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Analysis of an Operational 
Rigid-Pavement System for 
Continuously Reinforced 
Concrete Pavements 
R. F. Carmichael, Austin Research Engineers Inc., Texas 
B. F. McCullough and W. R. Hudson, Center for Highway 

Research, University of Texas at Austin 

A diagnostic study of four, in-service, continuously reinforced concrete 
pavements in Texas was prepared by using computerized performance 
models in the rigid-pavement design system. The performance models 
were developed by the American Association of State Highway Officials, 
and the rigid-pavement design system was developed by the Center for 
Highway Research of the University of Texas at Austin, the Texas Trans
portation Institute at Texas A&M University, and the Texas State Depart
ment of Highways and Public Transportation. The study shows that use of 
performance models in the rigid-pavement design system reliably predicts 
the change in serviceability for continuously reinforced concrete pave
ments. Data gathered and used for the diagnostic study show that the num
ber of 8165-kg (18-kip) equivalent axle loads had a great influence on the 
condition of the·pavements and the predictions made by the design 
program. The results indicate that not only does the design program 
reliably predict service life, but that the designs produced by the pro
gram, in light of the performance of the four pavement sections, are 
reasonable for these in-service sections. Information is also presented 
that begins to establish the correct level of confidence that should be 
used in the design of Interstate-type continuously reinforced concrete 
pavements. The conclusions include the belief that the capabilities of 
the program as a design tool should be further studied so that the ulti
mate goal of program implementation can be achieved. Future modi
fications of the system should include a simplification of program input 
by deleting those variables that are insensitive to the design. Thus, the 
program can be used as a design tool because of its economic capability 
that allows for ranking various designs based on the costs of construc
tion, traffic delay, maintenance, and overlay strategies. 

The working model for a rigid-pavement design system 
(RPS) can be used to analyze the variables associated 
with such a design. This study demonstrates the useful
ness and accuracy of RPS service life and design thick
ness predictions by using input data obtained from four, 
continuously reinforced concrete pavements (CRCP) in 
Houston, Texas. By using RPS, the designer has the 
capability of choosing certain confidence levels for de
sign, and the results of this diagnostic study can be used 
to establish a tentative level of confidence for use in de
signing urban freeway pavements. These analyses were 
undertaken during the development of RPS3, which is 
the current program version (1). That version contains 
the same performance models-as the previous RPS2 ver
sion (2), and the results presented here can be verified 
by usmg either program version. The diagnostic study 
was made in cooperation with a study for the develop
ment of a design procedure for continuously reinforced 
concrete pavements (3). The reported findings partially 
validate the ability oCRPS to correctly predict service 
life and support the further implementation of studies 
by using RPS. Detailed user's guides for RPS program s 
have been prepared (1, 4), and background information 
on the first methodology for conceptual systems and the 
first working model for RPS are found in two articles 
by Kher and others (5, 6). 

The rigid-pavemen.Csystem consists of performance, 
traffic, structural, and cost models that are solved to 
produce arrays of design strategies. The strategies are 

optimized because they are based on the total cost over 
the design life by considering design constraints to obtain 
th~ most economical designs. A summary flow chart for 
the working system is shown in Figure 1. The design 
process (?) is divided into the following major parts: 

1. Reading, checking against invalid inputs, and 
printing input data; 

2. Generating possible initial designs; 
3. Selecting feasible initial designs; 
4. Designing subbases, reinforcements, and joints; 
5. Developing overlay strategies for feasible initial 

designs; 
6. Analyzing cost of all strategies; 
7. Storing, optimizing, and scanning; and 
8. Printing output. 

DAT A GATHERING 

A general performance survey was conducted to evaluate 
four concrete pavements in Houston, Texas (3), and a 
detailed study, using RPS2 (1), was made to determine 
why the observed sections performed as they did. Be
cause there are many different combinations for design
ing concrete pavements, the four concrete pavements 
do not represent an experiment of adequate size. How
ever, the pavements chosen are similar and allow for a 
study of RPS predictions for CRCP. The pavement sec
tions are part of the Interstate system and are con
structed with cement-stabilized base material that rests 
on mechanically stabilized clay subgrades. The four 
sections are characterized by current ratings of pave
ment conditions. These ratings are estimates based on 
(a) the current condition of each section made by highway 
and public transportation department engineers, (b) the 
present serviceability ratings (PSR) values estimated 
by National Coopei-ative Highway Reseru.·ch Program 
(NCHRP)personnel (3), and (c) the Mays meter readings, 
which are based on present sex·viceability index (PSI) 
values. Project study sections were chosen, and field 
measurements and material samples were taken. Lab
oratory tests were run on these samples, and the data 
were analyzed to ascertain, in particular, what caused 
the pavements to perform as they did. Table 1 gives the 
basic data gathered in February 1973 for each of the 
four test sections. The test sections were Memorial to 
Woodway (I-610W), Yale to Main (I-610W), San Felipe 
to Westheimer {I-610W), and Cavalcade to Patton {I-
45N). 

Each of the four 366-m (1200-ft) sections was closed 
to traffic by crews from the Texas State Department of 
Highways and Public Transportation while measurements 
were made of deflection, crack width, crack spacing, 
steel reinforcement depth, and ride ability. A tabulation 
of the various distress manifestations present was also 
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Figure 1. Summary flow diagram of rigid pavement system. 
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Table 1. Data for test sections. 

START 

Test Section Subgrade• 

Memorial to Woodway Clay 
Yale to Main Clay 
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prepared for each individual section. Cores of the con
crete, subbase, and subgrade in each section were taken 
at cracks and between cracks. Before tests were made, 
all cores were photographed and measurements of 
height, diameter, and mass were made to determine 
densities. 

Indirect tensile tests were performed on the un
cracked concrete and subbase samples to obtain Young's 
modulus of elasticity values and indirect tensile 
strengths. Table 2 gives the results of these tests to 
determine the mean indirect tensile strengths and elas
tic moduli for each section. Construction information 
was also obtained from the files of the Texas State De
partment of Highways and Public Transportation on each 
of the four sections. 

RPS DIAGNOSTIC STUDY 

Once data collection was complete, diagnostic studies 
were initiated. The objective of the diagnois was to 
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explain the performance of each section with respect to 
its individual characteristics and design. 

Comparison of Section Differences 

A comparative study of section characteristics was per
formed to determine if there were any obvious differences 
in the sections that would explain their behavior. The 
bar graphs, shown in Figures 2 through 6, were plotted 
from the data given in Table 1 to ease assimilation. For 
the four sections chosen, age does not appear to be a 
critical factor. Although the Cavalcade to Patton section 
is the oldest section (Figure 2), its current condition is 
rated good (Table 1). It also has a PSR value of 3.8, 
which is the best value given by personnel from the Cen
ter for Highway Research to the four sections. 

PSI values based on the Mays meter readings are shown 
in Figure 3. The Cavalcade to Patton section has the 
best average PSI value; however, from the Mays meter 
readings, which are based on measurements alone, all 



the sections appear to be at approximately the same 
level of serviceability. The small difference in PSI 
values may have more significance than normally ex
pected because the values represent the range of ac
ceptability for Interstate-type pavements. This theory 

Table 2. Results from indirect tensile tests on cores from test 
sections. 

Subbase Pavement 

Elastic Tensile Elastic Tensile 
Modulus& Strength' Modulusb Strength" 

Test Section (GPa) (MPa) (GPa) (MPa) 

Memorial to Woodway 11 1.4 39 3.4 
Yale to Main 16 1.6 28 3.2 
San Felipe to Westheimer 13 2.0 35 3.7 
Cavalcade to Patton 12 1.5 37 3.9 

Note: 1 Pa = 0.000145 lbf/in•. 

a Poisson's ratio of 0.25. bPoisson's ratio of 0.20. 

Figure 2. Age of sections in years. 
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could be verified by checldng the personnel ratings be
cause those ratings seem to reflect the type of facility 
being rated in relation to the Interstate function. The 
current condition ratings, given in Table 1, are signif
icant because personnel from the Texas State Depart
ment of Highway and Public Transportation are aware 
that each section requires maintenance and user re
sponse. The personnel rated the Memorial to Woodway 
section in fair condition, the San Felipe to Westheimer 
and Yale to Main sections were rated in poor condition, 
and the Calvalcade to Patton was rated in good condition. 
The PSR values of these sections, given by personnel 
from the Center for Highway Research, confirmed this 
appraisal. 

The traffic variables considered are the average daily 
traffic (ADT), commercial vehicles, and number of 
8165-kg (18-kip) equivalent single-axle loads (ESAWL) 
as shown in Figures 4 through 6 respectively. As indi
cated in these figures, the section that is in the best 
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Figure 3. PSI values based on Mays meter readings. 
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Figure 4. Average daily traffic in one 100 
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Table 3. Predicted age of test sections using RPS and AASHO 
performance models. 

Levels of Confidence (%) 

Test Section 50 80 95 99 99.9 99.99 

Memorial to Woodway 32 18 10 <7. -
Yale to Main 44 20 <9 
San Felipe to Westheimer 43 23 12 <10 -
Cavalcade to Patton 130 77 46 29 17 <13 

Current 
Ageb 
(year) 

7 
9 

10 
13 

aPrnd icted age less than actual age and overlays not allowed; therefore, there is no solution. 
bThe approximate age of the test sections as of April 1973. 

Table 4. Thirty-year designs for test sections. 

Thickness (cm) Performance Periodsb 
Test 
Section ·slab Subbase Overlay Initial Total 

Memorial to 21.6 30.5 7.6 20 36 
Woodway 22.9 15.2 7.6 20 35 

24.1 20.3 7 .6 27 47 

Yale to Main 27.9 15.2 7.6 21 36 
26.7 30.5 7 .6 21 37 
29.2 20 .3 7 .6 27 46 

San Felipe to 24.1 20.3 7.6 21 37 
Westheimer 25.4 15.2 7.6 24 42 

26. 7 20.3 0 32 0 

Cavalcade to 17.8 25.4 7 .6 21 39 
Patton 19 .1 15.2 7.6 23 40 

20.3 20.3 0 32 0 

Note: 1 cm - 0,394 in. 

aThe design alternatives g,ver, by the RPS2 11,,ogram. 
bThe initial performance pa,k>ds are the t!tnff. to the first overlay white the total 
performance periods are the amounts of time the pavements last with overlays 

condition has carried the least ADT, commercial vehi
cles, 8165-kg (18-kip) and ESAWL. In Figure 6, the 
8165-kg (18-kip) ESAWL plot is especially significant 
because the current condition ratings and the PSR values 
both correlate exactly with the amount of 8165-kg (18-
kip) ESAWL each section has carried. The current 
pavement condition is written on the graph for emphasis. 
Concrete cores from the Cavalcade to Patton section 
had the highest indirect tensile strength (Table 2), and 
this may also have contributed to its good performance. 
There are no specific material or structural differences 
because all four pavement cross sections consist of 
20.3 cm (8 in) of continuously reinforced concrete in 
which quartz gravel and identical reinforcement were 
used, 15.2 cm (6 in) of cement-stabilized, sand-shell, 
subbase and clay subgrades. 

Use of the Rigid Pavement System 2 

The four CRCP sections provide a complete set of data 
that is used to evaluate the performance equations for 
concrete pavements developed by the American Associa
tion of State Highway Officials (AASHO) used in RPS. 
The study is separated into two distinct segments: 

1. All the variables are fixed, and the program is 
used to predict pavement service life ; and 

2. The program is used to design pavements for a 
30-year life with overlay at 20 years . 

Initially, the RPS program is used as a tool to pre
dict perfor mance periods for the different sections. The 
actual pavement thicknesses , age , traffic, material 
properties, and serviceability at the time of the study 
are input into the program, and the thickne ss of the 
concrete and the subbase are held fixed . Thus, one 
design strategy results from the program . The output 
for every design strategy is a predicted performance 
period that is defined by the maximum and minimum 
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serviceability levels, which are based on traffic, thick
ness, and material properties. The performance peri
ods calculated by RPS were compared with the actual 
age of each pavement section to determine the capability 
of the program to predict performance periods correctly. 

For each pavement section, this prediction was run 
at every confidence level, which began at 50 percent and 
increased until the program was stopped at some level. 
These results are given in Table 3. For example, the 
San Felipe to Westheimer section has a predicted per
formance life of 12 years at the 95 percent confidence 
level as compared with an actual performance life of 10 
years. The reason the program was unable to design 
at a level higher than 95 percent is the program was 
not allowed to design an overlay. The analysis period 
input to the program is set at the actual performance 
life; therefore, at a confidence level of 99 percent for 
the San Felipe section to Westheimer, the predicted per
formance life is less than the 10-year actual performance 
life, and, with no overlay capability, the program stops. 
Analysis of the information in Table 3 indicates that the 
tentative level of confidence to be used in designing urban 
freeways may be 95 percent, since the Memorial to 
Woodway and San Felipe to Westheimer sections made 
good predictions at the 95 percent level. 

The information from the diagnostic study was also 
used to check the design of each pavement. The proce
dure followed was to take the known traffic and increase 
it linearly to a 30-year total. This procedure was done 
by giving a range of values to the concrete and subbase 
thickness inputs while retaining the known material 
characteristics and allowing the program to overlay the 
facilities at 20 years. This information was supplemented 
with additional design information, and the RPS program 
was allowed to design each section. 

Table 4 gives the three most economical designs that 
were computed by the program for each section. The 
program designs thicker sections for San Felipe to West
heimer, Memorial to Woodway, and Yale to Main sec
tions than the actual 20.3-cm (8-in) CRCP and 15.2-cm 
(6-in) cement-stabilized subbase originally constructed. 
The program gives the Cavalcade to Patton section some 
designs that have thinner concrete than the current 20.3 
cm (8 in); however, these designs have thicker subbases. 
The Yale to Main section, which is in poor condition, is 
designed by the program to have a minimum concrete 
thickness of 26.7 cm (10.5 in). These designs are made 
by using current traffic counts and extrapolating the 
values to 30-year totals. The accuracy obtained by using 
past traffic data on these sections enhances the chances 
of the RPS program to provide adequate design thick
nesses. 

CONCLUSIONS 

These studies, conducted with RPS2, indicate that RPS 
program predictions that are made by using the modified 
AASHO perfor mance equations (2) are reasonable . The 
designs generated by the program for the sections studied 
are valid and are what might have been built if the cur
r ent traffic had beeri anticipated. The pavement
per formance lives predicted by RPS agree closely with 
the actual performance lives of the pavements, thereby 
providing one verification of the program with data from 
CRCP freeway sections . The study also indicates that 
a 95 percent level of confidence is reason~ble to use for 
the design of urban Interstate freeways . In practice, 
the quality control and high-quality materials, used in 
Interstate construction, assure high levels of confidence 
in the design and associated construction . The major 
conclusions from this study are as follows: 
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1. Confidence levels of 95 and 99 percent are rea
sonable for use in designing Interstate CRCP pavements 
with RPS; 

2. Modified AASHO performance equations used in 
RPS give reasonable reSl!_lts; 

3. In lieu of traffic rates, RPS thickness designs 
for a 30-year analysis period are valid; and 

4. This study provides partial verification of RPS, 
CRCP design capability. 

The potential for use of RPS as a tool to design over
lays on existing concrete pavements is another impor
tant aspect of RPS that should be stressed as well as the 
capabilities of the program to make economic compari
sons of the designs. Results of this study provide one 
verification of RPS capabilities; however, other studies 
should be made to validate other areas of RPS design. 
The current RPS program version, RPS3, is well
documented for implementation (1) and should be used 
in other studies such as this one to validate and imple
ment the program. 
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Continuously Reinforced Concrete 
Pavement in Walker County, Texas 
B. F. McCullough, Center for Highway Research, University of Texas 

at Austin 

This report summarizes the findings that resulted from a 16,year study 
on the performance of a continuously reinforced concrete pavement 
placed on 1-45 in Walker County, Texas. An examination of date pro
vides numerous guidelines for design requirements and construction 
specifications of future projects in which this type of pavement will be 
used. Specifically. there were more failures for the pavement in which a 
lower percentage of reinforcing steel and higher curing temperatures were 
used. The data indicate that type 3 cement withstands higher steel stresses 
and that special attention should be given to concrete vibration at all 
times. The 7-year performance of a short section of an asphalt-concrete 
overlay with varying thicknesses indicates that the rate of failure and the 
deflection can be substantially reduced by increasing overlay thickness. 

An experiment was conducted to evaluate the relative per
formance of 0.5 and 0.6 percent, longitudinal steel sec
tions that were used to continuously reinforce a concrete 
pavement. The continuously reinforced concrete pave
ment (CilCP) used for this experiment was constructed 
during 1960 on I-45 in Walker County, Texas [ Project 
I-45-2(3) 102· Control 675-7-4; Walker-Montgomery 
county line to Huntsville loop] . Since construction of the 
pavement, there have been numerous studies done by 
the Texas State Department of Highways and Public 
Transportation {sI:IPDT) and other agencies. Some of 
these studies have been reported in professional journals 



(1, 2), other reports (4, 5, 6, 11), and SHPDT reports 
(3, "'7, 8, 9, 10) that discuss steel stress, crack spacing, 
andfaiiurestudies conducted during the first 4 years 
of the project; failure repairs made after an age of ap
proximately 10 years; uiie of asphalt overlays on the 
CRCP; construction and maintenance of the pavement; 
and various other studies conducted during the project. 

Studies concerning the original surface were termi
nated when an asphalt-concrete overlay was placed over 
the entire length of the Walker County Project. How
ever, before the overlay was placed, final surveys were 
conducted so that conclusions could be derived from data 
gathered during the 16 years of service. The objectives 
of this report are as follows: 

1. Evaluate the relative performance of the steel 
percentages used to continuously reinforce the concrete 
pavement during the 16-year period, and 

2. Consolidate the findings from all studies into one 
report so that the appropriate conclusions and recom
mendations can be formulated. 

PROJECT BACKGROUND 

The project begins at the Walker-Montgomery County 
line and proceeds northward to a point 3.21 km (2 miles) 
south of Huntsville. Figure 1 shows the location and 
general layout of the divided highway, which has two 
lanes of traffic in each direction. The pavement, 20.32 
cm (8 in) thick and 7.32 m (24 ft) wide, was placed 
monolithically during the latter half of 1960 and during 
the spring of 1961. The subbase layer consists of open
graded sandstone, and the top layer of natural clay-sand 
soil 15.24 cm (6 in) thick was treated with 3 percent lime 
(by weight) to provide an additional layer. 

Because the highway serves as a main connecting 
route between the Houston and Dallas metropolitan areas 
there is a high percentage of trucks traveling on it. 
Traffic counts indicate that the roadway had seven hun
dred and sixty, 8165-kg (18-kip) equivalent axle load 
(EAL) applications per day in 1960, had 4 300 000 cu
mulative EAL applications by 1974, and will have an 
estimated 5 600 000 EAL applications by 1981. 

EXPERIMENT AL NATURE OF 
PROJECT 

The 0.5 percent steel design was achieved by using num
ber 5 bars at a center-to-center spacing of 19·.05 cm 
(7 .5 in) and the 0.6 percent steel design was achieved by 
using number 5 bars at a center-to-center spacing of 
16.51 cm (6.5 in). In each direction, the roadway 
[ 18 .19 km (11.3 miles) long) was equally divided be
tween the two steel percentages. In addition to the steel 
performance study, another experimental conside1·ation 
was the use of a minimum center factor of 22.308 kg/ m3 

(4 sacks pe1' yd3 ), minimum and maximum flexural 
strengths of 3.8 kPa (550 lbf/in2 ) and 4.7 kPa (675 lbf/ 
in2) respectively, and a specified air-entrained content 
of 2 to 5 percent. 

As part of the development of design criteria for 
CRCP in Texas, the hypothesis was that a minimum con
crete strength should be used to provide sufficient re
sistance to wheel loads and that a maximum concrete 
strength should be used to prevent overstre.ssing of the 
steel because of the development of wide crack patterns. 
Thus, for several projects in the state during the 1959 
to 1963 period, minimum and maximum flexural
stren~th specifications of 3.8 kPa to 4.7 kPa (550 to 675 
lb.f/in ) respectively were used for 7 days. The specified 
air-entrained content was used to control strength. The two 
experimental steel percentages were inserted at the request 

of the Bureau of Public Roads (now Federal Highway Ad
ministration) to ascertain the performance variation. 

During the designated period, SDHPT performed 
numerous studies to evaluate the performance of the 
pavement. Various study sections, test sections, and 
overlay test sections were selected from the project. 
The effect of flexural strength and curing temperature 
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on average crack spacing was evaluated by studying the 
sections that were 122 to 183 m (400 to 600 ft) long over 
the duration of the project. That study gave a range for 
the two parameters. Two test sections were also se
lected for making longitudinal stress studies and a crack 
pattern development study for each steel percentage. 
The steel stress study was discontinued in 1961 and an 
internal summary report was prepared (1). The effect 
of various parameters on average crack spacing and 
rates of pavement failure can be found in internal and 
formal reports (1, 2, 3, 4, 5). The overlay test sections 
represented an experiment with various thicknesses of 
asphalt-concrete overlay to reduce the deflection incident 
of failure and improve riding quality. A report of these 
studies is given by McCullough and Monismith ~). 

