences in roughness patterns on opposite sides of Big Sandy Bridge indicates 

a strong possibility that a non-uniformity exists in the soil conditions 

between the cwo sides of the bridge. 

As seen in Figs. A.13 through A.16, the plots of the right-left 

difference profile of the Big Sandy Bridge, the ends of the bridge deck are 

very difficult to detect. Although the spikes marking these ends are of 

fairly large amplitude, approximately .25 inch, there is enough short 

wave roughness on the adjoining pavement to camouflage the actual ends. 

In Figs. A.9 through A.12, the right profile plots of Big Sandy Bridge, 

spikes marking the ends of the bridge deck stand out clearly, particularly 

at the western end of the bridge. The amplitudes of these spikes vary from 

.52 inch to .28 inch at the beginning of the bridge to .22 inch to .32 inch 

at the end of the bridge. 

The profile plots were also examined for roughness patterns near the 

ends of the bridge, which could be explained in terms of the different 

directions of traffic flow. While the cwo bumps at the eastern end of the 

bridge consisted of very sharp spikes, the bumps at the western end con

sisted of a distinct length, of about one foot. Thus, it is apparent for 

the Big Sandy Bridge that proximity plays a more dominant role than direction 

of traffic in determining the roughness cuased by the end of the bridge deck. 

PLUM CREEK BRIDGE PROJECT 

Since this project consisted of two separate roadways and bridges, a 

description of the visual observations of each is presented indepen

dently in this section. The discussion of the bumps at the ends of the 

bridge is combined, however. 
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Southbound Lane 

From the plots of the 0 to ls-foot passband of the right profile, 

it is observed that the roughness before the bridge consists of very short 

waves with fairly small amplitudes, in addition to the long wavelengths 

which appear to extend onto the bridge deck, as seen in Figs. A.33 through 

A.38. This effect is due to "phase shift," which is mentioned at the beginning 

of the chapter. 

About 50 feet before the bridge deck, which begins at 165 feet 

(Fig A.33), the wavelengths and amplitudes of these short waves start 

increasing. A large spike occurs at about 14 feet before the bridge deck, 

which coincides with the beginning of the approach ramp. Another large 

spike marks the beginning of the bridge deck itself; other spikes, indicating 

expansion joints, are also generally noticeable. Once onto the bridge deck, 

it appears that the roughness tends to remain the same for about the first 

100 feet. However, the waves then tend to become shorter and have larger 

amplitudes than the roughness waves on the adjoining pavement. The beginning 

of the metal trestle bridge, which occurs at 315 feet (Fig A.36), is marked 

by an extremely large spike, having an amplitude of over .5 inch. The 

expansion joints on this bridge are not noticeable, nor is the end of this 

metal trestle. The overall patterns of roughness on the two different 

bridges are not appreciably different. Past the bridge deck, which 

ends at approximately 470 feet (Fig. A.37), no change in type of roughness 

occurs for about 25-30 feet. After this, however, the roughness assumes 

longer wavelengths with rather large amplitudes for several cycles. These 

waves quickly die out and are replaced with the familiar short waves with 

small amplitude. 

The plots of the 60 to 100-foot passband of the right profile are 

presented in Figs. A.39 through A.4l. Long waves having significant 

amplitudes exist before the bridge, but the amplitudes of these waves diminish 

gradually on the bridge deck itself. The amplitudes of these waves 

on the adjoining pavement, which have a length of about 65-70 feet, tend 

to increase just before the beginning of the bridge. Occasionally these 

wavelengths appear on the bridge deck with noticeable amplitude, but they 



generally are insignificant, except at the very beginning of the bridge, 

where "phase shift" occurs, causing long wavelength roughness present on 

the adjoining pavement to appear to be on the bridge deck. 

It is observed from the plots of the 15 to 60-foot passband that 

waves having significant amplitudes are generally very scarce on the bridge 

deck, particularly on the metal trestle. However, waves having large 

amplitudes do occur right at the end of the bridge deck, and for the next 
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100 feet or so, after which the amplitudes of these waves decrease signifi

cantly. No pattern of roughness is discernible for this particular passband. 

Northbound Lanes 

When observing the filtered profile plots of the two northbound lanes, 

it should be realized that the vertical scales, signifying road surface 

elevation, are different for the two lanes. It appears that the inner 

lane is much rougher, but the vertical scale has been automatically enlarged 

by the computer, and,in reality, the two lanes experience similar roughness 

ampli tud es. 