STEEL STRESS STUDIES 

The conclusions for the study on the detailed analysis of 
steel stress may be found in a report (1). It was found 
that steel stress and concrete movement are greater at 
the crack than in the area between the cracks. The study 
indicated that the longitudinal steel stress and the con
crete movement at the crack are a direct function of the 
slab temperature decrease and the average crack spacing 
and are an inverse function of the longitudinal steel per
centage. These factors, which were measured by the 
Wagner turbindimeter test method (Tex-310D), have a 
significant influence on the steel stress and the concrete 
movement and thus should be included in any rational 
design procedure. In addition, it was found that the type 
of portland cement used had a profound influence on the 
steel stress at the crack. Inadvertently, during the con
struction, type 3 cement met the specification require
ments of type 1 cement; therefore, the contractor ex
perimented by using the type 3 cement to meetthe strength 
specifications with that minimum cement factor. 

During the early periods of concrete curing, it was 
found that type 3 cement produced three to four times 
more longitudinal steel stress than type 1 cement. The 
cracking in concrete with type 3 was found to be explo
sive in nature. The stresses and crack patterns of both 
pavements tended to approach each other in time, but 
the early differentials are of such magnitude that the use 
of type 3 was banned from use in CRCP in Texas, A 
maximum specific surface area of 2000 cma/gm 
(140907 .68 in2/lb) was included in the concrete pavement 
specifications to prohibit the use of type 3 cement (10). 
The CRCP-1 computer program developed in connection 
with the National Cooperative Highway Re search Program 
(NCHRP) included these variables (11). 

CRACK PATTERN OBSERVATIONS 

Crack pattern observations were made at periodic inter
vals from the time of construction to the end of the sur
vey. These data provided a historical development of 
the crack pattern over the 16-year period, Crack sur
veys were recorded on two test sections and eight study 
sections. The test sections represented the amount of 
pavement placed for an entire day [ approximately 609 .6 
m (2000ft)J for each steel percentage. These data were 
studied to evaluate the crack development at various points 
along the placement and the effect of steel percentage. The 
study sections, 122 to 183 m (400 to 600 ft) long, were 
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Figure 1. Location and layout of Walker County Project. 
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selected to provide information about variations in con
crete strength, curing temperature, roadway direction, 
and steel percentage. During the final survey, seven ad
ditional sections were used to provide a large data base. 

Test Sections 

The effect of longitudinal steel percentage on the average 
crack spacing for each of the two test sections that were 
about 1417 m (4650 ft) long was evaluated by periodic 
surveys that were made since the project began. Figure 2 
shows the age-crack spacing relations for these two test 
sections from construction to 1974. Cracking patterns 
had developed quickly during the first 5 months on the 
project. Initially, a large rapid decrease occurred in 
both sections as a result of curing. From about 150 days 
onward, only a slight decrease in the average crack 
spacing is seen for the next 10 to 12 years, which is 
mainly attributable to environmental and seasonal effects. 
Between 1963 and 1974, a small continued decrease was 
experienced in both sections because of increased traffic 
loading and increased rates of failures. 

Study Sections 

The crack patterns on the study sections follow the same 
trend as those on the test section; however, several sig
nificant differences were found in the 1974 data. Table 
1 gives the crack-spacing data taken at different locations 
throughout the project in 1974. These sections were 
randomly selected to provide the experiment with data 
for ascertaining the effect of traffic direction, steel per-
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Table 1. Analysis of variance 
Steel Length Number of Crack results for crack spacing data taken Station Section' Percentage (m) Cracks Spacing (m) 

at various locations on the project 
in 1974. SBL 

99 + 00 • 105 + 00 Study 6 0.5 183 242 0.76 
105 + 00 - 109 + 00 0.5 122 160 0.76 
109 + 00 - 119 + 00 0.5 305 306 0.99 
119 + 00 • 129 + 00 0.5 305 288 1.06 
129 + 00 • 132 + 75 0.5 114 97 1.18 
298 + 00 - 303 + 00 Study 4 0.5, 0.6 152 236 0.65 
334 + 00 - 339 + 00 Study 3 0.6 152 270 0.56 
565 + 00 • 589 + 00 Test 0.6 427 825 0.63 

NBL 
70 + 00 - 75 + 27 Study 7 0.6 161 195 0.82 

109 + 00 - 114 + 00 0.6 152 139 0.88 
114 + 00 - 124 + 00 0.6 305 396 0.77 
124 + 00 - 134 + 00 0.6 305 405 0.75 
530 + 00 - 535 + 00 Study 3 0.5 152 231 0.66 
553 + 00 - 56 5 + 00 Test 0.5 366 504 0.72 

Note: 1 rn ~ 3.28 ft. 

a Column indicates if the section encompasses one of the regular sections shown in Figure 3. 



centage, and relative location of section on the project. 
The results of an analysis of variance for Table 1 are 
as follows (1 m = 3.28 ft): 

Variable 

Traffic 
NBL 
SBL 

Steel 

Avg Crack 
Spacing (ml 

0.75 
0.76 

0.5 percent 0.82 
0.6 percent 0.70 

Placement 
0.5 percent steel 

North end, NBL 0.70 
South end, SBL 0.89 

0.6 percent steel 
North end, NBL 0.79 
South end, SBL 0.61 

Table 2. Average crack spacing for all sections. 

Test Section Study Section 

Survey Date 2 0 

l 8/ 26 / 60 3.10 2 ,01 4.69 
2 10/ 26/ 60 1.53 1.29 1.85 
3 12/ 21 / 60 1.08 0.96 1.25 
4 2/ 17/ 61 1.05 0 ,89 1.08 
5 3/17 /61 1.05 0.85 0.96 1.00 
6 4/27/61 1.04 0 .83 
7 7/27/61 1.04 0.83 0.94 0.96 
8 12/16/61 1.04 0 ,83 
9 3/15/62 1.04 0 .82 

10 7 /7 /62 1.01 0.80 
11 5/12/63 0.98 0.78 0.88 0.89 
12 9/16/74 0.72 0,59 0.77 0.65 

Note: 1 m = 3, 28 ft, 

' Located in overlay test section, 

2 3 4 

0.85 1.07 1.23 

0.83 0.96 1.22 

0.8 0.86 1.03 
- 0.56 0.65 

2 .73 

2.69 

1.02 
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For the above variables, only those for traffic direction 
were not significantly different. The average crack 
spacing (x) did not differ appreciably between directions, 
i.e., northbound lanes (NBL) [0.75 m (2.47 ft)] and south
bound lanes (SBL) [0.76 m (2.51 ft)]. The differences 
in average crack spacings between steel percentages 
were and have always been small but separable: 0.82 m 
(2. 70 ft) for 0.5 percent steel and 0. 70 m (2.30 ft) for 0,6 
percent steel. The X's for each steel percentage in each 
roadway also varied as much as the percentage of steel: 
X = 2.91 for 0.5 percent steel on SBL and X = 2.58 for 
0.6 percent steel on NBL. For both steel percentages, 
the crack spacing at the north end of the project was 
smaller than that at the south end of the project. This 
difference indicates that the cooler curing temperatures 
used for the pavement at the south end of this roadway 
were a controlling feature. (In general, the tempera
tures during concrete placement were cooler at the 

6 7 
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Figure 3. Average crack spacing versus approximate curing temperature for study 
sections. 
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south end than at the north end.) 
Table 2 gives the crack-spacing data for the various 

test sections that were observed during the life of the 
facility. The study sections had been selected earlier 
to provide a range in design factors such as steel per
centage, flexural strength, and curing temperature. 

Earlier studies had indicated that several factors such 
as relative position within a slab from a construction 

Figure 4. Average crack spacing versus steel percentage. 
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joint, steel percentage, average 7-d flexural strength, 
and air entrainment percentage affected the average crack 
spacing. Initially, a strong interrelation existed, but 
all the relations have been progressively nullified with 
time to the point that by 1974, no positive relation existed 
between average crack spacing and any of the above in
vestigated factors, except for curing temperature (Fig
ures 3 and 4). 

These data show that slabs with the same steel per
centage will have the same crack spacings over a long 
period of time even though the curing temperature, flex
ural strength, and location for the amount of pavement 
placed for an entire day may vary. Since attempts were 
made to control the maximum and minimum flexural 
strengths, the effect of flexural-strength variation cannot 
be fully evaluated on this project because the range was 
small. Generally, crack patterns develop at different 
rates during the first years; therefore, these observa
tions should not be construed to mean that curing temper
ature is not an important factor for consideration in de sign. 
Thus, as previously indicated, the steel stresses and 
consequently the performance will vary significantly. 

DEFLECTION STUDIES 

Deflection studies were made on this project for three 
different purposes: the first two were concerned with the 
behavior of CRCP, and the third was concerned with the 
experimental overlay. In 1962, the first study investi
gated the surface irregularities found on the project. The 
second study attempted to determine the effect that steel 
percentage had on deflection. Shortly after the project 
was opened to traffic, surface irregularities were noticed 
in the vicinity of the construction joints at numerous 
locations over the length of the project. It was found 
that on the down placement side of the construction joint 
excessive deflection was occurring. According to the 
American Association of State Highway Officials 
(AASHO) deflection data, the pavement in these troubled 
areas was acting similar to that of a 14-cm (5.5-in) road 
test pavement; whereas, the satisfactory sections were 
deflecting similar to that of a 24.1-cm (9 .5-in) road test 
pavement. The results of a subsurface investigation 

Figure 5. Failed construction joints in NBL versus year. 
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showed that the down side of the construction joint re
ceived inadequate vibration in the lower part of the slab, 
which caused the bottom 7.6 to 10.2 cm (3 to 4 in) of the 
slab to become honeycombed. As a result, the effective 
thickness of the slab ranged from 10.2 to 12.7 cm (4 to 
5 in), and thus the data agreed with the results of the 
deflection study. As a result of that study, it is sug
gested that, for all future jobs, extra precautions should 
be taken in vibrating the concerte on the down side of a 
construction joint. Additional requirements were added 
to the design standards and specifications. 

Studies on the effect that steel percentage had on de
flection were inconclusive. Generally, there seemed 
to be no apparent trend that indicated that the sections 
with a higher percentage of steel exhibited less deflec
tion. Thus, it was tentatively concluded that, if there 
was enough steel in the slab to retain the aggregate inter
lock, the slab would act as a continuous unit. Although 
followup studies were not conducted in 1974, a limited 
study during the life of the facility indicated no apparent 
change in these observations. 

PERFORMANCE STUDIES 

Overall, the riding qualities of the roadway on the Walker 
County Project were very good, especially when com
pared to those of the jointed concrete pavement project 
that is to the north and south of the Walker Project. 
However, as early as 1962, a large number of failures 
occurred in the pavement. In 35.4 km (22.6 miles) of 
roadway, 35 failures occurred by 1964, 109 by 1969, and 
over 350 by 1974. These failures occurred both at and 
between construction joints. The term failure is used to 
describe a serious disintegration of the pavement struc
ture that includes patches, repairs, punchouts, and 
severe spalling. Over the years, these failures have 
been correlated with numerous factors related to pave
ment construction such as mix design, flexural strength, 
and curing temperature. 

Construction Joint Failures 

Shortly after the project opened, serious failures were 
found to have developed quickly at several construction 
joints. The repairs made on these areas verified what 
the deflection studies had shown in that the lower 7 .6 to 
10.2 cm (3 to 4 in) of pavement thickness could not be 
counted on to act as pavement because the concrete be
neath the reinforcement mat was seriously honeycombed. 
The effective depth of the pavement in these areas was 
from 10.2 to 12.7 cm (4 to 5 in). Since hand vibrators 
were not required at construction joints, sufficient vi
bration of the bottom 7 .6 to 10.2 cm (3 to 4 in) did not 
occur in the range of 6.1 m (20 ft) from a construction 
joint. In 1965, a nuclear road density logger was used 
to determine how widespread the honeycombing problem 
was in the pavement. Moderate success was achieved 
by using this method. It was predicted that 70 percent 
of the construction joints would fail because of honey
combing; however, this estimate was thought to be un
realistic at the time. 

A history of construction joint failures on the project 
was compiled over the years. At the time of the over
lay, approximately 75 percent of the construction joints 
in NBL had experienced failures. This percentage is 
similar to the percentage predicted by using the nuclear 
road logger. Although there was some question as to 
the magnitude of the amount of failures during 1965, the 
1974 data indicate that the prediction is reliable. Hence, 
the feasibility of using such equipment to identify the 
problem area is reinforced. Figure 5 shows the rate of 
increase in failures per year and age as a linear rela-
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tion on this project. However, this rate of increase must 
be correlated with the traffic build-up on the project. 
The average increase per year in construction joints 
from 1960 through 1974 was 2.1, i.e., every year 2.1 
additional construction joints in this pavement fail be
cause of excessively close crack spacing, punchouts, 
and spalling. Of the construction joints that have less 
than 2 d separation between placement, 82 percent (23 
of 28) experienced some type of failure. Of the construc
tion joints that have 2 d or more between placement, 57 
percent (8 of 14) experienced failures. This difference 
is significant; however, it may be because of general 
construction practices rather than the steel strength 
properties of the concrete. 

Intermediate Failures 

By 1963, there was a rise in the number of failures be
tween constructions. These failures have frequently 
been mentioned and studied by previous investigators. 
The primary reason for the failures was believed to be 
flash sets of the concrete during paving operations in hot 
weather. In 1964, a significant early trend was detected 
between the percentage of failures in a pavement slab 
versus the curing temperature of that slab (2). This 
same type of information was analyzed for the years 1969 
and 1974 for the same sections. No definitive correla
tion exists for these years. 

It is felt that, over the years, the differing weather
ing, soil support, traffic, and pavement properties had 
a more significant effect on failure than did that of the 
initial curing temperatures. However, part of the prob
lem in analyzing the data is evidenced by the survey 
methods themselves and by the manner in which the 
surveys were made. The survey methods used were 
visual and photographic. Photographs cannot capture all 
the failures, and an experienced technician cannot per
fectly describe the extent and seriousness of a certain 
failure. Also, a visual survey was made the first year, 
a photographic survey was made the second year, and 
no survey was made the third year. Thus, the limita
tions of these methods significantly affect the data anal
ysis. Although each survey can pinpoint trends in one 
pavement, it cannot be viably related to the magnitude 
of trends found by the other survey method; therefore, 
a source for experimental error was introduced into this 
analysis. 

The following is the number of failures in terms of 
steel percentages and roadway direction for 1964 and 1974. 

Number of Failures 

Traffic Direction 1964 1969 

0.5 percent steel 
NBL 13 186 
SBL 4 96 

0.6 percent steel 
NBL 4 97 
SBL 14 59 

It appears from the 1969 data that substantially more 
failures were observed in the 0.5 percent steel sections 
than the 0.6 percent steel sections. Furthermore, there 
are substantially more failures in NBL than in SBL. 
Approximately 43 percent of the failures occur in the 
NBL and 0.5 percent combination, which is a low-steel 
percentage and a high-curing temperature condition, 
whereas, the low-temperature curing and high-steel per
centage combination had only 13 percent of the failures. 

Table 3 gives the percentage of the roadway experi
encing failure in NBL and SBL for a range of maximum 
air temperatures during concrete placement. By using 
both the 1969 and 1974 data from the road repair survey, 



12 

it is seen that substantially more failures occurred when 
the concrete placement temperature was in the range of 
32 to 37°C (90 to 99°F). The same trend is evident in the 
SBL, although the percentages are not as high. 

Experimental Overlay 

An experimental asphalt-concrete overlay that had vary
ing thicknesses was placed over CRCP with both steel 
percentages in 1969. The section overlaid was 1417.32 
m (4650 ft) in both NBL and SBL. A profile of the thick
ness variation is shown in Figure 6, and thicknesses 
were 5.1, 10.2, and 15.3 cm (2, 4, and 6 in). Dynaflect 
readings were taken on sections both before and after 
overlay to determine the effect of the overlay on the 
load-carrying capability of the pavement (Table 4). 

A significant decrease occurred in the dynaflect read
ings after the overlay. The dynaflect readings, if aver
aged for NBL and SBL and plotted against the thickness 
of overlay, show a strong interrelation (Figure 7). As 
expected, the readings significantly decrease with an 
increase in thickness. The same data are plotted as 
percentage reduction of dynaflect readings versus the 
thickness of overlay (Figure 8). The graph shows ap
proximately 5 percent deflection reduction for each 25.4 
mm (1 in) of asphalt-concrete pavement. 

When the overlay was placed, the average crack 
spacing of CRCP was estimated to be 0.67 m (2.2 ft) in 
NBL. Since the overlay was placed, cracks developed 
in all thicknesses of asphalt overlay. This cracking is 
termed reflection cracking, Le., cracking that is in the 
overlay, which forms at or near the crack in CRCP. 
The percentage of reflection cracking is defined as the 

Table 3. Percentage of roadway experiencing failure during 
1969 and 1974 for NBL and SBL. 

Curing 1969 
Temperature 
("C) NBL" 

4.4 to 9.4 3.45 
10.0 to 15.0 1.56 
15.5 to 20.5 2.94 
21.1 to 26.1 4.83 
26 .7 to 31.7 2.72 
32.2 to 37.2 7.49 

Note: 1°C .. (°F - 32) x \ 1 

" From actual road repairs. 

1974 

SBL' NBL' 

1.31 3.26 
4.39 2.53 
1.33 3.70 
9.30 7.04 
7 .15 8.72 
5.40 19.03 

b From photographic survey. 

NBL' SBL" 

2.74 2.81 
5.10 1.40 
4.39 1.20 
2.93 3.28 
2. 79 2.64 
8.80 5.92 

Table 4. Dynaflect deflection readings before and after overlay. 

Section 

2B 4B 6B 

Date Avg Std. Avg Std. Avg 

NBL 
Before 

6/67 0.024 485 0.000 172 0.019 355 0.000 139 0.020 980 
9/67 0.027 407 0.000 226 0.019 482 0.000 144 0.021 742 
11/67 0.024 587 0.000 171 0.019 202 0.000 119 0.021 412 
1/68 0.028 118 0.000 247 0.020 244 0.000 145 0.023 261 

After 
2/68 0.023 520 0.000 369 0.015 062 0.000 089 0.014 300 
8/68 0.023 470 0.000 407 0.014 402 0.000 093 0.013 157 
1/69 0.025 730 0.000 435 0.014 659 0.000 090 0.014 122 

SBL 
Before 

9/67 0.020 828 0.000 076 0.017 424 0. 000 099 0.016 967 
11/67 0.025 476 0.000 103 0.021 895 0.000 115 0.020 777 
1/68 o. 019 380 0.000 074 0.015 951 0.000 075 0.018 720 

After 
2/68 0.022 123 0.000 115 0.017 043 0.000 187 0.013 513 
8/68 0.017 272 0.000 092 0.014 122 0.000 161 0.012 243 
1/69 0.023 546 0.000 158 0.015 799 0.000 126 0.013 030 

Note: All average and standard dynaflect readings are in millimeters (1 mm • 0,03937 in)~ 

a Indicates no reading 1aken. 

Std. 

0.000 176 
0.000 327 
0.000 230 
0.000 402 

0.000 148 
0.000 156 
0.000 152 

0.000 160 
0.000 178 
0.000 138 

0.000 121 
0.000 123 
0.000 112 

ratio of crack spacing in CRCP in 1969 to the crack 
spacing in the overlay in 1974, which is then multiplied 
by 100. A plot of the percentage of reflection cracking 
versus overlay thickness (Figure 9) shows a very strong 
decrease in the reflection-cracking percentages, as 
expected. Note that for the 15.2-cm (6-in) overlay, zero 
reflection cracking was experienced. A design study 
indicated at least 6 .4 cm (2 .5 in) of asphalt-concrete 
pavement was needed to prevent reflection cracking. 

Figure 6. Experimental asphalt-concrete overlay in 1969. 
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2A 4A 6A 

Avg Std. Avg Std. Avg Std. 

0.919 685 0.000 143 0.009 626 0.000 137 0.021 209 0.000 218 
0.021 209 0.000 133 0.022 834 0.000 112 0.022 225 0 .000 21 5 
0.023 749 0.000 313 0.027 889 0.000 166 0.027 991 0.000 376 
0.023 393 0.000 184 0.030 353 0.000 212 0.029 235 0.000 372 

0.019 964 0.000 102 0.021158 0.000 132 0.017 653 0.000 150 
0:016 256 0.000.124 0.017 475 0.000 106 0.014 757 0.000 124 . . - - - - - -
0.016 713 0.000 066 0.022 250 0.000 134 0.021 209 0.000 089 
0.021 209 0.000 089 0.029 413 0.000 246 0.023 266 0.000 226 
0.020 675 0.000 089 0.027 991 0.000 215 0.020 244 0.000 180 

0.018 644 0.000 068 0.019 126 0.000 090 0.016 815 0.000 142 
0.015 215 0.000 046 0.016 510 0.000 056 0.013 767 0.000 114 
0.018 745 0.000 056 0.019 914 0.000 095 0.016 713 0.000 157 



Figure 7. Dynaflect deflection readings after overlay sections versus overlay 
thickness. 
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Figure 8. Decrease in deflection readings versus overlay thickness. 
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Figure 9. Reflection cracking versus overlay thickness in NBL for 1974. 
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Thus, this procedure should be modified in light of these 
data. 

1974 Overlay 

The Walker County CRCP experiment ended in 1974 when 
th.a length of the i-vadvlay, bvth !'IBL and SBL, ;;·~a ovor · 
layed with asphalt concrete. Currently, its behavior is 
being studied as a flexible pavement over a CRCP. 
CRCP was placed in as good a condition as possible be
fore overlay, i.e., all patches were repaired or replaced 
with concrete and most of the failures were remedied. 

DISCUSSION OF RESULTS 

The 16-year performance history of the Walker County 
experimental project provides an excellent insight into 
the construction and maintenance guidelines for CRCP. 
Even though numerous failures were present, the riding 
quality of the pavement always remained high. Thus, 
the importance of the visible distress manifestations in 
the pavement was emphasized in that they can be used 
by an engineer to rate the performance of a pavement. 
At the time of overlay, the average present serviceabil
ity index (PSI) was 3.0, which is above the generally 
accepted value of 2 .5. Failures are visibly apparent, 
i.e., they can be seen as one rides over the pavement. 
Thus, even though the PSI is high, the visibility of the 
failures has an effect on the pavement-rating perfor
mance. 

During the preparation of the plans and specifications 

for the project, a critical oversight was made by not re
quiring concrete vibration. The specifications for con
crete pavement were adopted without including a vibration 
requirement; hence, the contractor was not required to 
adequately vibrate the concrete. This lack of vibration 
resulted in numerous problems that showed up during the 
16 years of pavement performance before the asphalt 
overlay. 

The first area experiencing problems was the concrete 
on the down placement side of a transverse construction 
joint (morning placement). In this area, the equipment 
used for concrete placement did not adequately vibrate 
the concrete; therefore, the area immediately below the 
steel became honeycombed, and this resulted in failures. 
The use of fine-grind cement resulted in high stresses, 
thus, the effect of the steel percentage showed up clearly 
during the performance period. There were substantially 
more failures in the 0.5 percent sections than in the 0.6 
percent sections. 

Another problem evident on the project was that con
crete placed on days with high atmospheric temperatures 
experienced more failures. Substantially more failures 
were found on slabs placed when the temperature was 
32.2°C (9D°F) or above than at lower temperatures. 

In examining the performance of the project from an 
overall viewpoint, it is apparent that steel stress, aver
age crack spacing, and pavement performance were af
fected by the percentage of longitudinal steel, the cement 
type, the change in temperature from the curing tem
perature, and the construction techniques on the project. 
Thus, any design procedures for CRCP should reflect 
these factors. The computer program recently developed 
in connection with the NCHRP accounts for many of these 
factors in the prediction of stresses, crack width, and 
crack spacing for a project (11). In the past, one stan
dard design has been used regardless of the location in 
the state, type of subbase used, or time of placement. 
It is evident from the findings of this study and the 
NCHRP study, that all of the abovementioned factors 
should be taken into account when designing a project. 
Hence, the slabs should be designed for a range of con
ditions, and, then, use a specific condition on a project 
basis, rather than using one pavement standard, as has 
been done in the past. 

CONCLUSIONS 

1. The !!SC cf 3. type 3 cement '.'/ith CRCP results i!! 
cracking of an explosive nature that produces a high ini
tial stress level in the steel, possibly even overstressing 
the steel. 

2. Results at the end of 16 years indicated that the 
percentage of longitudinal steel was the only factor that 
influenced crack spacing. However, it should be kept 
in mind that steel stresses during the entire period were 
influenced by the other factors and thus they are im
portant in design. 

3. A study of the failures on the project indicated 
more failures were experienced with 0.5 percent longi
tudinal steel than with 0.6 percent longitudinal steel, and 
more failures were experienced with high-curing tem
peratures than with low-curing temperatures. The max
imum failures were observed in areas where 0.5 percent 
longitudinal steel and high-curing temperatures were 
used. 

4. Good vibration during construction is necessary 
for satisfactory pavement performance. 

5. Deflection measurements before and after an 
asphalt-concrete overlay indicated that the deflection 
reduction was approximately 5 percent for each 25.4 mm 
(1 in) of overlay. 



RECOMMENDATIONS 

1. The maximum specific surface area requirement 
currently used in the specifications for CRCP should be 
retained. The performance over a 16-year period indi
cates the necessity for prohibiting fine-grind cement on 
a large-scale basis. 

2. Consideration should be given to revising the 
specifications to provide closer control of concrete dur
ing hot weather placement. 

3. Measuring techniques for deflection and the use 
of a nuclear road logger should be considered on future 
projects to help locate problem areas, especially for 
those in which there is concrete honeycombing or low 
density. 

4. The CRCP for a given project should be designed 
specifically by taking into account the variables enumer
ated in the conclusions. The CRCP-1 computer program 
currently available to SDHPT can be used to design the 
steel and concrete for a specific project by taking into 
account the factors that are known to influence the pave
ment performance. 
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Effectiveness of Pressure-Relief Joints 
in Reinforced Concrete Pavements 
K. H. McGhee, Virginia Highway and Transportation Research Council 

This paper discusses the effectiveness of a 100-mm (4-in) wide compres
sible material that was installed at 305-m (1000-ft) intervals in a jointed, 
reinforced concrete pavement to reduce pavement blowups. The studies 
were made on an Interstate highway that carries some 30 000 vehicles/d, 
which includes approximately 7000 trucks and buses. This paper com
pares the behavior of the pavement both before and after the installation 
of the pressure-relief joints. Brief discussions of the factors that indicate 
the need for such joints, the problems associated with their use, and the 
potential for their use under overlays are included. 

The performance of jointed concrete pavements in some 
areas of Virginia has been seriously impaired by the 
infiltration of incompressible materials into the joints, 
which results in blowups. This infiltration can come 

from below the pavement because of the slab-pumping 
action related to water trapped below the pavement struc
ture, or it can come from above the pavement because 
of poorly sealed transverse joints. Water is entrapped 
when the densely graded subbase materials prohibit 
drainage through the shoulder (1). Transverse joints 
are poorly sealed when the long-slabs and narrow joints; 
which have seasonal hydrothermal movements, are in 
excess of the capabilities of the sealing materials (2). 
The causes and mechanism of blowups in the state have 
been discussed in a report by Tyson and McGhee (3). 

Corrective action to overcome pumping and blowup 
problems in Virginia has not been totally successful. 
Pavement-edge drains are effective in removing en-
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trapped water, but they are costly and time-consuming 
to install after the fact and are used only in the worst 
pumping cases. Maintenance contracts to replace or 
patch damaged joints and to furnish preformed seals have 
been successful in most cases, but, in several instances, 
the patches have failed early and at a rapid rate. 

One case of early patch failure took place on a main
tenance contract executed in 1973 on I-95 in Spotsylvania 
County. As a result of a study in that area, it was sug
gested that residual pressures in the pavement were 
among several factors that caused the premature patch 
failure. However, joint movement studies were also 
made in that same area over a period of several years, 
and these studies showed that the occurrence of a blowup 
tends to relieve pavement pressures for some 150 m 
(500 ft) on either side of the blowup. Consequently, 
it was concluded that, if special stress-relieving joints 
were provided, pavement pressures might be reduced, 
and, thus, subsequent failures would also be reduced. 

Therefore, in October 1973, a pilot experiment was 
conducted in which three pressure-relief joints were 
installed on a segment of 1-95 where maintenance opera
tions were under way. The joints were installed approx
imately 305 m (1000 ft) apart, and they extended the full 
width of the 7.3-m (24-ft) pavement. Because of the 
difficulty in sawing dowels and the danger of unstable 
subbase conditions near the old joints, the relief joints 
were installed at midlength on the 18.7-m (61.5-ft) long 
slabs. Two parallel saw cuts that were spaced 100 mm 
(4 in) apart were made through the full depth of the 
slabs. After the concrete was removed, two of the joint 
openings were filled with a patented sponge rubber prod
uct, and the third was filled with a styrofoam rubber . 

Movement was measured as soon as the pressure
relief joints were installed. During the spring of 1974, 
which was about 8 months after the joints were in place, 
the measurements showed that the closures were from 
28 to 80 mm (1.1 to 3.2 in). These large movements 
showed that pavement pressures were significantly re
lieved by provision of the special joints. In addition, 
field personnel were pleased with the perf01:mance of the 
relief joints and reported that no blowups occurred in 
their vicinities and that no difficulties with the perfor
mance of the joints themselves were noted. Finally, it 
was noted that the relief joints themselves are good in
dicators of pavement pressures. For example, a field 
engineer might decide that when a relief joint 100 mm 
(4 li1) wide has (;lV~t:U to l~ss ti1ru1 25 nuu (1 iu) pavtHnenL 
pressures have reached the point where additional relief 
joints or restoration of the original 100-mm (4-in) wide 
joint is justified. 

On the basis of the above information, a contract for 
pavement repair and resealing was let on I-95 in Septem
ber 1974. As part of this contract, pressure-relief 
joints were installed in pavements where early distress 
of previous repairs had been noted. The relief joints 
were installed at approximately 305-m (1000-ft) intervals 
in both directions on a 24-km (15-mile) segment of I-95. 

The increasing use of the pressure-relief joints in 
various parts of the state has indicated a need for quan
titative data concerning their effectiveness. The devel
opment of these data was the objective of the study re
ported here. 

PURPOSE AND SCOPE 

As indicated above, the purpose of the study was to 
evaluate the effectiveness of pressure-relief joints in 
protecting jointed concrete pavements from the self
destructive effects of joint infiltration and seasonal 
hydrothermal movements. The study included approxi
mately 24 km (15 miles) of I-95, which is divided into 

four lanes. Data were collected on the perfo1·mance 
of the 230-mm (9-in) reinforced concrete pavement 
for periods of 8 months before and 8 months after 
installation of the pressure-relief joints. Informa
tion was also developed as a basis for brief discus
sions of the factors that led to the need for and use 
of relief joints under overlays. 

RELIEF JOINT DESIGN 

Pressure-relief joints are 100 mm (4 in) wide and 
are installed full depth [ 230 mm (9 in)] and full 
width [ 7 .3 m (24 ft)] of the pavement. The pavement 
has contl·action joints that are nominally 10 to 13 
mm <3.4 to 1h in) wide and that are spaced on 18.7-m 
(61.5-ft) centers. 

For cases in which major joint repairs, including 
full-depth joint replacement, were required, the relief 
joints were installed as shown in Figure 1. Pressure
relief joints installed in conjunction with such full-depth 
repairs are type A. For reasons given earlier, when 
no full-depth pavement repairs were necessary, the re
lief joints were installed at midlength of the 18.7-m (61.5-
ft) long slabs. These installations are type B. A total 
of 142 relief joints were installed in the 24-km (15-mile) 
long segment of roadway. The relief-joint filler mate
rial is preformed, cellular-plastic, pressure-relief joint 
filler that meets the requirements of American Society 
of Testing and Materials specification D 3204. 

The pressure-relief joints were installed in projects 
1, 2, and 3, according to construction completion dates 
of May 27, 1964; October 22, 1963; and May 3, 1965 
respectively. 

PROCEDURES 

Evaluation procedures included pavement-condition sur
veys and a study of the pavement movements as reflected 
in the closure of selected pressure-relief joints. Four 
condition surveys were conducted as follows: 

1. Winter 1973-1974-The first survey was conducted 
in February 1974 as a part of other studies on the three 
projects. 

2. Fall 1974-The second survey was conducted im
mediately before repairs were begun on the three study 
pavements and was completed in September 1974. The 
rn:,ulL::; irum this survey, during the spring and summer 
of 1974, were compared with those from the first survey 
to determine pavement damage that might be related to 
pavement pressures. 

3. Winter 1974-1975-The third survey was conducted 
after the repairs were completed and the pressure-relief 
joints were installed. The contractor began work on 
October 15, 1974, and the survey was completed in April 
1975. 

4. Fall 1975-The final survey was conducted during 
the spring and summer of 1975 and completed in October 
1975. This survey was made to obtain data for deter
mining the damage subsequent to the repairs. 

Each survey included a detailed summary of pavement 
conditions at the time the survey was made. Every pave
ment joint was noted on a sketch in which the defects 
from the other surveys were superimposed on one an
other. In the survey made immediately after repairs 
were completed, each pressure-relief joint was noted. 
Defects that were directly related to pavement pressures 
such as blowups were especially identified. 

Information concerning pavement movements that were 
influenced by pressure relief was provided by measuring 
the width of each relief joint shortly after installation and 



at the time of the last survey. In addition, several sites 
were chosen for the installation of instrumentation at 
intermediate joints. This instrumentation, gage points 
imbedded in the pavement on either side of selected 
joints, made it possible to study the effect of the relief 
joints on adjacent joints. The final field work was com
pleted in December 1975, and it involved choosing one 
section of pavement between the pressure-relief joints 
for a detailed study of the joint movement associated 
with the release of pavement pressure. The joint clean
ing and resealing work that was done about the same 
time the relief joints were installed resulted in saw 
cuts in the bituminous shoulders so that the location of 
each joint before the pressure was relieved could be 
established. Each of the above aspects of the overall 
study is discussed below. 

Figure 1. Cross section view of type A pressure-relief material in a full
depth pavement repair . 

Table 1. Blowup occurrence with and without pressure-relief joints. 

Blowups 

Without Joints With Joints 

Project Lane To February 1974 Summer 1974 Summer 1975 

1 NB 25 8 0 
1 SB 29 5 0 
2 NB 18 0 0 
2 SB 18 4 0 
3 NB 3 5 0 
3 SB 2 2 Q. 
Total 95 24 0 

Table 2. Total number of distressed joints. 

Total Distressed Joints 
Relief Joints 

Project Lane Surveyed 1/74 9/74 4/75 10/75 

1 NB 418 249 267 287 29 3 
1 SB 412 217 248 255 259 
2 NB 395 302 309 316 319 
2 SB 402 258 276 285 294 
3 NB 488 96 111 114 120 
3 SB 493 47 62 67 70 

Table 3. Average widths of pressure-relief joints. 

Relief Joint Width 
Joints (mm) 
In Total 
Each In- Closure 

Project Lane Lane stalled' 5/75 10/75 (mm) 

1 NB 23 104 70 35 
1 SB 20 109 89 82 27 
2 NB 20 105 67 38 
2 SB 21 108 81 71 37 
3 NB 30 105 55 50 
3 SB 26 103 55 38 65 

Average 106 73 62 43 

Note: 1 mm= 0.0393 in. 
'From 10/74 to 3/75, 
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The effectiveness of the pressure-relief joints in halting 
the occurrence of blowups is given in Table 1. Before 
installation of the relief joints there were 24 blowups in 
the 24-km (15- mile) segment during the summer of 1974, 
whereas after the relief joints were in place, there were 
no blowups in the summer of 1975 . Therefore, it may 
be concluded that the relief joints were totally effective 
during their first summer in service. The observations, 
which are discussed later, made on the current widths 
of the relief joints suggest that they should be effective 
for several more years. 

The differences in pavement performance indicated 
by the number of blowups for the three projects before 
February 1974 are of interest. There is evidence that 
the differences in performance are related to at least two 
factors: 

1. The lower-strength concrete found in projects 1 
and 2 (evidenced by signs of poor consolidation or high 
water content), and 

2. The presence of better draining subbase and 
shoulder material under project 3. 

The relation between blowup frequency and pavement 
strength is evidenced by the fact that lower-strength con
crete will fail at a pressure lower than that for higher
strength concrete. The relation between blowup fre
quency and subbase type for these projects has been dis
cussed in an earlier report (3). It was pointed out that 
the pavement pumping associated with poor subbase ma
terial may result in the migration of fine, incompress
ible material into the joints from their outer edges and 
bottom portions (3). It was also shown in that study 
that the modified-subbase used on project 3 reduced 
pumping by approximately 75 percent. 

The above mentioned factors, along with the metal 
joint-forming insert used in project 2, contributed to the 
differences in total joint distress that were experienced 
by the three projects. Total distress, in terms of the 
number of joints affected, is given in Table 2. Although 
there is a greater blowup frequency for the joints in 
project 1, the total number of distressed joints in project 
2 is greater than that in pr oject 1. Thi s difference is 
due to the presence of the metal joint-for ming insert 
that results in numerous semicircular joint spalls lo
cated in the wheel paths. This phenomenon was also 
discussed in the earlier report (3). 

An examination of the new occurrences of joint dis
tress in the summers of 1974 and 1975 suggested that 
the pressure-relief joints were at least partially effec
tive in reducing the rate of development of distress other 
than blowups. The northbound lane (NBL) of project 1 
had 18 new occurrences of joint distress in the summer 
of 1974, but only 6 occurrences during the summer of 
1975 after the relief joints were installed. Similarly, 
the southbound lane (SBL) of project 3 had 15 and 3 
occurrences for the summers of 1974 and 1975 respec
tively. 

Pavement Movement 

The effectiveness of pressure-relief joints in reducing 
pavement distress, particularly blowups, was discussed 
above; however, there are some characteristics of the 
relief joints themselves that affect pavement movement. 
These characteristics are (a) the behavior of the relief 
joints, and (b) the effect of the relief joints on the move
ment of other joints in the vicinity of and between the 
relief joints. 
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Joint Closure 

In sections of the roadway where there is appreciable 
pressure, the relief joints begin to close almost as soon 
as they are installed. Pavement pressures of some sig
nificance are indicated by the difficulty in making the 
saw cut because of blade pinching and by the difficulty 
in removing the sawed segment. 

Tests in the Research Council laboratories have 
shown that a pressure of approximately 165 kPa (24 lbf/ 
in2 ) is required to compress the 100-mm (4-in) wide, 
pressure-relief material to 50 percent of its original 
width. This pressure is negligible even on very weak 
concrete, but it is sufficient to hold the relief material 
tightly in place. 

The widths of all pressure-relief joints in the three 
study projects were measured soon after they were in
stalled (October 1974 and March 1975) and at the end of 
the study period (October 1975). In addition, those in the 
SBL were measured at an intermediate stage (May 1975). 
These measurements are given in Table 3. 

Several significant observations can be made from 
the data given in Table 3. First, the average relief
joint closure of 43mm (1.71 in) during the first year sug
gests that there were very significant stresses remain
ing in the pavement, even though numerous blowups had 
already relieved these stresses in many areas. Second, 
a careful study of the data shows that about 75 percent 
of the total closure occurred before the summer months 
when stresses, if unrelieved, would be the highest. This 
finding clearly indicates that pavement stresses, even 
in the winter, were too high to be relieved by the natural 
tendency of the pavement to shrink in cold weather. 
Third, project 3, which had the lowest blowup frequency, 
showed significantly more closure of the relief joints 
during the summer of 1975 than did the other two proj
ects. Thus, project 3 was observed closely to deter
mine if there was a need for additional relief joints. As 
indicated earlier, the higher-strength concrete in this 
project sustained more pressure without failure. How
ever, the relative increase in blowups for this project 
shortly before the installation of the relief joints, along 
with the behavior of these joints, indicates that the 
project would become subject to blowups when the bene
fits of the relief joints are completely exhausted. The 
SBL of this project sustained only 4 blowups in its 10-
year life, but after only one summer, the relief joints 
closed n...1. n.vern.ge cf 65 mm {2 .57 in) u:r about 85 per
cent. Such behavior reinforces the previously mentioned 
possibility that pressure-relief joints can be used to 
indicate pavement pressures so that corrective action 
can be taken before pavement damage results. 

The relative behaviors of types A and B relief joints 
are of some interest. The following is the annual 
relief-joint closure for each project and each type of 
joiJ1t (1 mm= 0.393 in). 

Annual Average 
Closure (mm) 

Project Type A Type B 

1 27 35 
2 37 38 

Annual Average 
Closure (mm) 

Project Type A Type B 

3 48 65 

It should be recalled that type A joints were installed 
in conjunction with full-depth pavement repairs while 
type B were installed at midslab length in sound pave
ment sections. In many cases, the full-depth repairs 
were made on blowup sections where pavement stresses 
had been partially relieved because of the blowups. There
fore, it is not surprising to find that the ty1)e B joints 
were somewhat more effective because no natural stress 
relief had been provided before installation of the joints. 

This finding suggests that, in ruture installations, it may 
be advisable to omit type A joints in lieu of p1·ovicling 
more type B joints at strategic locations. 

Movement of Intermediate Joints 

The movement of intermediate joints within a typical sec
tion that has pressure-relief joints at each end is shown 
in Figure 2. The section is comprised oi 17 slabs, and 
each s lab is 18.8 rn (61.5 ft) long. Individual joint move
ments were measured from the saw marks in the asphalt
concl'ete shoulder as previously mentioned. As ex
pected, the movement was maximum at the pressure
relief joints, gradually decreased toward the center of 
the section, and was negligible at the center. In all 
cases, joint movement was toward pressure -relief joints 
with the node point at midsection, which indicated a bal
ance of pavement pressures and movements. The dra
matic pavement behavior at a relief joint in service for 
1 year is shown in Figure 3. 

It is clear from the above data that relief joints were 
effective for at least the 300 m (1000 ft) contained in the 
typical section. Careful study of Figure 2 also suggests 
that the 1·elief joints might have been capable of providing 
some stress 1·elief for sections longe1· than 300 m (1000 
ft). Theoretically, the joints are effective until there is 
more than one stationary joint at midsection. The deter
mination of the maximum effectiveness of a section length 
is not a straightforward procedure . A paraclox develops 
when one considers that the more in ternal stresses a 
pavement has, the longer the effectiveness of a section 
length will be. Conversely, when there are few internal 
stresses, the relief joints may be immediately effective 
only over a short distance. In the latter case, the relief 
joints are probably not needed, but, if used, they will 
serve for a long period of time. Several examples of 
this behavior occurred in projects 1 and 2 in which the 
pressure-relief joints were installed close to the blow
ups. Because pavement pressures had already been re
lieved, these relief joints closed less than 13 mm (% in) 
during their first year in service. 