It is observed from the plots of the two northbound lanes for the 

a to 15-foot passband, seen in Figs. A.45 through A.50, that the bridge 

deck is much rougher than the adjoining pavement. On the adjoining pavement, 

the short wavelength roughness possesses rather small amplitudes, thereby 

providing a relatively smooth appearance. At approximately 40 feet before 

the beginning of the bridge, however, the amplitudes of the pavement rough-

ness increase. Once onto the bridge deck itself, which begins at approxi

mately 125 feet, the roughness is characterized by very short waves having large 

amplitudes. Spikes indicating expansion joints are occasionally difficult 

to detect, but generally these joints stand out clearly. 

For the 60 to lOa-foot passband, it is observed that the longer 

waves have fairly large amplitudes before the bridge, as seen in Figs. A .51 

through A. 56. Once onto the bridge deck, however, the amplitudes of these 

longer waves tend to die out, although an occasional wave does exist with 

appreciable amplitude. For the most part, though, these wavelengths on the 

bridge are not significant. It must be remembered that the effects of 



72 

"phase shift" cause a partial cycle of the long wavelength roughness on the 

adjoining pavement to appear as if it were actually on the bridge deck. 

Additional information is available for the outer northbound lane. The 

plot of the right profile of the first part of the northbound bridge for 

the 20 to 40-foot passband is presented in Figs. A.57 through A.59. It is 

readily apparent that there is an absence of waves corresponding to this 

passband, with appreciable amplitudes on the adjoining pavement. 

However, such waves are extremely prominent on the bridge deck, having 

amplitudes on the order of .1 inch. These waves correspond directly to the 

expansion joints of the bridge deck, which are spaced at 30-foot intervals. 

Furthermore, waves with significant amplitudes are not present on the 

section of the bridge where the span length is 39 feet, although roughness 

in the form of slightly shorter wavelengths with sizable amplitude ,does exist 

near the transition from a 39-foot span length to a 3D-foot span length, 

which occurs at approximately 320 feet. 

From the plot of the 50 to 70 foot passband for the outer north

bound lane, Figs. A.60 through A.62, very little difference is observed 

between the bridge deck and the adjoining pavement. While the amplitudes 

of these waves on the bridge deck are generally larger, the difference in 

magnitude is not enough to appear significant. 

Ends of Bridge 

For the northbound bridge, the beginning of the bridge deck is marked 

by a single large spike having an amplitude of approximately .40 inch. 

Once again, it must be realized that the vertical scales for the two lanes 

are different. For both lanes, the surrounding road profile is very rough, 

as seen in Figs. A.4S and A.48, particularly the latter plot, due to the 

enlarged vertical scale. The surface is extremely rough for about 2 feet 

in front of the beginning of the bridge deck. 

For the southbound lane, a comparison of the bumps at the two ends of 

the bridge reveals several interesting features. Due to the presence of 

the lS-foot approach ramp, the beginning of the bridge is marked by two 

spikes, a ,35 inch spike at the beginning of the approach ramp and a .40 

inch spike at the beginning of the bridge deck. The two spikes are very 
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similar, as seen in Fig. A.33. At the end of the bridge, the end of the 

approach ramp is extremely difficult to detect, as no spike is present. The 

end of the bridge deck itself consists of a spike with amplitude of about 

.35 inch. 
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Fig Al.4l. plum Creek Bridge 
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Filter Passband: 15.0 to 60.0 ft. Wavelengths - Southbound Lane - Right Profile Frame 1 

N4-------L--r--~----._~----~I._----~--,_--L-----~------~._--~----._~------~--~--~1 
10 •00 -to.oo 80.00 120.00 160.00 200.00 2-t0.00 280.00 320.00 360.00 

POSITION RLONG THE RORD (FT.) 

Fig Al.42. plum Creek Bridge 



z 

a 
a . 

a 
('\.I . 

I
era >..,... 
W • 

-1~ 
W 

o 
era 
0('\.1 
a:: . 

...... 
I 

a 
a 

Filter Passband: 15.0 to 60.0 ft. Wavelengths - Southbound Lane - Right Profile Frame 2 

, 
" 

\ 
\ 

_.' 
, I .., 

('\.I4--L __ ~ __ ~ __ ~ ____ ~-L ______ ~.-________ ~ ________ ~ ________ ~ ________ ~.-________ .-________ ~ 

~60.00 ~OO.OO ~~O.OO ~80.00 520.00 560.00 600.00 610.00 680.00 720.00 

POSITION ALONG THE ROAD (FT.) 

Fig A1.43. Plum Creek Bridge 

f-' 
f-' 
0\ 



• 
z 

o 
o · 

o (\I 
• ..... 

o 
cr. o 0(\1 
cz:::: • .... 

I 

o 
o · 

Filter Passband: 15.0 to 60.0 ft. Wavelengths - Southbound Lane - Right Profile Frame 3 
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Fig Al.44. Plum Creek Bridge 
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Filter Passband: 0.0 to 15.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 1 
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Fig A1.45. Plum Creek Bridge 
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Filter Passband: 0.0 to 15.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 2 

Fig A1.46. plum Creek Bridge 
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Filter Passband: 0.0 to 15.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 3 
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Fig Al.4B. plum Creek Bridge 



Z -

Ul 
c-
o 

-'" lJ) 
C".I 

Zo 
o 

I
CIlJ) 

:>C".I 
W· 
--1 0 

I 
W 

o 
CIlJ) 

Or-
0= • 

o 
I 

Filter Passband: 0.0 to 15.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 2 
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Fig Al.49. Plum Creek Bridge 
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Filter Passband: 0.0 to 15.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 3 
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Fig Al.SO. plum Creek Bridge 
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Filter Passband: 60.0 to 100.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 1 
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Filter Passband: 60.0 to 100.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 2 
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Filter Passband: 60.0 to 100.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 3 
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Fig Al.53. Plum Creek Bridge 
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Fig Al.54. Plum Creek Bridge 
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Fig Al.55. plum Creek Bridge 
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Fig Al.56. Plum Creek Bridge 
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Filter Passband: 20.0 to 40.0 ft. Wavelengths - Northbound Lane - Right Profile Frame I 
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Filter Passband: 20.0 to 40.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 2 
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Fig Al.58. Plum Creek Bridge 
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Fig Al.59. plum Creek Bridge 
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Filter Passband: 50.0 to 70.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 1 
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Filter Passband: 50.0 to 70.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 2 
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Filter Passband: 50.0 to 70.0 ft. Wavelengths - Northbound Lane - Right Profile Frame 3 
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APPENDIX B. ROUGHNESS AMPLITUDE DISTRIBUTION TABLES 

This appendix contains the localized, or extreme, measures of roughness 

computed for both bridge deck and adjoining pavement of each of the 

three projects studied in detail. The resmlts derived from this method 

are discussed in Chapter 4, while the methods used to obtain the data 

are presented in Chapter 5. 

Through these measures of localized roughness, both mean amplitude 

and measures of the worst roughness in a given section can be determined 

for each pavement type. By means of numerical comparisons of the rough

ness amplitude distribution measures (the 50th, 75th, 90th, 95th and 99th 

percentile points were used for this study), the type of roughness present 

on each pavement type can be better characterized. A percentile point is 

used as a measure of what amplitude exists such that a given percentage 

of observations have values less than or equal to this value. The 95th 

percentile amplitude, for example, is the value greater than or equal to 

95 percent of all the local roughness amplitudes for a given road section. 

For each roughness measure, two amplitudes are provided for several 

passbands. The upper value is the amplitude of the right profile, whereas 

the lower value is the amplitude of the right-left difference profile. The 

various measures of roughness amplitudes can be obtained from the foll~wing 

tables for both longitudinal and transverse roughness. 
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S 
D 

TD 
EV. 

ME AN 

5 Oth 

7 5th 

9 Oth 

9 5th 

9 9th 

o - 1 

.00421 

.01245 

.00780 
. 

.01560 

.00707 

.01189 

. .00927 

.01844 

.01219 

.029756. 

.01472 

.0418~ 

.02351 

.0639~ 

TABLE B.l. FLEXIBLE PAVEMENT 

Mopac Bridge Project 

Wave1ength(feet) 

1 - 3 3 - 9 9 - 20 20 - 81 81 - 120 

.00308 .00256 .00382 .01199 .05251 

.00763 .00614 .00758 .01995 .02174 

.00545 .00534 .00798 .03840 .07571* 

.00857 .01003 .01193 .039646. .04451' 

.00480 .00495 .00703 .03980 .06418* 

.00666 .00847 .01009 .032246. .031166. 

.00691 .00606 .01021 .04396 .10323~'" 

.00975 .01153 .01501 .0496g6 .062746. 

.00917 .00732 .01354 .05557 .16175* 

.01599 .01637 .02052 .0770EP .0822g6. 