One type of undesirable behavior of joints between re
lief joints is shown in Figure 4. An intermediate joint 
opened so widely that the preformed compression seal 
was no longer in contact with the walls of the joint. This 
beh avior gives rise to the possibility of initiating a vi
cious circle in which the provision for too much freedom 
uf j oli1t muvtlment can create conditions in which joint 
infiltration is aggravated, and, in turn , can require the 
provision for more pressure relief. Such behavior only 
occurs at the joints that are located near the relief joints 
or previous blowups. Since it is not possible to predict 
when an excessively wide opening might occur, it appears 
that pavements with preformed seals should be observed 
for some time after the relief joints are installed. This 
possibility of an excessively wide, intermediate joint 
opening is one consideration that should not be overlooked 
when deciding to use relief joints. There may be in
stances in which it is advisable to install several relief 
joints for purposes of observation, possibly 1 year before 
full-pressure relief is contemplated. Thus, a final de
termination of the need for the joints could be made . 

It is interesting to compare the movement of joints 
in a pavement that has no stress relief with that of a 
pavement that has relief joints located at 300-m (1000-
It ) intervals. This comparison is shown in Figure 5 for 
the period of April throu gh September 1976. Although 
U1e seasonal movement for the control section was ap
proximately 0.20 mm (0.008 in), the joint located 18.7 
m (61.5 ft) from a pressure-relief joint opened a 
total of 4.5 mm (0.18 in). Similar but less seve1·e move
ments were recorded for joints located 56.3 m (184.5 ft) 



Figure 2. Joint shift between pressure-reijef joints. 
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Figure 3. Closure of pressure-relief joint after 1 year in service. 

Figure 4. Excessive opening of joint near pressure-relief joint. 

and 93.8 m (307.5 ft) from the pressure-relief joints. 
The pavements contrasted in this figure are also dis
cussed in an earlier report (3) in which the behaviors 
of pavements that are prone to blowups were compared 
with those pavements of the control section that had no 
history of blowups. 

12 14 16 18 

Figure 5. Comparison of pavements with and without pressure-relief 
joints. 
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Figure 6. Failure caused by redistribution of stresses between lanes, 
repairs in near lane, and new blowup in far lane. 

PROBLEMS WITH PRESSURE-RELIEF 
JOINTS 
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The use of pressure-relief joints in several locations, 
including the one discussed earlier, has shown that cer
tain precautions are necessary to achieve their most ef
fective use. Some of these precautions and the related 
problems are discussed below. Virginia specifications 
that have been developed for installation of the pressure
relief material have recently covered several of these 
precautions. 
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Multilane Pavements 

The pressure-relief material will almost always be used 
on pavements that have more than one traffic lane; there
fore, it is usually impossible to install the material for 
the full width of the pavement in 1 d. However, the re
lief of pressure in one lane can substantially increase 
the pressures in other lanes so that the unrelieved lanes 
become subject to blowups. Therefore, it is necessary 
to install relief joints in all adjoining lanes as soon as 
possible. Figure 6 shows a pavement on which repairs 
and pressure relief were provided for the near lane, 
while the sound far lane was left until later. Unfortu
nately, several weeks of warm weather passed and a 
blowup occurred in the far lane before the work crew 
returned to install the pressure relief joint in that lane. 

For cases in which the adjoining lane is made of good 
quality concrete, restraint between the lanes has pre
vented the pressure-relief joint from functioning, thus, 
the material is not held tightly in position and can float 
out during a heavy rain. 

Both of these potential problems should be prevented 
by the new specifications that require installation of the 
pressure-relief material in adjacent lanes within 24 h. 
This specification also places restrictions on the width 
of the material and requires the use of a lubricant
adhesive to install the material, which provides further 
insurance against floating. 

Hot Weather 

The high pressures encountered in the pavement during 
hot weather make the summer a poor time for installing 
pressure-relief joints, even though the need might be 
greatest in this season. Saw-pinching problems and the 
problem of unequal pressures between lanes are both 
aggravated during warm weather. Therefore, the new 
specifications mentioned above provide for the installa
tion of pressure-relief material in a temperature range 
of from 4 to 2CfC (40 to 7CfF). 

Too Frequent Installation 

In a few instances, pressure-relief joints have been in
effective because of their proximity to other stress
relieving features. Although there is a need to judge the 
pavement condition, relief joints are not normally needed 
mHh;n 1 fiO tn 1AO n, (!>00 tn f\00 ft) nf " "t<>nrh,-,,rl VT-1 

bridge approach expansion joint ( 4), because such a joint 
inherently provides adequate relief of pressure. 

Pavements that have sustained full-width blowups may 
not need pressure-relief joints within about 150 m (500 
ft) of the blowups, especially if the blowup has been tem
porarily repaired with bituminous concrete and has re
mained in that condition for some period of time. This 
natural relief of pavement pressures will be indicated 
by unusually wide joints in the vicinity of the blowup. 

PROVISION OF PRESSURE-RELIEF 
JOINTS 

Because the provision of pressure-relief joints is a 
rather expensive and time-consuming operation, the fol
lowing discussion is offered. Pavements that have no 
history of blowups should not have pressure-relief joints 
installed until the history and condition of the pavement 
have been carefully considered. Extensive studies of 
pavements that are prone to blowups in Virginia have 
shown that blowups will occur or are impending when 
some or all of the following factors exist. 

1. The pavement is more than 5 or 6 years old , 

2. The transverse joints are poorly sealed, 
3. The pavement is subject to joint or edge pumping 

because of a poor quality subbase, 
4. The pavement is constructed of concrete that con

tains a siliceous coarse aggregate, 
5. Sand or other traction-improving aids are used 

liberally on the pavement, 
6. The pavement is constructed of slabs more than 

6 to 9 m (20 to 30 ft) long, 
7. The pavement is constructed of poor quality con

crete, 
8. Dowel bars are misaligned during pavemerit con

struction, and 
9. Truck traffic volume is high. 

Not all of the above factors will be present in every 
pavement that is prone to blowups, and not all of the fac
tors are given equal weight. For example, when other 
conditions are equal, pavements with 18.8-m (61.5-ft) 
long slabs appear to be subject to more blowups than 
those with shorter slabs. On the other hand, pavements 
with short slabs have been observed to blowup, but only 
after many years of service and under adverse condi
tions. Similarly, pavements can become subject to blow
ups because of surface infiltration, infiltration from the 
subbase, or a combination of the two. 

Because the relative contributions of each factor noted 
above are poorly defined, it is necessary to make field 
inspections so that the probability of blowups can be de
termined. In general, at least two or three of the follow
ing types of visual evidence will be present when blowups 
are impending. 

1. Some transverse joints are tightly closed while others 
are wide and badly infiltrated. 

2. The presence of fines on the shoulder or a depres
sion of the shoulder at the pavement edge show evidence 
of joint pumping. 

3. Joint faulting is evident. 
4. Misalignment of the transverse joints is evident, 

especially at lane additions or drops. 
5. Transverse joints show evidence of crushing, 

PROVISION UNDER OVERLAYS 

Observations have shown that pavements subject to 
blowups while in service as a wearing course will often 
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a bituminous-concrete surface. For this reason, the 
decision was made to provide pressure-relief joints on 
I-495 in Northern Virginia when it was widened. The 
7 .2-m (24-ft) wide existing pavement had suffered a num
ber of blowups in its approximately 10-year life. The 
primary factors contributing to these blowups were heavy 
traffic, poor subbase, difficult-to-maintain joints, and 
long slabs. Since these conditions could not be effec
tively corrected as a part of reconstruction, the provi
sion of pressure-relief joints was an acceptable effort to 
reduce future maintenance. Relief joints were also called 
for in the base so that the old pavement and the 7 .2 m 
(24 ft) of widening base concrete would function together. 
While the project was still under construction, most of the 
pavement and widening had been overlaid, and this did 
not cause any apparent adverse effects other than a slight 
depression in the overlay at some relief joints. Many 
of the relief joints closed up to 50 mm (2 in), which is 
an indication that they were serving their intended pur
pose. 

Based on this experience, it would appear reasonable to 
continue the use of pressure-relief joints under overlays if 
an old pavement has a history of blowups or if the causative 
factors that contribute to blowups are in evidence. 



CONCLUSIONS 

1. Pressure-relief joints can contribute substantially 
to the reduction of blowups and general distress of 
portland-cement concrete pavements. 

2. Pavement containing pressure-relief joints can 
experience an excessively wide opening of intermediate 
joints such that the effectiveness of preformed seals is 
impaired. 

3. Rapid, pressure-relief joint closure may be an 
indication that additional relief is needed. 

4. Pressure-relief joints installed at midslab are 
somewhat more effective than those installed in conjunc
tion with full-depth pavement repairs. 

5. Pressure-relief joints are not useful when they 
are in close proximity to a bridge that has protection 
expansion joints or when they are near blowups where 
a full-depth or full-width portion of a pavement has been 
replaced with bituminous concrete. 

6. When making the decision to provide pressure
relief joints, careful consideration should be given to 
the pavement design and performance history. 

7. Pressure-relief joints can be used effectively 
under bituminous-concrete overlays on portland-cement 
concrete pavements. 
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Performance Evaluation for 
Bituminous-Concrete Pavements 
at the Pennsylvania State Test Track 
M. C. Wang and T. D. Larson, Pennsylvania State University 

The Pennsylvania State Test Track, which was completed in August 1972, 
will be used to develop engineering data and criteria for the design and 
construction of new pavements and for the improvement and mainte
nance of existing pavements. The test track is composed of sections with 
various base-course materials and different layer thicknesses. This paper 
presents the results of performance analyses for sections containing 
bituminous-concrete base. The analysis was made by using an elastic
layer computer program; only the spring weather condition was con
sidered. Critical responses analyzed were maximum vertical compressive 
strain at the top of the subgrade, maximum radial tensile strain at the 
bottom of the base course, and maximum deflection on the pavement 
surface. Performance data collected included present serviceability index, 
rut depth, and cracking. Correlations between critical response and pave
ment performance were established . These correlations permit prediction 
of pavement performance from pavement response determined in the 
spring season. A maximum compressive strain of 450 µm/m (0.000 450 
in/in) at the top of the subgrade, a maximum tensile strain of 120 µm/m 
(0.000 120 in/in) at the bottom of the base course, and a maximum de
flection of 0.51 mm (0.020 in) on the pavement surface were established 
as the limiting criteria for flexible pavements with bituminous bases to 
withstand 1000000 applications of an 8165-kg (18,kip) axle load with
out significant fatigue cracking. Based on these limiting criteria, struc
tural coefficients of the bituminous-concrete base and the crushed· 
limestone subbase were developed. The structural coefficients vary sig· 
nificantly with layer 1h ickness. 

Recognizing the need for an integrated program for pave
ment research, The Pennsylvania Transportation Insti
tute in cooperation with the Pennsylvania Department of 
Transportation constructed a one-lane 1.6-km (1-mile) 
long highway. This facility was completed in August 
1972 and is located 9. 7 km (6 miles) northeast of State 
College and 1.1 km (0. 7 miles) northeast of University 
Park Airport in an agricultural area owned by the Penn
sylvania State University. 

The goal of pavement research at the facility is to de -
velop engineering data and criteria that can be used in 
the design and construction of new pavements and in the 
improvement and maintenance of existing pavements. 
To achieve this goal, two long-range objectives were 
developed to guide research at the facility. The first 
is to validate, refine, or, if necessary, regenerate the 
flexible-pavement design procedure in Pennsylvania. 
The second is to evaluate the ability of existing pavement
damage models to predict pavement performance. 

This paper presents the results of the performance 
evaluation based on pavement response for the sections 
that have a bituminous-concrete base course. From 
field performance data together with pavement response, 
limiting strain and limiting deflection criteria were de-
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veloped. Based on these criteria, structural coeffi
cients of the bituminous-concrete base and limestone 
subbase were determined. 

PENNSYLVANIA STATE TEST TRACK 

In the first cycle of study, the test track was composed 
of 17 sections of various lengths. Each section con
tained either different base-course materials with the 
same layer thickness or one type of base material with 
different layer thicknesses. After the first cycle of 
study was completed, one section was resurfaced with 
a 6.3-cm (2.5-in) overlay and four sections were re
placed by eight shorter sections. Figure 1 shows the 
plan view and the longitudinal profile of the test track. 

The subgrade soil had classifications ranging from 
A-4 to A-7, and the predominant classification was A-7. 
The ave1·age in situ ch·y density I moisture content and 
soaked California bearing 1·atio wer e about 1690 kg/ m~ 
(105. 5 lb/ ft3

), 18.9 percent, and 11 respectively. The 
subbase material was a crushed limestone, natural to 
central Pennsylvania. The four different base-course 
materials used were bituminous concrete, aggregate
lime-pozzolan, aggregate-cement, and aggregate
bituminous. Only the bituminous-concrete sections are 
analyzed in this paper. 

The wearing surface was constructed with one type 
of material for the entire test track. Seven sections 
were surfaced with a 3.8-cm (1.5-in) wearing course. 
Other sections had a 2.5-cm (1.0-in) wearing course 
underlaid by a 3.8-cm (1.5-in) ID-2A binder course. 
The characteristics of the wearing, binder, base, sub
base, and subgrade materials are given elsewhere (1). 

Since the testing facility was designed for an accel
erated life, the test track was subjected to traffic for 
18 h/ d, 7 d/ week for the first 11 months and then for 
10.5 h/d, 5 d/week for an additional 9 months. The first 
cycle of study was completed in December 1974, and, 
by that time, all sections had been subjected to about 
1 100 000 applications of an 8165-kg (18-kip) equivalent 
axle load (EAL). For the second cycle of study, traffic 
operation began in December 1_975. Because of bridge 
construction, traffic operation was discontinued in May 
1976. By that time , a total of about 1 500 000 EAL ap
plications had been applied to the old pavements. The 
traffic was a conventional truck tractor that pulled a 
semitrailer and a full trailer. Complete information 
on design, construction, material properties, and traf
fic operation is documented elsewhere (.!_, ~. 

FIELD MEASUREMENTS 

Field testing of pavement response and measurement of 
test track performance were conducted periodically. 
Surface deflections were determined biweekly by using 
the Benkelman beam and the road rater. Rut depth was 
measured weekly every 6.1 m (20 ft) on both wheel paths 
by using an A-frame that was attached to a 2.1-m (7-ft) 
long base channel. Surface cracking was surveyed and 
mapped weekly; the total length of class 1 crack and the 
total area of class 2 and class 3 cracks were determined. 
Surface roughness was measured biweekly by using a 
MacBeth profilograph on both wheel paths. The rough
ness factors obtained from the profilograph data were 
converted into present serviceability index (PSI) of the 
pavement by using the following equations: 

PSI = 11.16 - 4. 06 (log RF) 

RF= 63.27 + 1.083 (R) 

where 

(1) 

(2) 

R = profilograph readings and 
RF = roughness factor. 

Equation 1 was developed by the Bureau of Materials 
Testing and Research of the Pennsylvania Department 
of Transportation, and it is based on the correlation of 
profilograph data with the PSI value that was obtained 
by using a surface dynamic profilometer. 

In addition to the above testing and measurements, 
pavement temperature profile and subgrade moisture 
distribution were measured by using thermocouples and 
moisture cells. These cells were embedded at various 
depths in various sections. Also, two frost-depth indi
cators were installed in the pavement to measure the 
depth of frost penetration. Various meterological 
gauges were installed at the track to collect weather 
data that included wind velocity, precipitation, and tem
perature. 

PERFORMANCE DATA 

Figure 2 shows the variation of PSI with an 8165-kg (18-
kip) EAL application. Each value represents the average 
of both wheel paths. Section 8, which was overlaid at the 
end of the first cycle of study, reached a PSI value of 2 .1. 
Also, the initial PSI values are generally low and vary 
considerably. For this reason, the analysis presented 
later considers only the difference in PSI that occurred 
after the initial measurements in August 1972. 

The number of 8165-kg (18-kip) EAL applications 
when significant fatigue cracking was observed, the total 
length of class 1 cracks, and the total area of class 2 
and class 3 cracks are given in Table 1. These crack 
data form major bases for determination of limiting cri
teria used in the analyses . 

MATERIAL CHARACTERIZATION 

The material properties needed to analyze the pavement 
response were determined by using various testing 
methods. Both a static-plate load test and laboratory
repeated load tests on laboratory-compacted specimens 
were used to determine the elastic modulus of each con
stituent layer. The laboratory-repeated load tests were 
conducted under various deviating and confining pres
sures. Results obtained from these two test methods 
agreed reasonably well , although the plate load test gen
erally gave relatively higher moduli values. Final se
lection of appropriate elastic moduli from these two sets 
of results was made by using an elastic-layer computer 
program in conjunction with the surface deflection data 
determined from the Benkelman beam tests. Figure 3 
shows the elastic moduli of surface and base materials 
for various temperatures. The subgrade modulus de
creases significantly with increasing moisture content 
and is approximately 55.2 MPa {8000 lbf/ in2

) at a mois
tur e content of 23 percent. T he subbase modulus equals 
about 330.9 MPa {48 000 lb.f/i1l) . 

Fatigue tests on beam specimens of surface and 
bituminous-concrete base materials were conducted by 
the As1,halt Institute (3) . These tests were performed 
a tl:u,ee temperatures-=- 13, 21, and 29°C (55, 70, and 
85°F) on high-densi ty specimens and only a limited 
number of tests on low-density specimens. The values 
of the constants in the following fatigue equation were 
evaluated and are given in Table 2. 

(3) 

where 

N = number of load repetition to failur e , 



Figure 1. Plan view and longitudinal profile of test track. 

Figure 2. Variation of present serviceability index versus 
test sections with 8165-kg equivalent axle loads. 
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f = tensile strain, and 
K1 and K2 = constants. 

These results were developed from laboratory
compacted beam specimens tested under a frequency 
of 20 cycle/min and a duration of 0.1 s. 
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The response of the test pavements to traffic loading 
was analyzed by using an elastic-layer computer pro
gram together with the material properties obtained 
above. The computer program adopted was the Bitumen 
structures Analysis in Roads (BISAR) program that was 
developed at Koninklijke Shell Laboratorium in Amster
dam. Only the spring weather condition was considered 
in the analysis because of the spring thaw effect. The 
pavement temperature and moisture data indicate an 
average surface temperature of about 21°C (70°F) and 
subgrade moisture of 23 percent in the spring season. 
Also, the temperature in the base layer was about 
-15.6° C ( 4° F) below the surface temperature. These 
temperature and moisture data were used to select ap
propriate moduli values for surface, base, and sub
grade materials. 

The trend of decreasing temperature with increasing 
depth was accommodated by dividing all base courses 
that were thicker than 15.2 cm (6 in) into two equal 
layers. The temperature of the lower sublayer was 
then taken at -15.6°C (4°F) below that of the upper sub-
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layer. Therefore, these sections were treated as a sys
tem of four elastic layers overlying an elastic half space. 
Poisson's ratios were assumed to be 0.40, 0.35 , 0.40 , 
and 0.45 for the surface material, base material, sub
base material, and subgrade soil respectively. 

The traffic loading used was an 8165-kg (18-kip) EAL 
on dua l wheels that had a tire pressu1·e of 552 kPa (80 
lbf/ut2 ). Critical r esponses analyzed were maximum 
radial tensile strain in the surface and the base layers , 

Table 1. Results of crack survey. 

Amount of Cracking" 
Number of EALs at 
First Appearance of Class 1 Class 2 & 3 

Section Significant Cracking (m/ km') (m 2/km 2) 

lA None None 
lB None None 
lC 1 367 000 None 10 000 
lD I 367 000 None 14 000 
2 None None 
6 None None 
7 None None 
8 386 000 85 500' 
9 1 137 000 322 000 122 000 
13 Noneb Noneti 
14 906 000 49 000 95 500 
H 359 000 330 000 

Notes: 1 m = 3.28 ft, 1 m2 = 10 8 ft 2 , and 1 km2 = 0,386 mile2 . 

·Asof 7/19176 EAL= 1 441 000. 
h At the end of first cycle of study 
cBefore overlay. 

Figure 3. Elastic moduli of surface and base materials. 
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Table 2. Values of constants for fatigue equation. 

Material Temperature ('C) K, K, 

ID-2A 12.8 6.2840 X 10-• 3.9192 
Surface 21. l 4.6624 X 10- 7 3.6128 

29.4 2.93[2 X 10-o 3.5145 
Bituminous 12.8 5.1922 X 10-!0 3.9530 
Concrete 21.1 J.0577 X 10-6 3.1368 
Base 29.4 2.6097 X 10- 3 2.1675 

R' 

0.94 
0,95 
0.99 
0.95 
0.97 
0.97 

maximum vertical compressive strain in the subgrade, 
and maximum deflection on the pavement surface. These 
critical responses were considered because the maximum 
tensile strain and the maximum surface deflection are 
associated with fatigue cracking, whereas the maximum 
vertical compressive strain is related with rutting. It 
was found, for the conditions analyzed, that in most 
cases the maximum tensile strain occurred at the bottom 
of the base course below the center of a loading wheel 
and the maximum compressive strain occurred at the 
top of the subgrade mostly under the middle of the dual 
tires. 

Figure 4. Correlation between rut depth and maximum 
compressive strain at top of subgrade. 
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Figure 5. Maximum compressive strain at top of subgrade with 
8165-kg equivalent axle load to produce 0.64-cm rutting. 

E 

e 
::L 

'fQ 1000 

- 800 
z· 

~ 600 
Ii; 

~ 400 
in 
~ 
0: 

§ 200 

"' ::, 

~ 
X 
<t 
"' 100-tT-----------..,..,.------------, 

10' 
EALS AT 0.64cm(025inl RUTTING 

Figure 6. Correlation between Li.PSI and maximum 
tensile strain at bottom of base course. 

U) 
a. 
<l 

10 

08 

o Penn Slale Tesr Track 

4 Son Diego Tes\ Rood (4) 

0.6 

0.?. 

0+---~40....-=--B~0--~ 12_0 ___ 16~0---2-00-- -2~40 

MAXIMUM TENSILE STRAIN AT BOTTOM OF BASE COURSE, I 10·•µ.m/ml 



PAVEMENT RESPONSE AND 
PERFORMANCE 

Pavement response was related to performance by using 
a base of 1 000 000 repetitions of an 8165-kg (18-kip) 
EAL. This EAL application was adopted because it is 
widely associated with 20-year pavement life. A rela
tion between rut depth and maximum compressive strain 
at the top of the subgrade is established in Figure 4. As 
expected, rut depth increases with increasing maximum 
compressive strain; the rate of increase becomes 
greater at higher compressive strains. 

Since a rut depth of 6.3 mm (0.25 in) has been widely 
used for developing the limiting strain criteria ( 4, 5, 6), 
the 8165-kg (18-kip) EAL required to produce 6.3-mm 
(0.25-in) rutting for each section concerned is related 
with the maximum compressive strain at the top of the 
subgrade shown in Figure 5. Also shown are the re
sults of the San Diego test road ( 4) and the criteria de
veloped by Monismith and McLean (5) and Dorman and 
Metcalf (6). The test results are bracketed between 
the results of the San Diego test road ( 4) and Dorman 
and Metcalf (6) and fit with the criterion developed by 
Monismith ana McLean (5). The figure shows that the 
relation between maximum compressive strain and EAL 
is curved rather than linear, which is often used by 
most researchers. Both Figures 4 and 5 indicate that 
the limiting compressive strain at 1 000 000 EAL equals 
450 µm/ m (0.000 450 in/ in). This strain criterion is 
used to determine the structural coefficient. 

The change in PSI value up to 1 000 000 EALs is 
highly correlated with the maximum tensile strain at 
the bottom of the base course, as shown in Figure 6, 
The greater the maximum tensile strain is, the larger 
the PSI change will be. This relation implies that an 
increase in tensile strain will increase fatigue cracking; 
increasing fatigue cracking increases pavement rough
ness and consequently decreases the pavement service
ability . Also shown is a comparison with the results of 
the San Diego test road. One of three data points avail
able from the San Diego test road falls on the curve. 
This relation permits prediction of PSI change from the 
calculated tensile strain. 

The number of EALs at first appearance of signifi
cant cracking increases with decreasing maximum ten
sile strain at the bottom of the base course following 
the trend of the laboratory fatigue curve, as shown in 
Figure 7. However, the laboratory test results over
predict the number of EALs required for fatigue failure 
in the field. Similar overprediction was also encoun
tered at the San Diego test road (4). The laboratory 
tests were performed on laboratory-compacted speci
mens for both cases. Possible causes for this overpre
diction could be attributed to test specimen, field load
ing conditions, and others. 

The laboratory-compacted specimens generally pos
sess the same density and composition as those of the 
field material. Because of the difference in aging and 
curing environment, however, the laboratory specimens 
can hardly duplicate the weathering effect associated 
with field specimens. Weathering might cause chemi
cal degradation and physical disintegration and conse
quently results in a change in fatigue property. For 
this reason, field cores were also tested to determine 
fatigue property at the San Diego test road. The field 
specimens yielded better results but still overpredicted, 
implying other possible causes that have yet to be clari
fied. Unfortunately, no field specimens from the test 
track are available for verifying the findings of the San 
Diego test road. 

Another possible cause in connection with the test 
specimen could be the effect of the nonhomogeneous na-
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ture of pavement materials from the subgrade soil to the 
surface material. This nonhomogeneous nature does 
not guarantee the absence of relatively weak spots in the 
pavement. These weak spots will no doubt undergo fail
ure earlier than the predicted time. 

The effect of field-loading conditions on overpredic
tion of fatigue life is concerned primarily with the effect 
of vehicle inertia force due to downward and upward ac
celerations. This effect would be particularly mani
fested for traffic on an uneven road. The occurrence 
of this additional downward loading could accelerate fa
tigue failure of the pavement. Other possible traffic 
loadings that have often been overlooked in studies of 
pavement failure are the force created by braking and 
eccentric force at curves. These forces may result in 
raveling and cracking on the pavement surface and lead 
to inaccurate prediction of pavement fatigue life. 

In summary, the primary cause for overprediction 
of fatigue life of the test track has yet to be clarified. 
Figure 7 indicates that the limiting tensile strain at 
1 000 000 EALs equals 120 µm/ m (0.000 120 in/ in). This 
limiting strain is compatible with the work of Monismith 
and others (7) and is bracketed between the results of 
San Diego test road (4) and Kingham (8). 

Based on the number of axle loadings at first appear
ance of significant surface cracking, the pavement 
maximum-surface deflection is related with EAL in 
Figure 8. The test results fall between the findings of 
Kingham (8) and the San Diego test road (4) and coincide 
closely with the results of Zube and Forsyth (9) for 
pavements with a 7.6-cm (3-in) asphalt-concrete sur
face. The figure indicates a limiting maximum surface 
deflection of 0.51 mm (0.020 in) for flexible pavements 
with a life of 1 000 000 EALs for the range of thicknesses 
studied. 

STRUCTURAL COEFFICIENTS 

As previously mentioned, one objective of the test track 
research was to validate and refine, if necessary, the 
current flexible-pavement design procedure in Pennsyl
vania that is an adaptation from VanTil and others (11). 
This objective is fulfilled by evaluating the structural 
coefficients for materials currently being used in Penn
sylvania. Accordingly, the structural coefficients of the 
bituminous-concrete base and crushed-limestone sub
base are evaluated in the following by using the limiting 
criteria developed previously. 

By using the BISAR computer program, pavement 
sections having various combinations of layer thickness 
and satisfying the limiting maximum tensile strain at 
bottom of base course, maximum vertical compressive 
strain at top of subgrade, and maximum surface de -
flection were determined. Results of the calculation for 
three thicknesses of surface course are summarized in 
Table 3. The required base thicknesses among the 
three limiting criteria are compared to give in the last 
column of the table a base thickness required to satisfy 
all three criteria simultaneously. The layer thicknesses 
in columns 1, 2, and 6 form the pavement sections for 
determining the structural coefficients below. 

Because the structural-coefficient concept was origi
nated from the AASHO Road Test, the following basic 
equation relating EAL with structural number is used 
as the basis for computation. 

p = 0.64 (SN + I )9·36 

where 

p = EAL at failure and 
SN = structural number. 

(4) 
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Figure 7. Correlation between maximum tensile strain at bottom of 
base course and number of 8165-kg equivalent axle-load applications. 
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Figure 8. Correlation between surface deflection and number of 
8165-kg equivalent axle-load applications. 
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SN is defined as follows: 

where 

a1 = structural coefficient of surface material, 
H1 = layer thickness of surface course, 
a2 = structural coefficient of base material, 
H2 = layer thickness of base course, 
a3 = structural coefficient of subbase material, and 
H3 = layer thickness of subbase course. 

For this analysis, the structural coefficient of the 
asphalt-concrete surface material is 0.44, which is the 
value originally developed from the AASHO Road Test, 
Since the surface layer thickness used in Pennsylvania 
generally ranges from 3.8 to 8.9 cm (1.5 to 3.5 in), it 
is assumed that the structural coefficient of the surface 
material does not vary significantly with the layer thick
ness. It is also assumed that the structural coefficient 
of the subbase material does not change appreciably 
within a thickness of 5.1 cm (2 in). 

Three curves result from plotting the base thickness 
against the subbase thickness for each section listed in 
columns 1, 2, and 6 of Table 3. For each curve, i.e., 

Table 3. Layer thicknesses of pavements satisfying limiting criteria. 

Base (cm) by Limiting Criteria 

Subbase Surface Tensile Compressive 
(cm) (cm) Deflection Strain Stra in 

0 3.8 19 .3 20.3 18.~ 
6.4 17 .8 18.3 16.8 
8.9 15.5 16.8 15.5 

15.2 3.8 14.5 13.7 16.5 
6.4 13 .2 12.2 15.2 
8.9 10.9 10.2 13 .2 

20.3 3.8 12. 7 12.4 15.0 
6.4 11.2 10 .9 13. 7 
8.9 8 .9 8.9 11. 7 

35.6 3.8 6.9 10.2 7.1 
6.4 4.6 8.4 5.1 
8.9 6.4 2.8 

52.1 3.8 1.0 9.7 
6.4 7.9 
8.9 5.6 

Note: 1 cm = 0_394 in 

Figure 9 . Effect of layer thickness on structural 
coefficient. 
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for each surface thickness, the base thickness required 
for each 5 .1-cm (2 -in) difference in sub base thickness 
was obtained. The layer thicknesses determined were 
substituted into Equation 5, resulting in a family of lin
ear equations that relate the structural coefficient of the 
base material with that of the subbase material. The 
structural coefficients were then solved from equations 
for two consecutive subdivisions of 5.1-cm (2-in) sub
base layer. 

The structural coefficients computed above are 
shown in Figure 9. The effect of layer thickness on 
structural coefficient is immediately seen. As the struc -
tural coefficient of the base layer decreases with increas
ing base thickness, the structural coefficient of the sub
base layer increases with increasing subbase thickness 
and vice versa. This is as expected because the sum of 
the products of the structural coefficient and the layer 
thi ckness for the two layers remains constant , as pre
vious ly mentioned. The trend of variation of structural 
coefficient with layer thickness seems to depend on 
which limiting criterion controls the pavement behavior. 
Table 3 and Figure 9 seem to suggest that, when the cri
terion of maximum compressive strain dominates, the 
structural coefficient of the base layer will increase 
with an increase in the base-layer thickness and that, 



when the maximum tensile strain criterion prevails, 
the structural coefficient of the base layer will decrease 
with an increase in the layer thickness. 

Figure 9 also shows that the structural coefficient of 
any layer (base or subbase) depends not only on its own 
layer thickness but also on the thickness of the surface 
layer. In general, when the subbase layer is thinner 
than 35.6 cm (14 in), the thicker the surface layer is, 
the smaller the structural coefficient will be. These 
structural coefficients are based on the spring weather 
condition only. As weather conditions vary, the struc
tw-al coefficient will also vary because of the change in 
limiting criteria. This effect has also been pointed out 
by Coffman and others (!Q) and Va11Til and othe1·s (11). 

The structural coefficient of the bituminous-concrete 
base fluctuates around 0.40 and that of the subbase layer 
around 0.10. These two values are close to those that 
were originally px·oposed by AASHO (11). Practical ap
plications of these two sets of curves require a simple 
trial-and-error procedure, similar to that requil·ed in 
the AASHO guide (11), to select a proper combination of 
layer thicknesses. It is possible that different layer 
combinations may equally satisfy the structural number 
requirements. When this condition develops, the most 
economical combination should be adopted. 

SUMMARY AND CONCLUSIONS 

The flexible-pavement design procedure used in Penn
sylvania was validated or refined by using the Pennsyl
vania State test track, which was completed in August 
1972. The test track is composed of sections that have 
various base-course materials and different layer thick
nesses. This paper presents the results of performance 
analyses for sections containing a bituminous-concrete 
base. 

The BISAR computer program together with spring 
temperature and moisture condition was used to analyze 
the maximum-vertical compressive strain at the top of 
the subgrade, maximum-radial tensile strain at the bot
tom of the base course, and maximum deflection on the 
pavement surface. Correlations between critical re
sponse and pavement performance were established. 
These correlations pe1·mit prediction of pavement per
formance from the pavement response determined in the 
spring season. 

A maximum comp1·essive strain of 450 µm/m 
(0.000 450 in/in), a maximum tensile strain of 120 µm/m 
(0.000 120 in/ in), and a ma:ximum surface deflection of 
0.51 mm (0.020 in) were established as the limiting cri
teria for flexible pavements with bituminous bases to 
withstand 1 000 000 applications of an 8165-kg (18-kip) 
EAL witl10ut significant fatigue cracking. Based on the 
criteria developed, the structural coefficients of the 
bituminous-concrete base and the crushed-limestone 
subbase were determined. 

ACKNOWLEDGMENTS 

The study presented here is a part of the research proj
ect entitled An Evaluation of Pennsylvania's Flexible 
Pavement Design Methodology and A Study of Flexible 
Pavement Base Courses and Overlay Design sponsored 
by the Pennsylvania Department of Transportation in 
cooperation with the Federal Highway Administration 
of the U.S. Department of Transportation. Their sup-

27 

port is gratefully acknowledged. We wish to express 
our gratitude to the National Crushed Stone Association 
for lending us its repeated-load test apparatus for lab
oratory testing and to the Asphalt Institute for its coop
eration in conducting the fatigue testing. B. A. Anani, 
P. J. Kersavage, W. P. Kilareski, and S. A. Kutz as
sisted in collecting and reducing field data. We are es
pecially g1·ateful to W. P. Kilareski for his participa
tion in the preparation of this paper. Becky Nelson typed 
the manuscript. 

REFERENCES 

1. E. S. Lindow, W. P. Kilareski, G. Q. Bass, and 
T. D. Larson. Construction, Instrumentation, and 
Operation. Pennsylvania Transportation Institute, 
Vol. 2, Interim Rept. on An Evaluation of Pennsyl
vania's Flexible Pavement Design Methodology, 
Rept. PTI 7504, Feb. 1973. 

2. W. P. Kilareski, S. A. Kutz, and G. Cumberledge. 
Modification Construction and Instrumentation of an 
Experimental Highway. Pennsylvania Transporta
tion Institute, Interim Rept. on A Study of Flexible 
Pavement Base Cou1·se and Overlay Designs, Rept. 
PTI 7607, April 1976 . 

3. R. E. Root. Results of Laboratory Tests on Ma
terials From the Pennsylvania State University 
Pavement Durability Test Track Facility. Asphalt 
Institute, College Park, Md., Dec. 1973. 

4. R. G. Hicks and F. N. Finn. Prediction of Pave
ment Performance From Calculated Stresses and 
Strains at the San Diego Test Road. Proc., Asso
ciation of Asphalt Paving Technologists, Vol. 43, 
1974, pp. 1-40. 

5. C. L. Monismith and D. B. McLean. Structural 
Design Considerations. Proc., Association of As
phalt Paving Technologists, Vol. 41, 1972, pp. 
258-305. 

6. G. M. Dorman and T. Metcalf. Design Curves for 
Flexible Pavements Based on Layered System 
Theory. HRB, Highway Research Record 71, 1965, 
pp. 69-84. 

7. C. L. Monismith, J. A. Epps, D. A. Kasianchuk, 
and D. B. McLean. Asphalt Mixture BeJ1avior in 
Repeated Flexure. Institute of Transportation and 
Traffic Engineering, Univ. of California, Berkeley, 
Rept. TE70-5, 1970. 

8. R. I. Kingham. Fatigue Criteria Developed From 
AASHO Road Test Data. Proc., 3rd International 
Conference on the Structural Design of Asphalt 
Pavements, 1972, pp. 656-669. 

9. E. Zube and R. Forsyth. Flexible Pavement Main
tenance Requirements as Determined by Deflection 
Measurements. HRB, Highway Research Record 
129, 1966, pp. 60-75. 

10. B. S. Coffman, G. Ilves, and W. Edwards. Theo
retical Asphaltic Concrete Equivalencies. HRB, 
Highway Research Record 239, 1968, pp. 95-119. 

11. C. J. VanTil, B. F. McCullough B. A. Vallerga, 
and R. G. Hicks. Evaluation of AASHO Interim 
Guides for Design of Pavement Structures. NCHRP, 
Rept. 128, 1972. 

Publication of this paper sponsored by Committee on Flexible Pavement 
Design. 



28 

Design and Performance of Flexible 
Pavements in the Tropics 
P. C. Todor, Lyon Associates, Inc., Rio de Janeiro, Brazil 
w. J. Morin, Lyon Associates, Inc., McLean, Virginia 

A procedure is presented for flexible pavement design in the tropics along 
with deflection criteria for flexible pavements. The deflection data were 
obtained during a research program that included pavement evaluation of 
over 200 sections in Africa and South America. Maximum permissible 
deflections were established for various ranges of traffic and are given in 
terms of average deflections plus two standard deviations. For the selec
tion of a design deflection, emphasis is placed on the degree of uniformity 
in construction that is generally obtained by local construction practices. 
The flexible pavement design procedure is based on two relations: The 
first is between deflection and performance, and the second is between 
deflection and pavement strength. The structural evaluations were con
ducted on 170 test sections where deflections had been measured. Index 
properties and California bearing ratio density-moisture relations were 
determined for each soil layer within the excavated depth of 90 cm (36 
in). The thickness and density of each structural course was measured. 
Structural coefficients were developed for various depths beneath the 
pavement surface rather than by layer description because of the 
multiple-layer systems encountered. A minimum thickness of cover for 
various California bearing ratio values was established to provide adequate 
support. A minimum thickness was also established to prevent excessive 
pavement cracking. Structural design curves were developed that provide 
a relation between design traffic and pavement structural index for 3 de
grees of pavement uniformity. Design curves were also developed that 
provide a measure of the subgrade support and show minimum thickness 
of surface, base, and subbase that is required. 

The pavement design procedures used in most tropical 
countries have been adopted from those developed in 
temperate climates. Because such procedures take 
into account the characteristics of the climate and the 
materials that prevail in the location where the design 
was developed, they do not really apply to the tropics. 
The design procedure described in this paper was devel
oped from the analysis of pavement sections in South 
America (1) and Africa (2). The procedure was primar
ily derived from the establishment of relations between 
performance and deflection and between deflection and 
the structural strength of each component layer within 
the pavement structure. 

The design procedure has been termeu tropi(;al ui::Sl.g11 
procedure for flexible pavements because it was devel
oped principally for red, tropical, residual soils that 
form the basic layers of most pavement structures in the 
tropics. It is also considered applicable to all other 
tropical or subtropical soils that are residual or trans
ported. 

PAVEMENT PERFORMANCE 
EVALUATION 

Pavement deflection measurements have been used to 
evaluate the performance of flexible pavements for over 
20 years. Recently, several investigators have estab
lished relations between pavement strength and deflec
tion (3, 4, 5, 6). A relation between deflection and the 
combinedeffuct of California bearing ratio (CBR) and 
thickness was used to establish the relative strength 
coefficients of flexible pavement components in a study 
of pavements in Africa (2 ). 

Deflection measurements also allow an evaluation of 
the structural uniformity of pavement sections . In this 
study, a coefficient of variation of 35 percent was se
lected to define the maximum tolerable variation when 
generally accepted quality control is exercised during 

construction. 
Deflection tests were conducted on more than 200 test 

sections throughout Brazil. Deflections were measured 
at six stations, 30 m (98 ft) apart, within each 150-m 
(492-ft) test section. Measurements were obtained in 
both inside and outside wheel paths (IwP and OWP) and 
at various distances from the point of loading. The latter 
values provided data to define the deflection basin. The 
rebound deflection was obtained at each of the six sta
tions within the test section. The slope of the deflection 
basin was determined by using Kung's description (3) in 
which the slope is defined by the maximum tan value. 
Both rebound deflection and the slope of the deflection 
basin were evaluated to establish the maximum value of 
each that allows satisfactory pavement performance. 
Vehicles with two axles were used and were loaded to 
provide an 8165-kg (18-kip) rear-axle loading. Tire 
pressures were maintained between 583 and 617 kPa 
(85 and 90 lbf/ in2

). All deflection measurements were 
corrected to a standard temperature of 21°C (66°F) . 

Traffic Analysis and Present 
Serviceability Rating 

The traffic data available included traffic counts by De
partamento Nacional de Estradas de Rodagem (ONER) 
and various Departamento de Estradas de Rodagem 
(DER). The total number of vehicles that traversed the 
test sections since construction, or last overlay, was 
determined from these data and classified according to 
vehicle type. A loadometer survey, conducted in the 
state of Minas Gerais, was analyzed to establish the 
loading patterns of commercial vehicles, which was 
needed to deter mine the traffic equivalence factors (TEF) 
for each truck-unit classification. 

TEFs were calculated in accordance with the interim 
guide (8) by the American Association of State and High
way Offi(;ials (AASi-IO) for each truck classificativu. 
TEFsfor triple axles were extrapolated from the relation 
of single- and tandem-axle equivalencies. Unit equiv
alencies for the various truck classifications were based 
on the percentage of loaded and unloaded trucks and the 
loaded and curb weight of each unit. Unit equivalents 
for vehicles not included in the loadometer survey were 
estimated from information obtained from manufacturers 
and commercial agencies. For convenience, the 8165-
kg (18-kip} single-axle loading is referred to as the 
standard load. 

The traffic analysis and the loadmeter survey were 
used to determine the accumulated equivalent standard 
axle-load applications experienced by each test section. 
The average daily percentage of each group was mul
tiplied by the applicable equivalent factor and summed 
according to the following: 

AE I 8KSAL = 365(N)(ADT):E(n)(UEI 8KSAL) 

where 

AE18KSAL = the accumulated equivalent standard 
single-axle load, 

N = the age of the pavement in years, 

(1) 



ADT = the mean daily traffic, 
(n) = the percentage of ADT for each group, 

and 
UE18KSAL = the unit equivalent standard axle load. 