.01052 .00922 .01564 .05967 .19536~'" 

.02469 .02413 .02282 .08477 .08562 

.01705 .01940 .01851 .06434 .20290* 

.03873 .03337 .04358 .08700 .0895z6 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the bridge deck. 

6. denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the bridge deck. 
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TABLE B .2. BRIDGE DECK 

Mopac Bridge Project 

Wave1ength(feet) 

0-1 1 - 3 3 - 9 9 - 20 20 - 81 81 - 120 

.00624 .00609 .01024 .01081 .01961 .00762 
STD 
DEV. .00851 .00854 .01l80 .00946 .01036 .01246 

.01ll9* .01074* .01907* .02385'''' .05362* .04108 

MEAN 
.01649

6 .0152~ .0245a6 .020746 .02620 .01629 

.01002* .00973~'" .01596* .02191* .04895* .04250 

50th 
.014846 .013956 .022ll6 .019166 .02386 .00880 

.01392~'" .01381~'" .02440* .02800~'" .07095* .04796 

75th 
.020466 .019206· .031446 .025446 .03302 .02664 

.01860* .01842* .03260* .03948'''' .08282'''' .05013 

90th 
.025946 .039016 .033316 .02767 .04481 .03889 

.02284* .02232* .03838* .04858">'< .08898* .05099 

95th 
.030436 .044366 .040956 .03305 .04743 .04149 

.03462* .03164* .05617* .05830'''' .09066* .05228 

99th 
.047966 .075166 .048266 .04397 .04894 .04322 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the adjoining pavement. 

6 denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the adjoining pavement. 
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TABLE B.3. WESTBOUND FLEXIBLE PAVEMENT 

Big Sandy Bridge Project 

Wavelength(feet) 

0-1 1 - 3 3 - 9 9 - 20 20 - 40 40 - 60 

.00917 .00708 .00525 .00868 .02018 .01027 
STD 
DEV. .01486 .00939 .00629 .00838 .01047 .00608 

.02266 .01472 .01419 .01807 .03522>'< .03379 

MEAN 
.0194P .03556 .01925 .0216-,6 .0299~ .0204i" 

.02117 .01400 .01336 .01597 .02869>'< .03140 

50th 
.0184~ .0193~ .0288~ .021516 .03425 .01747 

.02776 .01860 .01651 .02147 .04757>'< .04406 

75th 
.0223i" .026446 .04006/\ .0261~ .04522 .02377 

.03508 .02350 .02100 .03116>'< .07003>\- .04890 

90th 
.032246 .0294i" .035606 .04428""'- .02768""'-.05479 

.04012 .0275~ .02441 .03713* .07825>'< .05107 

95th 
.0366r .032466 .0387~ .045656 .0281i" .06189 

.050403 .0388r .03459 .04376 .08016* .05273 

99th 
.038046 .0409~ .048656 .0286s6 .07592 .04939 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the bridge deck. 

6 denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the bridge deck. 

60 - 81 

.01099 

.00693 
>, 

.04063 

.017666 

.04321>'< 

.0189~ 

.04994>\-

.021516 

.05379>'< 

.02716
6 

.05563 

.028566 

.05724>'< 

.036056 



STD 
DEV. 

MEAN 

50th 

75th 

90th 

95th 

99th 
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TABLE B.4. WESTBOUND BRIDGE DECK 

Big Sandy Bridge Project 

Wave1ength(feet) 

o - 1 1 - 3 3 - 9 9 - 20 20 - 40 40 - 60 60 - 81 

.01752 .00906 .00749 .00548 .00613 .00775 .00810 

.01653 .00919 .00565 .00401 .00445 .00390 .00575 

.03253* .01681* .01531* .01937* .02750 .04351 >~ .02127 

.0417~ .01941' .01555 .01501 .01502 .01056 .01291 

.02933* .01561* .01370* .01871* .02802 .04200* .02302 

.040106 .0179~ .01414 .01438 .01443 .01047 .01271 

.03860* .02113* .01748* .02168* .03109 .05048* .03007 

.0520i' .0243g6 .01782 .01696 .01839 .01248 .01853 

.05051* .02749'~ .02501* .02724 .03543 .05431* .03234 

.0641~ .03219 .02319 .01947 .02181 .01363 .02101 

.06099* .03242* .03090* .03180 .03748 .05585* .03343 

.06981' .03649 .02823 .02459 .02257 .01851 .02166 

.10883* .05171* .04343* .03474 .04028 .05739* .03451 

.085406 .04424 .03676 .02762 .02366 .02446 .02204 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the adjoining pavement. 

~ denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the adjoining pavement. 
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STD 
DEV. 

MEAN 

50th 

75th 

90th 

95th 

99th 

TABLE B.S. EASTBOUND FLEXIBLE 'PAVEMENT 

Big Sandy Bridge Project 

Wavelength(feet) 
" 

0-1 1 - 3 3 - 9 9 - 20 20 - 40 40 - 60 60 - 81 

.00883 .00694 .00466 .01251 .01583 .01878 .02443* 

.01159 .00883 .00686 .01277 .01327 .00909 .0097s6 

.02385 .01349* .01703* .02243'~ .03256 .03913* .03036* 

.03132 .01813.6 
.6 

.02253 .02581.6 .02346.6 .01611.6 .030106 

.02280 .01236* .01674'~ .02044* .03315 .04230* .01990* 

.03014 .0171~ .0217~ .02373.6 .02028.6 .0156~ .03257.6 

.02935 .01680 .02012* .02715'~ .04679'" .05388* .05613'~ 

.03881 .0234~ .0266~ .0287~ .026296 .021Or .0394~ 

.03583 .02294* .02354* .03739* .05340'" • 06310'~ .06729'~ 

.04743 .02916.6 .03186.6 .0404P .0473cP .03066.6 .04233.6 

.04015 .02764* .02561 .04719* .05657* .06576* .06938* 

.05222 .0332cP .0357r .0494~ .0580cP .0336<1- .0437r 

.04950 .03633 .02814 .06889* .05772* .06771* .07321* 

.06126 .04570 .0418P .07561.6 .06076.6 .03485.6 .044706 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the bridge deck. 

~ denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the bridge deck. 



STD 
DEV. 

MEAN 

50th 

75th 

90th 

95th 

99th 

145 

TABLE B.6. EASTBOUND BRIDGE DECK 

Big Sandy Bridge Project 

Wavelength(feet) 

0-1 1 - 3 3 - 9 9 - 20 20 - 40 40 - 60 60 - 81 

.01865 .00735 .00666 .00820 .01034 .00771 .00493 

.01897 .00993 .00528 .00514 .00397 .00197 .00242 

.03021* .0l345 .01548 .01997 .03739* .03888 .01625 

.0398i' .01588 .01740 .0l330 .01637 .00900 .00896 

.02650 .01215 .01424 .01863 .03858* .03774 .01455 

.037416 .0l361 .01711 .01435 .01780 .00957 .00932 

.03635* .01692* .01726 .02496 .04546 .04540 .01902 

.04841" .02145 .02141 .01782 .01967 .01061 .01105 

.04906* .02158 .02344 .03248 .05031 .05010 .02315 

.061006 .02883 .02391 .01957 .02128 .01l30 .01198 

.05942* .02713 .02716* .03469 .05272 .05184 .02668 

.0708s6 .03247 .02620 .02027 .02228 .01160 .01232 

.1l361* .03956 .04323* .03891 .05392 .05292 .02783 

.1019i' .0509f .02818 .02117 .02276 .01180 .0l316 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the adjoining pavement. 

~ denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the adjoining pavement. 
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0-1 

.00787 
STD 
DEV. .01135 

.01544 

MEAN 
.02467 

.01399 

50th 
.02315 

.01914 

75th 
.03055 

.02465 

90th 
.03864 

.02967 

95th 
.04396 

.04477 

99th 
.05956 

TABLE B • .7. NORTHBOUND FlEXIBLE PAVEMENT 

Plum Creek Bridge Project 

Wavelength (feet) 

1 - 3 3 - 9 9 - 20 20 - 40 

.01223 .01268 .01736 .01633 

.01474 .01202 .01498 .01733 

.01489* .01956* .02423 .02670 

.019106 .0235~ .02641.6 .02846.6 

.01118 .01616* .01945 .02223 

.01545 .0208a.6 .02073.6 .02244.6 

.01755 .02529* .02611 .02937 

.0243~ .02954.6 .03194.6 .04191.6 

.02932* .03411~~ .04185* .05305 

.0353a.6 .04075.6 .04831.6 .0575a.6 

.04025~'" .04713* .05744* .07013 

.0430~ .05124.6 .06141.6 .06195.6 

.06101* .06745* .10092* .07768 

.06621' .05801' .0722~ .0665~ 

40 - 81 

.05201 

.04475 

.07365* 

.07714.6 

.06856* 

.05811.6 

.09912* 

.11104.6 

.16844* 

.1517r 

• 17838~'" 

.16384.6 

.18942* 

.1704f 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the bridge deck. 

~ denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the bridge deck. 
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TABLE B. 8. NORTHBOUND BRIDGE DECK 

Plum Creek Bridge Project 

Wave1ength(feet) 

0-1 1 - 3 3 - 9 9 - 20 20 - 40 40 - 81 

.00937 .00709 .00593 .00856 .01032 .01823 
STD 
DEV. .01141 .00837 .00468 .00496 .00427 .00664 

.02055* .01448 .01419 .02713* .06517* .05636 

MEAN 
.0293cf .01818 .01423 .01264 .01132 .02514 

.01944* .01311* .01327 .02677* .06401>'< .05636 

50th 
.028066 .0172cf .01372 .01114 .01069 .02455 

.02524* .01867* .01724 .03399* .06889* .06845 

75th 
.0360-,6 .02288 .01711 .01586 .01442 .03008 

.03109* .02444 .02187 .03754 .08004* .07860 

90th 
.044016 .02942 .01984 .02061 .01809 .03491 

.03513>'< .02765 .02516 .04120 .08745* .08126 

95th 
.049006 .03342 .02220 .02210 .01887 .03612 

.04689* .03696 .03399 .04771 .09490>'< .08332 

99th 
.0598z6 .04207 .02862 .02369 .01978 .03860 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the adjoining pavement. 

~ denotes that this right-left difference profile amplitued was greater than 
the corresponding amplitude on the adjoining pavement. 
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o - 1 

.00212 
STD 
DEV. .00303 

.00523 

MEAN 
.00743 

.00489 

50th 
.00708 

.00633 

75th 
.00922 

.00776 

90th 
.01142 

.00877 

95th 
.01301 

.1361 

99th 
.01665 

TABlE B.9. SOUTHBOUND FlEXIBlE PAVEMENT 

Plum Creek Bridge Project 

Wavelength (feet) 

1 - 3 3 - 9 9 - 20 20 - 40 

.00274 .00390 .00395 .01122 

.00286 .00377 .00379 .00515 

.00495 .00845 .01238 .01806 

.00578 .00901 .01114 .01492 

.00442 .00768 .01130 .01347 

.00531 .00763 .01117 .01612 

.00647 .01003 .01497 .02211 

.00727 .01078 .01406 .01921 

.00821 .01301 .01867 .03792 

.00938 .01582 .01606 .02081 

.00992 .01702 .02026 .04762 

.01121 .01741 .01737 .02164 

.01373 .02294 .02119 .05164 

.01604 .01806 .01835 .0239l 

40 - 81 

.03558 

.01265 

.07727* 

.02678 

.07401-k 

.02129 

.11418* 

.03202 

.12719* 

.04720 

.12905* 

.05592 

.13055* 

.0633a6 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the bridge deck. 

~ denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the bridge deck. 
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TABLE .B.10. SOUTHBOUND BRIDGE DECK 

Plum Creek Bridge Project 

Wave1ength(feet) 

o - 1 1 - 3 3 - 9 9 - 20 20 - 40 40 - 81 

.01274 .00741 .01080 .01233 .01870 .02483 
STD 
DEV. .01532 .00889 .01218 .01757 .01622 .01675 

.02698* .01560~'< .02035* .03036 .04751* .05346 

MEAN 
.035966 .0192~ .023856 .0264~ .0275-1' .035766 

.02474* .01461* .01737* .02801* .04306* .04671 

50th 
.033756 .0180z6 .020116 .022546 .023216 .0348g6 

.03318* .01999* .02495* • 03488~'< .06466* .06392 

75th 
.0438z6 .0243~ .0290s6 .032636 .0426z6 .0488a6 

.04354~'< .02565* .03570* .05090* .07393~'< .09848 

90th 
.0566a6 .0309~ .043216 .052356 .0521~ .0598g6 

.O5168~'< .02892* .04360* .05966* .07650>'< .10521 

95th 
.0658a6 .0358a6 .048966 .0617a6 .054416 .0615~ 

.06974* .03638* .05588* .06584* .08035* .10815 

99th 
.0828~ .044956 .0604a6 .0854~ .058346 .06264 

* denotes that this right profile amplitude was greater than the corresponding 
amplitude on the adjoining pavement. 

~ denotes that this right-left difference profile amplitude was greater than 
the corresponding amplitude on the adjoining pavement. 
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