Pavements were evaluated by means of a subjective 
rating of the riding quality while a standard vehicle 
traversed the test section at a constant speed of 80 km/h 
(48 mph). A mean value was selected from a minimum 
of two independent ratings but usually from three or 
more ratings. This rating, called the present service
ability index (PSI), ranged from 1 (excessive deteriora
tion) to 9 (excellent). Pavements with ratings above 5 
were considered as performing satisfactorily, regard
less of intended life, while those with ratings of 5 or less 
were considered as terminated or in need of major re
pair. Variations in assigned ratings were usually not 
large, seldom varying from the mean by more than one 
rating point. 

Discussion of Results 

Deflection and Performance 

The relation between performance and deflection was 
established for the OWP because this path, being the 
weakest zone of the pavement structure, usually controls 
the performance of the pavement. 

Pavement performance is usually correlated with 
representative deflection, or the mean deflection plus 
two standard deviations. This correlation defines a 
deflection level that is exceeded by 2 percent of the 
length of the test section (9). The weaker sections, al
though limited in area, control the performance of the 
pavement. The relation between the representative 
deflection and performance is shown in Figure 1 in 
which data from Africa (2) were added. The recom
mended criterion represents a confidence level of about 
95 percent; therefore, only 5 percent of the pavements 
meeting the deflection criterion were rated unsatisfac
tory. 

The deflection testing in Brazil was conducted during 
the rainy season, but, since seasonal variations in mois
ture content beneath pavements are usually slight, sea
sonal variations in deflection are far less than those in 
temperate regions. 

Permissible Deflection and Design 
Deflection 

The design deflection is governed by the degree of un
iformity obtained in the final pavement structure that is 
dependent on variations in the subgrade, borrow ma
terials, construction practices, and the effectiveness 
of quality control. Variations in the test sections were 
examined and the mean coefficient of variation was found 
to be 25 percent. The maximum coefficient of varia
tion was as high as 83 percent. A coefficient of varia
tion of 35 percent is believed to indicate adequate quality 
control during construction. Accordingly, a maximum 
variation of 35 percent was selected in determining the 
recommended deflection criterion. 

The relation between the coefficient of variation and 
design deflections is shown by the design curves in Fig
ure 2. These curves demonstrate the importance of 
uniformity with relation to performance . For example, 
if two pavements had a mean deflection after construc
tion of 0.864 mm (0.034 in) but different standard devia
tions (0.2 and 0.4), the performance of the two pavements 
would be different. The pavement with the lower stan
dard deviation (0.2) would have an expected life of 350 000 
standard, axle-load applications while the other pave-
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ment would have an expected life of only 100 000 stan
dard axle-load applications and would require an over
lay to extend its life. 

DEFLECTION AND PAVEMENT 
STRENGTH 

A relation between deflection and pavement strength pro
vides the basic requirement for a structural design pro
cedure for flexible pavements. The measurement of the 
thickness of individual structural layers and the evalua
tion of the strength of each component layer are required 
to establish such a relation . The measurement of the 
individual structural layers is straightforward. The 
evaluation of the strength of the individual layers is ac
complished by one of several methods (CBR, R-value, 
triaxial compression, or others). The strength param
eter is an index of the ability of the layer to transfer the 
vehicle load to the underlying layer at a lower stress 
level. The lateral distribution of the vertical load (load
spreading characteristic) of each soil layer depends on 
the magnitude and concentration of the applied stress, 
the shear resistance of the material, and the position of 
the layers within the pavement structure. 

The most common method for determining the relative 
strength of soils in pavement design is CBR. This 
method is used more than any other combined methods 
in tropical countries. Pavement evaluations in Brazil 
were based on CBR tests on unbound soil layers within 
the pavement structures. Bound or chemically stabilized 
soil layers were excluded. 

Structural Evaluation of the Test 
Sections 

A total of 170 test pits, selected through analysis of the 
deflection results, were excavated at the stations where 
the deflections most nearly approached the mean value 
for the entire section . The test pits were excavated to 
the full widtr. of one traffic lane and were 90 cm (36 in) 
deep. Excavation to this depth allows examination of the 
structural layers that are affected by vehicle loadings . 
The distributed vehicle load at a depth of 90 cm (36 in) 
is less than 1 percent of the applied vehicle load. The 
thickness of each structural course was measured at both 
the IWP and OWP. In some sections, as many as six 
layers were encountered; the thickness of each was mea
sured. Density determinations were conducted in both 
wheel paths for each structural layer. When layer thick
nesses exceeded 20 cm (8 in), a density determination 
was made in the top half of the layer and again in the 
bottom half of the layer. 

Samples for laboratory testing were obtained from 
each of the soil layers. A CBR moisture-density rela
tion was established for each soil layer component of the 
pavement structure. CBR was determined from three 
samples compacted at the field moisture content and at 
three compactive efforts: AASHTO standard T99-70, 
AASHTO modified T180-70, and the Brazilian standard 
that is about midway in compactive effort between the 
other two. For each layer, CBR was selected to cor
respond to the in situ density determined in the field 
test. 

Structural Coefficients 

A simple CBR-coefficient relation could not be used be
cause the performance of a given layer depends not only 
on the material properties (shear resistance) but also 
on the magnitude of stress imposed. A material with 
CBR of 70, for example, will not be subjected to the same 
stress level when used as subbase as when it is used as 
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a base course nor will it have the same load-spreading 
characteristics. The structural coefficients were de
veloped to relate both CBR load-spreading characteris
tics and position of the layers within the pavement struc
ture. 

Structural coefficients were initially estimated from 
those developed in Africa (1, 2). These coefficients were 
later modified for various depths beneath the pavement 
surface, as given in Table 1. The basic structural equa-

Figure 1. Relation between deflection and performance. 
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tion in which the coefficients are used follows. 

Pavement structural index (SI)= a1 !1 + a2t2 + ... antn (2) 

where 

a1, a2, ... a,, = the structural coefficients in dimen
sionless units per cm; and 

t1, t2, ... t,. = the thicknesses of the componentlayers 
in cm. 

The surface course is referred to by a1t1, the base 
course is referred to by aat2, and so on. SI is computed 
to a depth of 90 cm (36 in). 

SI is related to the pavement deflection by the follow
ing equations: 

SI= (0.039 RD)'1 (3) 

where RD = the measured Benkelman beam deflection in 
mm. For the corresponding U.S. customary unit in 
inches, the following equation is used. 

SI= (RD)' 1 

Maximum and Minimum Structural 
Coefficients 

(4) 

The maximum and minimum structural coefficients given 
in Table 1 represent the two extremes in stress distri
bution beneath flexible pavements. The maximum struc
tural coefficient represents the maximum angle of lateral 
distribution beyond which there is no vertical stress 

Table 1. Pavement coefficients for flexible pavement design . 

Pavement Component 

Base course 
Crushed stone (Macadam hydraulic) 

Open graded 
Gr aded 

Cement treated (compressive strength 7 d) 
4500 MPa or mor e 
2750 MPa to 4500 MPa 
2750 MPa ot less 

Lime treated 
Concretionn.ry gravels 

CBR (design) 
+100 

85 
80 
75 
70 
60 
50 (minl" 

Subbase course 
CBR (design) 

+40 
35 
30 
25 (min) 

Subgrade layer 
CBR (design) 

+20 
15 
10 
9 
8 
7 
6 
5 
4 
3 
2 (min) 

Notes: t Pa= 0.000 145 lbf/in2, 

Strength Coefficient 

1.037 
1.394 

2.400b 
2.100' 
1.600b 
1.4 to 1.6b 

1.394 
1.2~2 
1.167 
1.102 
1.037 
0.940 
0.552 
0.383 

0 .576 
0 .290 
0.205 
0.075 

0.481 
0.357 
0.212 
0.183 
0.133 
0.084 
0 .053 
0.033 
0.020 
0.015 
0.010 

Oeilgn cqefficient limits: 8tuo course reltYa to materials to a dc::pth of 25 cm, 
wbbuo course refers to mntorial layers bo,ween 25 to 50 cm, and subgrade 
layer n!fers to material layer between 50 to 90 cm. 

•Material with a CBR of 40 can be used between the depth intervals of 10 and 25 cm 
and aufonl!lf tha 1iame coe fflchmt. 

b Values enlmatcd from structurol coefficient relations given In the 1972 AAS HO 
Interim Guide for Design of Pavement Structures. 
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while the minimum coefficient represents the case in 
which the increased load,exceeds the shearing resistance 
of the soil that results in a concentration of the vertical 
stress in the central cone, i.e., perimeter shear (10). 
The maximum and minimum coefficients in Table l were 
initially estimated and then modified by trial and error 
computations, using the sections that displayed the lower 
extremes of CBR values. 

Equations 2 and 3 or 4, but without assigning structural 
coefficients to the layers with low CBR values. The 
solid points represent the sections where the calculated 
values of deflection were equal to or near the measured 
deflection. The open circles represent the sections 
where the calculated values of deflection were much less 
than the measured deflections. Thus, the solid points 
represent those layers that had poor load-distribution 
qualities but did not cause excessive elastic deflection The results of the analyses of test sections with CBR 

values below the minimum value are shown in Figure 3. 
Deflections of these sections were calculated by using 

in the pavement system. On the other hand, the open 
circles represent those layers that had poor load-

Figure 3. Critical CBR values with depth below 
pavement surface based on field analysis. 

Figure 4. Effect of asphalt on pavement strength 
for various thicknesses of asphalt and unbound 
soil layer strengths. 
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spreading qualities and allowed excessive elastic deflec
tion. The minimum thicknesses of cover for various 
CBR values were based on this analysis. 

Calculated Deflections and Benkelman 
Beam Deflections 

Surface Treatment Pavements 

The measured deflections of single and double bituminous
surface treatments (sBST and DBST) pavements were 
compared with calculated deflections from Equations 2 
and 3 or 4. After sections with low CBR or density 
values were eliminated, there were 55 test sections 
available that displayed good correlation when the preci
sion of the field measurements was taken into account. 
The structural error of estimate was :1:0.0739 mm 
(0.00291 in). 

Asphalt-Concrete Pavements 

An asphalt layer provides two benefits to the pavement 
system: It increases the strength and load-spreading 
characteristics of the layer itself, and it increases the 
load-spreading characteristics of the underlying unbound 
layers. This second benefit was substantiated by com
paring the strengths of the unbound underlying soil 
layers, computed from Equation 2, with the composite 
strength determined from measured deflections and 
Equations 3 or 4. In the first analysis, the difference 
in these strengths was attributed to the asphalt layer 
and was considered residual strength. However, when 
the difference in strength was converted to structural 
coefficients, the results were unsatisfactory for use in 
the design procedure. 

In the second analysis, it was assumed that the load
spreading characteristics of the soil layers beneath the 
asphalt layer increase with depth. This assumption was 
verified by separating the test sections into groups with 
mean asphalt thicknesses of 5, 10, and 15 cm (2, 4, and 
6 in). The curves that are shown in Figure 4 display 
a relation between the strength increases of the unbound 
materials down to a depth of about 50 cm (20 in) for the 
5-cm (2-in) asphalt group and also for the 15-cm (6-in) 
asphalt group. The latter gr oup is based on a depth of 
90 cm (36 in). The curve fo1· th.e 10-cm (4-in) asphal t 
group was extrapolated to parallel the 5-cm (2-in) 
,..,,.,...,o Tt ,mno<>-r" """""n<>hlo th:it tho l'ORitin:il Rtl'onD't h .... __ ..... . - - --4,&.----- - - - -- - ----· ·--- -- - -- - ---- - - - - -- -- - - -- - --c;, ---
is partially attributable to the asphalt layer and partially 
attributable to the increase in the load-spreading char
acteristics of the under lying soil layer. 

The strength increase factors were used to calculate 
the deflection in 65 out of 87 test sections with asphalt 
surfacing. Twelve sections were eliminated because of 
surface deterioration, low CBR or density values, and 
other obvious discrepancies. The remaining data dis
played good correlation with measured deflection when 
the precision of the field measurements was considered. 

Natural Cementing or Slab Action 

There were 20 test sections that exhibited deflections 
significantly lower than the deflections calculated by 
Equations 2 and 3 or 4. The values for CBR were no 
higher than those encountered in the other sections; 
therefore, the test did not measure the actual strength 
these layers exhibited in the field. 

The majority of these sections were located in north
eastern Brazil. This area is subject to long, dry pe
riods that allow for a natural hardening of certain types 
of red tropical soils. During excavation of the test sec
tions, one or more of the layers were naturally ce-

mented. These layers were a part of an older pavement 
structure or were part of a newer pavement that had been 
unsurfaced for a period of time. Data from these sec
tions could not be included in the design analysis; there
fore, further study is required for effective utilization 
of these soils. 

Slope of the Deflection Basin and 
Structural Strength 

A pavement design procedure should include minimum 
thickness requirements for asphalt that will reduce pave
ment cracking to tolerable limits for a given design pe
riod. It was felt that these requirements should be based 
on a relation between the thickness of the asphalt layer 
and the slope of the deflection basin (slope index). How
ever, it was found that a suitable relation could not be 
established without indicating CBR of the base material. 
Figure 5 shows the minimum slope indexes for given 
thicknesses of asphalt after base CBR values have been 
grouped into appropriate ranges. These curves were 
used to establish minimum thicknesses of asphalt to pre
vent excessive cracking. 

STRUCTURAL DESIGN CURVES AND 
DESIGN PROCESS 

The structural design curves were developed from the 
relations between design deflection and traffic that were 
established for selected coefficients of variation, and 
from the relation between deflection and SI. The relation 
between calculated deflection and measured deflection is 
shown in Figure 6 in which the standard error of esti
mate is :1:0.081 mm (0.003 in). Because that portion of 
the error attributable to the structural coefficient affects 
the development of the design curves, the design deflec
tion data were adjusted during the translation of deflec
tion to SI to account for the errors. The adjusted values 
provide a more conservative relation for design pur
poses. 

The structural design curves are shown in Figure 7. 
These curves illustrate the relation between design traf
fic, given in terms of standard axle applications in both 
directions, and SI. The coefficient of variation is a 
reflection of local construction practices and should be 
determined for each general design area by analyzing 
deflections in existing roads. SI obtained from Figure 
A ronroRontR tho minimum rP.nnirP.d RtrP.n!!'th for a Rtan
dard 90-~m (36~in) pavement ;ection. This SI forms 
the basis for a flexible pavement design. 

The objective of the structural design process is to 
use SI to determine the thickness of each pavement layer, 
i.e., the surface (t1) , the base (ta), and so on. Design 
traffic, CBR of each structural layer, and applicable 
coefficient of variation are required to use this proce
dure. Thus, SI is determined by assuming Sis for each 
layer in a standard 90-cm (36-in) pavement section by 
using Equation 2. In that equation, a1 is the structural 
coefficient of the surface material, aa is the coefficient 
of the base material, and so on. Also, t1 + ta + ... t,, 
is 90 cm (36 in). 

Structural coefficients for various soils are given in 
Table 1 that also provides structural coefficients for 
crushed stone, and cement- and lime-treated soils . The 
coefficient for crushed stone was determined from test 
sections that have macadam base courses. The struc
tural coefficient of open-graded crushed stone is less 
than the higher quality concretionary gravels because of 
cohesion in the concretionary material. The structural 
coefficients for cement- and lime-treated soils are 
estimated from relations given in the interim guide by 
AASHO ~). 



The strength of the subgrade, or the subgrade CBR, 
is a key element in the design of the overlying structural 
layers and is shown in Figure 8, which was partially 
replotted from Figure 3. The minimum thickness of 
cover varies inversely with the value of the subgrade 
CBR. Figure 8 also shows the relation between subgrade 
CBR and SI. Because SI of the subgrade influences the 
design thickness of the structural layers, it is referred 
to as the subgrade support. Higher strength subgrades 
furnish greater support and permit the use of thinner 
structural layers. The combined SI for the structural 
layers (surface, base, and subbase) is equivalent to the 
required SI (from Figure 7) less the subgrade support. 

Figure 5. Relation between slope index and thickness of asphalt 
concrete for the practical range of base-course CB R values. 
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Flexible Pavement Design 

More than or,e trial may be required to design a flexible 
pavement. The first trial begins with the selection of a 
surface type and concludes with the determination of the 
base and subbase thickness. The surface type and thick
ness are determined from Table 2 and is based on the 
base-course CBR value and the design traffic. 

The minimum design thickness of the unbound struc
tural layers (base and subbase) in a surface treatment 
(ST) pavement design is equal to the minimum thickness 
of cover as derived from Figure 8. The thickness of ST 
is not considered because it does not contribute signifi-

• 

10 

• 

• • • 

BASE 

• 
D ... 
T 
'<;J 

LEGEND 

COURSE CBR 

100 
75 
50 
LESS THAN 50 
LESS THAN 20 

C 

T 

© ASPHALT RECEIVES VERY 
STRONQ SUPPORT FROM 
LOWER STRUCTURAL LAYER 
CIR (ID+) 

® ASPHALT RECEIVES MEDIUM 
SUPPORT FROM LOWER 
STRUCTURAL LAYER CBI! 
(+eD-85) 

© ASPHALT RECEIVES LIMI
TED SUPPORT FROM LOWEii 
STIIUCTURAL LAYEii C 111 
( DO- 8D) 

1 cm = 0.393 in. 

10 ID 20 2D :so 
THICKNESS OF ASPHALT CONCRETE, IN cm 

20 

STANDARD ERflOR OF ESTIMATE ±. .081 "'"' 

75 

30 

ERROR OF BEAMS ± .Olli "'"' 

ERROR OF COEFFICIENTS i .061 fflffl 

100 

40 

12D 

DO 

ll!O , ..... 10 ) 

so ( in, 110•1 

CALCULATED DEFLECTION 



34 

cant strength to the pavement section. However, an 
asphalt-concrete (AC) surface does provide strength 
and consequently is considered part of the minimum 
thickness of cover. In an AC-pavement design, the 
minimum design thickness of the unbound structural 
layers equals the minimum thickness of cover less the 
thickness of AC. 

The minimum base-course thickness is determined 
from Figure 8 and is based on the CBR of the subbase 
material. The subbase course is the remaining thick
ness of the cover. Finally, the subgrade thickness for 
design purposes is the difference between the standard 
90-cm (36-in) design and the thickness of the cover. 

The adequacy of this first trial design section to carry 
the design traffic is determined by summing Sis of each 

Figure 7. Structural design curves for 80 

determining required structural index of z 
the standard pavement section. 0 

j:: 
u 
w 

pavement layer (Equation 2) and comparing the summed 
SI to the required SI from the structural design curves 
shown in Figure 9. SI of each pavement layer is equiva
lent to the product of its thickness and its structural co
efficient (Table 1) to the extent that its thickness or CBR 
value fall within the strength and design coefficient lim
its provided in the table. Those portions of the pavement 
section that do not fall within these limits do not provide 
strength to the pavement and therefore are excluded 
from the derivation of SI of the entire pavement section. 
However, the thickness of those portions is included 
as part of the standard 90-cm (36-in) section. ST 
pavement design is the least complex because ST does 
not impart any strength to the pavement structure. 

The benefit of the AC load- spreading characteristic 
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Figure 8. Subgrade support'and minimum 
thickness of cover based on subgrade 
CBR values. 
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Table 2. Recommended type and thickness of surface courses. 

Total Standard 
EAL Applica- Strength of Base Course (CBfU 
tions in Both 
Directions +100 90 85 80 75 70 60 50 

100 000 ST ST ST ST ST ST ST 
200 000 ST ST ST ST ST ST ST 
300 000 ST ST ST ST ST ST 5 
400 000 ST ST ST ST ST 5 5 
500 000 ST ST ST ST 5 5 5 
600 000 ST ST ST 5 5 5 5 
700 000 ST ST 5 5 5 5 7.5 
800 000 ST 5 5 5 5 5 7.5 
900 000 ST 5 5 5 5 5 10 

1 000 000 ST 5 5 5 5 5 10 
2 000 000 5 5 5 5 7.5 10 15 
3 000 000 5 5 5 7.5 10 10 15 
4 000 000 7,5 7.5 7.5 7. 5 10 15 15 
5 000 000 7.5 7.5 7.5 10 10 15 20 
6 000 000 7.5 7.5 7.5 15 15 15 21 
7 000 000 10 10 10 15 15 15 22 
8 000 000 10 10 10 16 16 16 22 
9 000 000 10 10 10 17 17 17 22 

10 000 000 10 10 10 18 18 18 23 

Notes: ST denotes a double bituminous-surface treatment, 

CJ To be used only if higher qual ity base material is not ava ilable and stabilization or 
modification proves to be too exponkve. 

Figure 9. Combined strength of pavement section of 
asphalt and unbound soil layers for 5, 10, 15, 20, and 
25 cm of asphalt concrete. 
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is shown in Figure 9 for 5, 10, 15, 20, and 25 cm (2, 
4, 6, 8, and 10 in) of AC surfaces. The load-spreading 
benefit extends only 50 cm (20 in) below the surface for 
the 5 and 10-cm (2 and 4-in) AC surfaces whereas the 
load-spreading benefit extends throughout the entire 90-
cm (36-in) design section for the 15, 20, and 25-cm 
(6, 8 and 10-in) AC surfaces. 

If the computed SI is lower than the required SI, 
shown in Figure 7, then the strength of the pavement 
may be improved by 

1. Increasing the subbase thickness, which increases 
the minimum thickness of cover but does not affect the 
surface and base courses; 

2. Increasing the base thickness and reducing the 
subbase by a similar amount, which retains the 

35 

mm1mum thickness cover; 
3. Using an AC surface instead of ST or increasing 

the AC thickness and reducing the thickness of the base 
course; and 

4. Any combination of the above. 

The engineering decision to undertake one of the above 
alternatives will be based on economic considerations, 
local conditions, and the availability of the materials re
quired to increase SL 

DESIGN EXAMPLE 

1. Given: Estimated daily traffic in both directions = 
1 250 000 SAL; construction variations in nearby high
ways = 35 percent; and subgrade CBR = 9, base CBR = 
80, and subbase CBR = 30. 

2. Determine required SI from Figure 8: Enter hori
zontal axis at the 1 250 000 design traffic and turn to 
vertical axis after intersection with 35 percent curve. 
SI = 36. 

3. Select surface type from Table 2: An AC surface, 
10 cm (4 in) thick, is recommended for a base CBR of 
80 and SAL of 1 250 000. 

4. Determine pavement design thickness from Figure 
9: Minimum cover over subgrade (surface, base, and 
subbase) = 30 cm (12 in) fo1· subgrade CBR of 9; minimum 
cover over subbase = 17 cm (7 in) for subbase CBR of 
30; and minimum cover over base = 0 for base CBR of 
80. Therefore, for the first trial the thicknesses are 
10 cm (4 in) of AC, 10-cm .(4-in) base, 10-cm (4-in) sub
base, and 60-cm (24-in) subgrade. 

5. Determine a subgrade support index (SSI) from 
Figure 8 with a subgrade CBR of 9. SSI = 7. 

6. Determine SI of unbound soil layers: SI= the 
summation of the products of the structural coefficients 
(Table 1) and the layer thicknesses. Base-course co
efficients are applicable only between O and 25 cm (0 and 
10 in) from the surface. Subbase coefficients are ap
plicable only between 25 and 50 cm (10 and 20 in) below 
the surface. The base and subbase-course thicknesses 
used in determining the SI are referred to as standard 
base and subbase courses and are not to be confused 
with the actual base and subbase design thicknesses. 
Determine SI of unbound soil layers as follows (1 cm = 
0.393 in): 

SI for unbound soil layer= subbase-course SI (50-25 cm) 
+ base-course SI (25-10 cm) 

SI= [(Coeff. of CBR 9 x 20 cm) 
+ (Coeff. of CBR 30 x 5 cm)] 
+ [(Coeff. of CBR 30 x 5 cm) 

+ (Coeff. of CBR 80 x 10 cm) J 
SI= ((0 x 20) + (0.205 x 5)] 

+ ((0 X 5) + (1.10 X JO)] 

= [(1.02) +(11.02)] 

SI= 12.04 (5) 

7, Determine combined SI of all structural layers: 
AC increases the strength of the pavement and reduces 
the stress on the unbound structural layer. The com
bined SI that accounts for this relation in a 10-cm AC 
is shown in Figu.re 9. Enter the SI compacted in step 6 
(12 .04) in the horizontal axis and turn to vertical axis 
upon intercepting the AC = 10 curve. The combined 
SI = 41. 

8. Determine adequacy of first trial design: 

Required SI = 48 (step 2), and 
Calculated SI= 9 (step 5) + 41 (step 7) = 48 (6) 
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Therefore, the adequate design is 10-cm AC, 10-cm 
base, 10-cm subbase. 

CONCLUSIONS 

A new design procedure called the tropical design pro
cedure for flexible pavements was developed for tropical 
regions through the analysis of over 200 test sections 
in Brazil and augmented by earlier studies in Africa. 
Relations were established between performance and 
deflection and between deflection and the structural 
strength of component layers in the pavement structure. 

Deflection tests were conducted at six stations within 
each test section. Rebound deflection and the slope of 
the deflection basin were determined as well as the co
efficient of variation within the test sections. Traffic 
data, compiled by the Brazilian State and National High
way Department, were classified and traffic equivalent 
factors and equivalent standard axle-load applications 
were calculated. A subjective pavement rating was ap
plied to each test section, and pavement performance, 
which was determined by the rating, was related to rep
resentative deflections (mean deflection plus two stan
dard deviations) to establish a deflection criterion for 
tropical conditions. 

A design deflection was devised that incorporates an 
allowable degree of variation, recommended as 35 per
cent, to the deflection criterion. Maximum values of 
the slope of the deflection basin are also proposed that 
reduce pavement cracking to acceptable limits. 

Structural coefficients were established and were 
based on the relations between deflection and strength 
of the pavement component layers. The structural co
efficients were based on CBR of the unbound structural 
layers as well as the position of the layers in the pave
ment structure. A strength factor for asphalt layers 
was established and was based on the thickness of the 
asphalt layer and the strength of the underlying soil 
layers. A relation between the slope of the deflection 
basin, asphalt thickness, and base-course CBR was 
established. This relation defines the minimum thick
ness of asphalt required to prevent excessive pavement 
cracking within a given traffic period. 

A flexible pavement design procedure is described. 
Structural design curves are provided for design traffic 
and various degrees of construction uniformities. A 
design equation is used in the basic design procedure to 

- -- J ,, ... _p .1_ __ _!_1 - - _J__! ___ - r,_L _____ L._. ____ .. ---~~.!-.! ___ ,L_ 

CUJJl.l)ULt: ~.l UJ. LJ."J.4.1. ::;t;:CL.lUIH:;. OL.L"UCLU.L-a.J. CUt:.L.L.LC.Lt:Ul.b 

are selected for unbound soil layers and are a function 
of CBR value of the layer and the position of the layer 
within the pavement structure. AC surfacing increases 
the strength of the pavement sections when it is used 
in the design. Asphalt-strength curves are given for 
five standard AC thicknesses of 5, 10, 15, 20, and 25 
cm (2, 4, 6, 8, and 10 in). Suggested asphalt thick
nesses are given for various ranges of traffic and base
course CBR values. 
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Road Test to Determine 
Implications of Preventing 
Thermal Reflection Cracking 
in Asphalt Overlays 
Ramesh Kher, Research and Development Division, Ontario Ministry 

of Transportation and Communications 

In predominantly cold climatic regions, thermal cracking of asphalt 
pavements and its reflection through bituminous re~urfacings is a prob· 
lem of great concern to the pavement engineers. Reflection cracking 
causes poor riding quality prematurely, 1'8duces the useful life of a re
surfacing, requires accelerated maintenance, and results in an uneco
nomic use of physical and fiscal resources. Over the years, many 
treatments have been tried to minimize the reflection cracking in bitu
minous resurfacing. These treatments have exhibited varying degrees 
of success; however, none has been consistently successful under all 
conditions. In Ontario, Canada, eight test sections were constructed 
in 1971 to determine a viable alternative to the predominantly used 
conventional resurfacing. A special feature of this experimental road 
is the two test sections in which the existing asphalt surface was pul
verized and used with or without additional asphalt binder as a base 
for the resurfacing. In this paper, the phenomenom of thermal crack
ing and its mechanisms and manifestations are discussed. The experi· 
mental road is described and the performance of its various test sec
tions over the past 5 years is documented. An economic analysis is 
conducted in which the trade-offs between the initial construction and 
the future maintenance costs of various treatments are compared to 
the costs of a conventional resurfacing. This analysis concludes that 
pulverization of the existing pavement surface and use of that surface 
as a base for resurfacing is the most viable alternative to a conven
tional resurfacing. The paper also describes three full-scale contracts, 
totaling about 50 km (31 miles), in which treatment was recently used 
in Ontario. 

In most Canadian provinces and in the northern United 
States, non-load-associated transverse cracking caused 
by severe climatic conditions is a predominant form of 
distress on bituminous pavements. This form of crack
ing occurs mainly in the bituminous-surface layers when 
tensile stresses caused by rapid drops in temperatures 
during the winter exceed the tensile strength of the bi
tuminous material. 

Effective rehabilitation of hundreds of kilometers of 
these cracked pavements is a task that challenges pave
ment engineers. Bituminous resurfacing has been pre
dominantly used in the past to rehabilitate these pave
ments; however, this kind of resurfacing has not been a 
satisfactory form of rehabilitation because the cracks 
existing in the original pavement reflect through the re
surfacing. This cracking is called reflection cracking 
and is caused when the cracked underlying pavement con
tracts over subsequent winters and restraint stresses 
along the underside of the resurfacing are set up. These 
restraint stresses create high tensile stresses im
mediately above the existing cracks and therefore lead 
to a fracture of the resurfacing generally above the 
crack. 

Thermally induced cracks begin as hairline cracks in 
the first winter and slowly widen with time. As shown 
in Figure 1, these cracks are partial transverse cracks 
at first but slowly, during the subsequent winters, ex
tend over the full width of the pavement. These cracks 
are generally at right angles to tbe pavement centerline, 
but sometimes take a different form when two partial 
cracks are joined by a small longitudinal crack, or when 

a main crack manifests into multiple or alligator-tyPe 
cracking. 

Figure 2 shows two extreme cases of thermal cracking 
in Ontario. As shown by the solid lines in this figure, 
the thermal cracks in new pavements are widely spaced 
for the first 3 or 4 years, after which one of tbe following 
two conditions occurs. 

1. Cracks per kilometer progressively increase every 
winter in proportion to the severity of the winter. In ex
treme cases, these cracks reach a spacing of 1.5 m (5 ft) 
or less in 12 to 15 years. 

2. Cracks per kilometer increase sharply in the 
fourth or fifth winter to a spacing of approximately 30 m 
(100 ft), after which the spacing remains practically 
constant. 

The thermal cracks are hairline for the first 4 to 5 
years, after which they progressively widen and even
tually become 10 to 20 mm (1/2 to % inJ wide. The cracks 
are partial or full-width singular for the first 4 or 5 
years, after which secondary cracks may form, and, 
during the twelfth to fifteenth year, severe spalling and 
alligatoring may be observed. 

As shown by the dotted lines in Figure 1, the two crack 
patterns described above progress at a much faster rate 
in the case of a resurfaced pavement. In the first case, 
complete reflection of the cracks in the underlying pave
ment may occur in 5 to 6 years, with most of the reflec
tion occurring in the initial winters. As in new pave
ments, cracking is proportional to the severity of winter: 
The severer the winter, the greater the number of new 
cracks that develop during that year. In the second case, 
complete reflection may take place in the first winter 
after the resurfacing, 

In new as well as in resurfaced pavements, the pri
mary distress mode of cracking is generally manifested 
by many tyPes of secondary distresses. Water and de
icing salts infiltrate through the cracks and soften the 
base material underneath. This infiltration results in 
partial loss of support that often leads to multiple or even 
alligator-tyPe cracking around the main crack. 

The softened base around the crack, especially during 
the winter months when deicing solutions cause localized 
thawing of the base, also results in a depression around 
the crack called dipping of the crack. At other times, 
water entering the cracks may freeze and form an ice 
lens below the crack, thus elevating the crack edges. 
This elevation is called lipping or tenting of the crack. 
The lipping and dipping of the crack may occur any time 
after five to seven winters on new as well as resurfaced 
pavements. 
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CONSEQUENCES OF REFLECTION 
CRACKING 

The secondary distress manifestations described above 
result in the following: 

1. Poor riding quality at an earlier date, especially 
during the winter; 

2. Accelerated deterioration of the resurfaced pave-
ment; 

3. 
4. 
5. 

Increased maintenance demand; 
Inconvenience to the motoring public; 
Unsafe driving; and 

Figure 1. Typical partial and full transverse cracking. 

Figure 2. Schematic representation of transverse 
cracking in new and resurfaced pavements. 1,500 

6. Uneconomical use of physical and fiscal rehabili
tation resources. 

Therefore, it is important that new techniques be ex
plored to reduce reflection cracking so that existing 
thermally cracked highway pavements can be economi
cally rehabilitated. 

CONVENTIONAL SOLUTIONS 

Over the years, many different construction techniques · 
and materials have been tried to minimize or eliminate 
the reflection cracking of bituminous resurfacings. These 
treatments have shown varying degrees of success: Some 
have been successful on specific projects; however, none 
has completely eliminated reflection cracking or has 
been consistently successful in minimizing reflection 
cracking. These treatments generally fall in the follow
ing three categories : 

1. Use of improved mixes for resurfacing such as 
the use of high binder content, softer asphalts, mastic
like mixes such as Gussasphalt, and the use of rubber 
and polymer-asphalt additives ; 

2. Use of intervening layers such as granular ma
terials and open-graded asphalt mixes; and 

3. Stress-relieving interfaces such as rubber-tire 
aggregate slurry and thermoplastic rubber that is mixed 
with asphalt cement and filler. 

TROUT CREEK EXPERIMENTAL 
ROAD 

In view of the wide variety of treatments that have been 
tried but have not been consistently successful for all 
environmental conditions and the fact that severe winter 
conditions such as those existing in northern Ontario may 
have unique influences toward the propagation of reflec
tion cracking, an experimental road consisting of eight 
treatment sections was constructed in 1971 to study the 
treatments that may minimize or eliminate reflection 
cracking in Ontario. 

The experimental road site is located about 29 km 
(18 miles) south of North Bay in Ontario. In the original 
pavement, t he tl·ansve1·se cracks were spaced 1. 5 to 3 m 
{5 to 10 ft) apart, were generally 6 to 12 mm (% t o ~ in) 
wide, and were depressed 2. 5 to 5.0 cm (1 to 2 in) below 
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the pavement surface. This situation resulted in a rough 
ride during the winter months. The experimental con
struction was carried out between August and October 
1971. 

Cross Sections and Construction 
Details 

Eight treatments were used in the experiment: Four 
treatments consisted of interlayers between the resur
facing and the old pavement (sections 1 to 4), two treat
ments consisted of resurfc1..cings over reworked old pave
ments (sections 6 and 7), one treatment consisted of re
moving the old pavement surface and replacing it with a 
new surfacing (section 5), and the last treatment was a 
control section that consisted of conventional resurfacing 
over the old pavement (section 8). The cross sections 
of the various treatments are shown in Figure 3. A 
standard well-graded mix with a 150 to 200-penetration 
asphalt was used as a resurfacing for each treatment. 

1, Screenings interlayer-Section 1, 152 m (500 ft) 
long, consisted of a 2.54-cm (1-in) thick layer of 
crushed-stone screenings, 9.5-mm (%-in) maximum 
size, that was spread over the old pavement before re
surfacing. 

2. Granular intel'layer-Section 2, 1.07 km (0.67 
mile) long, consisted of a 7.6-cm (3-in) thick laye1· of 
g1·anular, 22.2-mm (-:.'a- in) maximum size, that was 
spread over the old pavement before resurfacing. 

3. Granular interlayer-Section 3, 1.07 km (0.67 
mile) long, consisted of a 15.2-cm (6-in) thick layer of 
granular, the same as in section 2, that was spread over 
the old pavement before resurfacing. 

4. Open-graded binder interlayer-Section 4, 1.96 km 
(1.22 miles) long, was 1·esul'faced with the first resurfac
ing (binder) layer that was made of an open-graded mix 
with 100 percent crushed aggregate. 

5. Existing surface replaced-For section 5, 2.9 km 
(1.8 miles) long, the existing pavement surface was re
moved and replaced with a new surface. 

6. Existing surface pulverized-For section 6, 1.61 
km (1.0 mile) long, thl;) old pavement surface was pulver
ized, relaid on the old granular base, compacted, and 
used as a base for the resurfacing. 

7. Existing surface pulverized and enriched-Section 
7, 1.4 km (0.9 mile) long, was similar to section 6 ex
cept that the pulverized material was enriched with ap
proximately 3 percent of medium curing-250 (MC-250) 
cutback. 

8. Conventional resurfacing-Section 8, 1.8 km (1.1 
miles) long, was a control section because the treatment 
used in this section has been conventionally used in On
tario for pavement rehabilitation purposes. 

The effects of grooves on the performance of the re
surfacings were studied by cutting approximately 20 lat
eral grooves in each of sections 2 through 8. These 
grooves, 12.7 mm (1,li in) thick and 12.7 mm(% in) deep, 
were cut across the full width of the finished resurfacing 
and were filled with hot-poured rubberized joint sealant. 
At the beginning of each treatment, four grooves were 
cut at interval spacings of 7.6 m (25 ft), 15.2 m (50 ft), 
a11d 22.8 m (75 ft), and seven 01· eight grooves were cut 
at random locations where cracks existed in the original 
pavement. 

Observations From Experimental Road 
Construction 

The problems that were encountered during the construc
tion of the various sections are summarized as follows: 
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1. In section 1, control problems were experienced 
in maintaining the 2.54 cm (1 in) of crushed stone screen
ings over the distortions in the existing pavement. One 
problem was to avoid disturbing this material by the tires 
of the asphalt paver when the first resurfacing (binder) 
layer was placed. An increase in the thickness of the 
binder layer to 5.08 cm (2 in) and a slower paving opera
tion partially reduced this problem. 

2. In section 2, control 1;>roblems were also ex
perienced with the 7.62-cm (3-in) granular layer because 
this thickness does not uniformly cover the distortions or 
provide a tight surface that is resistant against traffic. 
This problem did not exist in section 3, which had a 
15.24-cm (6-in) granular thickness. 

3. In sections 4, 5, and 8, there were no construction 
difficulties encountered. 

4. In sections 6 and 7, where the existing pavement 
surface was pulverized and reused, many construction 
difficulties were encountered but were resolved. In sec
tion 6, the old pavement surface was first ripped and 
windrowed to the side. A small Hammermill pulverizer 
was initially used to pulverize this material on site. This 
pulverizer had frequent breakdowns and its teeth wore 
down considerably each day. This operation was discon
tinued, and, subsequently, the material was hauled, 
stockpiled, and pulverized by using a crusher. In sec
tion 7, the enriched mix with 4 percent cutback (initially 
used) would not set up fast enough after placing and was 
severely distorted when opened to traffic. The material 
was windrowed to the shoulder and cured with the help of 
a grader. The amount of MC-250 was reduced to 3 per
cent so that the residual asphalt content in the mix and 
the curing time could be reduced. 

Performance 

Since the construction of the experimental road, each of 
the eight test sections has been assessed twice a year by 
the staff of the Ontario Ministry of Transportation and 
Communications. The results of the crack surveys are 
shown in Figure 3. As per the last survey in July 1976, 
section 8 (control), which used the conventional resurfac
ing, had the maximum cracking [ 183 cracks/km (294 
cracks/mile)]. The cracking in other sections, in terms 
of percentage of cracking in control section, is as follows: 

Section 

1 and 4 
2 and 3 
5, 6, and 7 

Percentage of Control 
Cracking 

70 to 80 
25 to 35 
3 to 10 

All surveys conducted to date show that sawn grooves are 
of no benefit in controlling the reflection cracking. The 
cracks have appeared within very short distances of these 
grooves, sometimes even within a few centimeters. 

Cost 

Based on 1971 bid prices for the experimental project, 
the construction costs in U.S. dollars of various test sec
tions we1·e computed. Costs varied from a minimum of 
$19 453/km ($31 300/ mile) for section 8 (control) to a 
maximum of $36 234/ km ($58 300/ mile) for section 7, 
which was 186 percent increase over the control. The 
costs of other sections, in terms of percentage of con
trol, are given in Table 1. 

Conclusions 

Based on cracking history, construction difficulties, and 
construction cost comparison as given in Table 1, it is 
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Figure 3. Cross sections and cracking history of Trout Creek experimental road. 
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Table 1. Summary inferences from Trout Creek test road. 

1976 Cracking 
(percentage of 

Section Treatment control) 

1 Screenings interlayer 72 
2 7.6- cm granular Interlayer 36 
3 15.2-cm granular Interlayer 26 
4 Open-graded binder interlayer 81 
5 Surface replaced 10 
6 Surface pulverized 4 
7 Surface pulverized and enriched 3 
8 Conventional resurfacing 100 

Note : 1 cm ""' 0.39 in . 
11 8ased on 1971 bid prices for the test road sections 

87 107 107 116 116 183 

0 3 3 17 17 42 

·w Winter 
"T Transverse cracks 
•• L Longitudinal cracks 

Extra Cost' 
Construction (percentage 
Difficulties of control) 

Considerable 27 
Moderate 32 
None 67 
None 0 
None 23 
Moderate 31 
Moderate 86 
None 0 

Further 
Consideration 

No 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Control 



Figure 4. Schematic representation of agency cost components. 
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Table 2. Maximum prices for extra life with 
distortion correction. 

Distortion Correction (U.S. $/m') 
Extra Life" 
(years) Severe Normal None 

AADT >2000 
0 0.60 0.30 0.00 
1 0.80 0.50 0.20 
2 1.02 0.72 0.42 
3 1.21 0.91 0.61 
4 1.40 1.10 0.80 
5 1.60 1.29 0.99 
6 1. 75 1.45 1.15 
9 2.26 1.96 1.66 
12 2.58 2.28 1.99 
15 2.93 2.63 2.33 

AADT <2000 
0 0.60 0.30 0.00 
1 0.78 0.48 0.18 
2 0.94 0.65 0.35 
3 1.10 0.80 0.50 
4 1.26 0.96 0.66 
5 1.46 1.16 0.86 
6 1.53 1.23 0.93 
9 1.88 1.58 1.28 
12 2.16 1.87 1.57 
15 2.43 2.13 1.83 

Notes: 1 m2 = 10.8 ft 2 , 

This table is based on 1976 U.S. material prices. 
8 ln excess of 10 years, which is considered the average life of a 
conventional resurfacing. 

concluded that treatments in sections 1 and 4 are not 
viable alternatives to conventional resurfacing and should 
therefore be eliminated from further consideration and 
analysis. 

ECONOMIC ANAL YSJS 

An economic analysis is conducted to further establish 
which of the remaining five treatments is the most viable 
alternative to a conventional resurfacing for field trials 
through full-scale contracts. Although performance data 
are being gathered every year at the experimental road 
site, the interim recommendations already show the ben
efits from the 5-year experience to date . 

Analysis Rationale 

The economic consequences of a highway improvement 
are twofold : the agency costs of initial improvement and 
subsequent maintenance, and user benefits of operating 

on such an improved facility. The trade-offs between the 
cost of initial construction and that of subsequent future 
maintenance are important to a highway agency. When 
compared to a conventional resurfacing, if the extra ini
tial cost (Ac) of a treatment is completely offset by the 
future maintenance cost savings (A,), the treatment may 
be considered a viable alternative. The ratio of AF to 
Ac, as in any benefit/cost analysis, determines the de
gree of viability for such a treatment. 

The user-associated costs and savings, those of mo
torists' discomfort and delay, also impinge on the de
terminations of such viability. For this analysis, user 
delay costs in U.S. dollars have been calculated; however, 
they have not been included in this paper because they are 
subject to varying interpretations. A reader may still 
superimpose the motorists' considerations exogenously 
on the results of this economic analysis. 

As shown in Figure 4, the future maintenance cost in 
U.S. dollars of a pavement facility has two components: 
the annual routine maintenance cost and resurfacing or 
overlay cost. For economic analysis, these costs are 
calculated as they incur over a certain analysis period, 
e.g., 30 years, and are then discounted to their current 
values so that the trade-offs can be analyzed in terms of 
current dollars. 

A prerequisite for calculating future maintenance costs 
is that the times must be known when such costs are in
curred, i.e., the life of initial improvement as well as 
those of future rehabilitative actions must be predictable. 
The exact life of these treatments cannot be estimated 
because the experiment is only 5 years old; therefore, a 
general analysis was conducted in which the future sav
ings were calculated. It was assumed that a treatment 
may last any number of years, and this assumption was 
compared to a conventional resurfacing. The extra ini
tial cost of a treatment can then determine the number 
of additional years that such a treatment may last so that 
this extra cost is offset by the future savings. The fol
lowing example illustrates this concept. 

1. Assume an initial life of T1 years for a conven
tional resurfacing and t1, ta, ... t1 years for a treatment. 
Calculate for the conventional 1·esurfacing by using ini
tial cost (R,) and future cost (R ). Calculate for the 
treatment by us ing initial cost fo.) and future costs (C1, 
C2, ... c1). The extra initial cost (Ac = C, - R,) and the 
future cost savings (A,) respectively are as follows: 
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t,F l = Rr -Ci 

t.F2 = Rr - C2 

t,Fi = Rr - C; (I) 

Plot AF 1 versus t 1 and compare it with Ac to determine 
t 1 at which AF; = Ac. The analysis will thus give the ad
ditional life [\t1 - T1)] that a treatment should last to 
justify its extra initial expenditure. 

2. Repeat step 1 to study a range in price at which 
a treatment can be constructed by using different values 
for c., which would also require using different addi
tional lives. 

3. Repeat steps 1 and 2 for a range of initial life 
values (T1, T2, ... T1 ) for the conventional resurfacing. 

Analysis Details 

As per the rationale given, Table 2 gives the maximum 
treatment prices that can be allowed if the correspond
ing extra lives are obtained. The prices are for two 
types of facilities: low-volume roads with annual aver
age daily traffic (AADT) less than 2000, and roads wi th 
AADT greater than 2000. The major differences in the 
two cases are the routine maintenance and the resurfac
ing thicknesses used for future maintenance. 

Because pavement distortions have to be corrected to 
restore a proper crossfall when a conventional resurfac
ing is applied, the cost of correcting such a distortion 
has been added to the allowable treatment price for which 
no distortion correction is generally warranted. Table 
2 gives the allowable treatment prices for the following 
conditions. 

1. No distortion correction; 
2. Normal distortion correction, i.e., an average of 

6.35-mm (1/4-in) correction over the entire project; and 
3. Severe distortion correction, i.e., an average of 

12. 7-mm (%-in) correction over the entire project. 

The analysis given in Table 2 is for a case in which 
the same resurfacing thickness will be provided on the 
treated pavement as well as on the conventionally re
surfaced pavement. However, if the resurfacing thick
ness on the treated pavement can be reduced by a cer
tairr an1ount, the corr~sporrdi!!g s~_ving f]~_n 'be ~ddP.d to 
the allowable treatment price. For this purpose, the 
cost in U.S. dollars of 1 cm (0.393 in) of hot mix and 
s houlder upgrading shall be approximately $0.47 /m2 

($0.39/yd9.). 
The details of the entire economic analysis leading to 

Table 2 cannot be described in this paper. However, the 
unit material prices used in the analys is 8l'e given as 
follows in U.S. dollar s : $37.93/m 3 ($29 .00/id3

) for bot 
mix for l'esurfacing and $9.81/m3 ($ 7. 60/yd) for gran
ular material for shoulder upgrading. 

The use of Table 2 is demonstrated by the following 
example. Assume that a thermally cracked low-volume 
facility is to be rehabilitated and the alternatives being 
considered are 

1. A pavement resurfaced with 7,62 cm (3 in) of hot 
mix and uo distortion correction is needed, and 

2. A pavement treated (pulverized) and resurfaced 
with 6.35 cm (2. 5 i n) of hot mix. 

Assume further that the treated pavement may last 3 
years longer than the pavement with the conventional 
resurfacing. By using Table 2, it can be seen that treat
ing the pavement will be a viable solution if pulveriza-

tion can be achieved at less than 0,50 + (7.62 - 6.35) x 
0.47 = $1.10 / m 2

• 

Observations From Economic Analysis 

The average 1976 prices in U.S. dollars of various treat
ments are given in Table 3. Also given are the extra 
lives required, in excess of conventional resurfacing, 
that will justify the average treatment prices. By com
paring these extra lives with the cracking experience to 
1976 at the Trout Creek experimental road, the following 
general observations were made. 

1. The treatment for section 3, 15.2-cm (6-in) granu
l at· interlayer , is not a viable alter native because it re
quir es 15 years of extra life (total life is 25 years if a 
conventional r esurfacing lasts 10 year s ) to 'be cost
effective. 

2. The treatment for section 2, 7.6-cm (3-in) granu
lar interlayer, may be a viable alternative when a pave
ment is severely distorted; however, in such cases, the 
construction difficulties of control may prohibit the use 
of this treatment. Intermediate granular thicknesses 
such as 10.2 cm (4 in) are also not justified because of 
the extra life requirement. There is a small difference 
in cracking performance between treatments 3 and 2. 

3. The treatment for section 7, pulverization and en
riching, is also not a viable alternative because its extra 
life requirement is high. A reduction of at least 2.54 cm 
(1 in) in resurfacing thickness may, however, justify this 
treatment for a pavement that needs severe distortion 
correction. 

4. The treatment for section 5, pavement surface re
moval and replacement, is a viable alternative if stock
piling of the old pavement is environmentally acceptable. 
Another disadvantage in this case is that the total thick
ness of the pavement structure remains unchanged. 

5. The treatment for section 6, pulverization, is a 
viable alternative to conventional resurfacing. It reuses 
the existing materials and contrary to the treatment for 
section 5, the total structure thickness in this case in
creases . This treatment is the most cost-effective if the 
resurfacing thickness can also be reduced by 1.27 cm 
(% in) or more. It should be noted, however, that such 
a reduction is only possible if the pulverization operation 
does not pick up large quantities of the underlying granu
lar material that minimize the effectiveness of the re
sidual asphalt expected from the pulverized pavement 
surface. 

FIELD TESTS 

As a result of the above analysis, the Ontario Ministry 
of Transportation and Communications initiated three 
full-scale contracts for pulverization totaling about 50 
km (31 miles), as shown in Figure 5. These contracts 
were intended mainly to further investigate various con
struction difficulties posed by pulverization and explore 
possible solutions, and to obtain further data on per
formance of this treatment. The following is a brief de
scription of the three contracts. 

Highway 68 

Highway 68, near Sudbury, Ontario, is 15.3 km (9.5 
miles) long. This pavement, about 15 years old, showed 
the following pavement conditions prior t o pul verization: 
{a) fair to poor rideability, (b) transverse cracking wiU1 
4.5 to 6.0-m (15 to 20- ft ) spacing, and (c ) moderate lip
ping. The pavement, 7. 6 cm (3 in) t hick and 6, 7 m (22 
ft) wide, was ripped and windi:owed to the middle of the 
driving lane. The broken pavement was hauled to a 



Table 3. 1976 treatment prices for extra life with distortion correction. 

Section Treatment 

2 7 .6-cm granular inter layer 
3 15.2-cm granular interlayer 
5 Sur[ace replaced 
6 Surface pulverized 
7 Surface pulverized and enriched 

Note: l cm= 0.39 in and 1 m2 = 10.B ft 2, 

Price Range 
(u. s. $/m'J 

1.34 to 1.53 
2.68 to 3.06 
0.24 to 0.36 
0.97 to 1.20 
2.69 to 3.17 

Figure 5. Three pulverization contracts in Ontario. 

Figure 7. Pulverization by using a Hammermill pulverizer. 

Average 
Price 
(U.S. $/m') 

1.44 
2.87 
0.30 
1.08 
2.93 

crusher, crushed to a minus 2.54-cm (1-in) size, then 
hauled back to the road and relaid. The production rate 
obtained was about 457 m (1500 ft) of two lanes/d. Fig
ure 6 shows the hauling and the crushing operations. 

Highway 11 

Highway 11, near North Bay, Ontario, is 26.1 km (16.2 
miles) long. This pavement, also about 15 years old, 
showed the following conditions prior to pulve1·ization: 
(a) fair to poo1· rideability that became very poor during 
the spring, (b) transverse cracking with an average 1. 5-
m (5-ft) spacing, and (c) severe lipping. App1·oximately 
19.3 km (12 miles) of this project were pulverized by 
using a Hammermill pulverizer. The old pavement with 
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Distortion Correction (years) 

Severe Normal None 

4 
14 
-1 

2 
15 

6 8 
>15 >15 

0 1. 5 
4 5.5 

>15 >15 

Figure 6. Pulverization by using a crusher. 

a minimum thickness of 11.4 cm (4. 5 in) was ripped one 
lane at a time and windrowed to the shoulder. This ma
terial was then brought inside the lane in small windrows 
and pulverized. Two or three passes of the pulverizer 
were gener ally required to pulverize the material to re
quired size. A production rate of about 213 m (700 ft) of 
two lanes/d was obtained. Figure 7 shows pavement 
ripping and pulverization of the pavement. 

Approximately 6.4 km (4 miles) of this project were 
pulverized by using a heavy-duty Hammermill pulverizer. 
This pulverization was often followed by one pass in the 
smaller pulverizer, mentioned above, to obtain the re
quired maximum size. Ripping of the pavement was not 
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Figure 8. Pulverization by using a heavy duty Hammermill pulverizer. 

Figure 9. Pulverization by using a pulvimixer. 

needed with this equipment. A production rate of about 
610 m (2000 ft) of two lanes/d was obtained. Figure 8 
shows this equipment in operation. 

Highway 17 

Highway 17, near Thunder Bay, Ontario, is 8.4 km (5.2 
miles ) long. This p avement, about 18 years old, showed 

the following pavement conditions prior to pulverization: 
(a) fair rideability that became very rough and uncom
fortable during the spring, (b) transvers e cracking with 
0.6 to 3.0-m (2 to 10-ft) random spacing, and (c) severe 
lipping. 

The pavement, 7.3 m (24 ft) wide and 7.6 cm (3 in) 
thick, was pulverized by a pulvimixer. It was not nec
essary to rip the pavement because this equipment was 
used. One to two pas s es of the pulvimixer were required 
to pulver ize the material to a minus 2. 54-c.m (1 -in) size. 
A p1·oduction. rate of about 366 m (1200 ft) of 2 lanes/ d 
was obtained. Figure 9 shows this equipment in operation. 

CONCLUSIONS 

The Trout Creek experimental road has provided valu
able information on the performance of various alterna
tives to conventional resurfacing for rehabilitating ther
mally cracked asphalt pavements. Of the seven alterna
tives tried, the economic analysis and other implications 
indicate that 

1. Pulverizing the existing pavement surface and 
using it as a base for resurfacing is the most viable al
ternative; 

2. Removing and replacing the existing pavement sur
face is also a viable alternative, if it is environmentally 
acceptable; 

3. Placing interlayers between the old pavement and 
the resurfacing such as crushed stone screenings, dif
ferent thicknesses of granular material, and open-graded 
binder course is not cost-effective; and 

4. Enriching the pulverized material and using it as 
a base for resurfacing is not a cost-effective alternative. 

The three full-scale contracts undertaken to date have 
demonstrated that construction difficulties associated 
with the pulverization operation can be resolved. 

Publication of this paper sponsored by Committee on Design of Com· 
posite Pavements and Structural Overlays. 

Analytical Modeling and Field 
Verification of Thermal Stresses 
in Overlay 
K. Majidzadeh and G. G. Suckarieh, Department of Civil Engineering, 

Ohio State University, Columbus 

This paper describes analytical and graphical procedures for computing 
thermal stresses at joint locations in pavement overlays. Equations and 
nomographs are used to calculate stresses caused by horizontal and ver· 
tical movements of slabs. Both average temperature drop and maximum 
temperature differential expected in pavement slabs are determined from 
temperature distribution noted at time of overlay construction. Stresses 
caused by slab movement are calculated for different overlays. The re
sults confirm that these stresses often exceed the maximum stresses in 
asphalt-concrete overlays; therefore, reflective cracking occurs when 
asphalt concrete is laid over jointed pavements. 

The movement of pavement slabs under flexible overlays 
has been well known for its damaging effect on overlays. 
This effect is usually manifested by the phenomenon of 
reflective cracking. The slab movements induced by 
temperature are usually considered from two points of 
view: One arises from slow changes in average temper
ature of pavement, and the second arises from quick 
changes in average temperature of pavement, i.e., a cool 
night to a hot day and vice versa. In the first case, pave
ment slabs contract and expand because of a change in 
the average temperature of pavement. In the second case, 



pavement slabs curl and warp because of a definite 
temperature gradient in pavement. 

In relation with a current research project at the 
Ohio State University, actual field data on movements 
at joint locations in joint -l'ehuorced concrete pavement 
(JRCP) were collected under different temperature dis
tributions. The data were fitted to theoretical models 
to study the induced thermal stresses in the overlay at 
the joint locations. 

FIELD INSTRUMENTATION 

Instruments for measuring temperature distribution and 
vertical and horizontal movement of the slabs were 
placed at joint locations and in the middle of pavement 
slabs. Temperature sensors measured temperature 
distribution, and special strain gauges detected and mea
sured slab movement. Figure 1 shows a schematic view 
of the field instrumentation. The field study was con
ducted on slabs of various lengths and thicknesses and 
at different times and locations. Some of the slabs were 
newly constructed and others were overlaid with asphalt
concrete layers. The overlaid slab data were taken be
fore and after the occurrence of reflective cracking. 

HORIZONTAL MOVEMENT OF SLABS 

The previously mentioned field set-up was used to study 
the horizontal movement of the slabs. The average slab 
temperature, measured by the temperature sensors, was 
plotted against the distance between the strain gauges 
embedded at both sides of the joints, and a regression 
analysis was made. A typical curve of temperature
joint horizontal movement is shown in Figure 2. Com
parisons were made between different slab curves sim
ilar to the one shown in Figure 2. The following results 
were concluded. 

1. The diagram of the friction forces between the 
concrete slabs and the subgrade is triangular. (This as
sumption is also made for calculating the minimum steel 
required in the pavement.) 

2. When the slabs were subjected to the same tem
perature changes, the use of relatively thin overlays [be
tween O and 9 cm (O and 4 in)] showed no significant ef
fect on the movement of the underlying slabs. 

3. When reflective cracking occurred, the horizontal 
movements of the underlying slabs followed the same 
temperature-movement curve as the before cracking 
curve. 

It was concluded that the horizontal movement of the 
overlaid slabs at the joint location could be predicted by 
using the following formula: 

(I) 

where 

~h = horizontal movement at joint location, 
o: = temperature coefficient, 

.A Th = average temperature drops, 
L = length of slabs, 

y0 , Ya o = unit weight of concrete and asphalt concr ete, 
f = coefficient of friction between subgrade and 

slab, 
A0 = unit cross section of slab, and 
E0 = modulus of elasticity of ·concrete. 

EFFECT OF HORIZONTAL MOVEMENT 
AT JOINT LOCATION ON FLEXIBLE 
OVERLAYS 
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The effects of the horizontal movement at joint location 
on overlays was studied by using the finite element 
method for a two-dimensional structural analysis. Fig
ure 3 shows a sample of the mesh used for this analysis. 
The model consists of two concrete slabs with an asphalt 
overlay on the top and a thin asphalt-tack coat between 
the slabs and the overlay. The thicknesses and moduli 
of elasticity for both the asphalt-concrete overlays and 
concrete slabs in addition to the joint width were made 
variable. A horizontal movement was induced into the 
slab at the joint location and the resulting overlay 
stresses were studied. From this study it was con
cluded that 

1. For a given movement at the joint the overlay 
stresses are not affected by either the modulus of elas
ticity of the concrete or by the slab thickness; 

2. There is a one-to-one relation between the induced 
movement at the joint and the stresses in the overlay; and 

3. When the induced movement at the joint exceeds 
0.000 50 cm (0.000 20 in), the shearing str esses between 
the slabs and the overlay would exceed the allowable bond 
strength between the pavement and overlay, and this 
condition could result in the sliding of the overlay on the 
top of the slab. 

The results of field observations and analytical simu
lation of finite element were used to construct the nomo
graphs shown in Figures 4 and 5, which facilitated the 
computation of stresses in the overlay. 

VERTICAL MOVEMENT OF SLABS 

The model of slabs on elastic foundation was used to fit 
the vertical movement of slabs to field data. A computer 
program was developed at the Ohio State University, 
Columbus , to calculate the curling and warping shape of 
slabs uuder temperatur e differ ential (~ T.) conditions. 
The interrelation between deflected shape of pavement 
and temperature differential is written as follows: 

[(d4 w/dx4 ) + (2d4 w/dx 2dy2 ) 

+ (d4 w/dy4 )] = ((q/D) - [K(w - c)/DJ} 

where 

w = plate deflection in x, y plane, 
q = load, 
D = [ E0 h;/12(1 - 1l)J =plate stiffness, 

E0 = concrete modulus of elasticity, 
h0 = concrete slab thickness, 
v = concrete Poisson ratio, 
c = (o:.A td2/ 2h0 ) = curling, 
o: = temperature coefficient of concrete, 

.At = temperature differential in slabs, and 
d = distance from center of the slab. 

(2) 

The program is generalized to consider any pavement 
geometry, and, at the same time, it takes the partial 
subgrade contact condition into consideration by assuming 
zero subgrade reaction at the points where temperature 
curling is greater than slab deflections . 

The pr ogram results were checked against the vertical 
movement of the slab edges obtained from the field data. 
The case of partial contact gave a better confirmation 
with the field data than the case that used an asswnption 
of full contact ( Figure 6) . Comparison of diffe1·ent Held 
results ondifferentslabs showed that the asphalt-concrete 
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overlay does not significantly affect the vertical move
ment of the slab. 

R = U/20) (3) 

EFFECT OF VERTICAL MOVEMENT 
AT JOINT LOCATIONS ON 
FLEXIBLE OVERLAYS 

from which the maximum stress on the overlay could be 
found as follows: 

The vertical curling and warping in concrete slabs 
caus es bending-tYPe str esses in the overlay at the joint 
location (Figure 7). If the curling or wa11,ing s lope in 
the pavement is known, the radius of curvature of the 
overlay at the joint location can be calculated as follows: 

where 

Figure 1. Schematic view of pavement 
instrumentation. 

Figure 2. Horizontal movement because of 
temperature change. 
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R = radius of curvature of the overlay, 
j = joint width, 
e = edge slope of the slab, 
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Figure 4. Top fiber stress in overlay because 
of joint movement in a joint-reinforced 
concrete pavement. 

Figure 5. Bottom fiber stress in overlay 
because of joint movement in a joint-reinforced 
concrete pavement. 

Figure 6. Vertical movement of joint because 
of temperature differential . 
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Figure 7. Bending of overlay by vertical movement of joint. 

Asphaltlc Concrete Overlay J Asphaltic Concrete Overlay 

Figure 8. Maximum stress in overlay because of '/, °C 
temperature differential in a rigid pavement. 
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E0 v = modulus of elasticity of the overlay, 
H0 v = thickness of the overlay, and 

CJ = maximum stresses in the overlay. 

The slope (e) of different slabs caused by temperature 
differential can be calculated by using the computer pro
gram that had been previously checked against the field 
data. The following results were concluded. 

1. The subgrade reaction modulus does not signifi
cantly affect the edge slopes of the slab nor does it sig
nificantly affect the partial contact resulting from tem
perature differential, and 

2. The only factors affecting the edge slopes of the 
slab are the slab thickness and length. 

The output of the edge slopes was used in conjunction 
with the formula for overlay stresses to construct the 
nomographs shown in Figure 8. These nomographs were 
used to compute the maximum stresses in the overlay 
that result from a temperature differential in the pave
ment slabs. For any other temperatu1·e differential 
values (AT.) the result of the nomographs should be mul
tiplied by AT.. The curling case would give maximum 
tensile stress in the uppermost fiber of the overlay. The 
opposite is true in the case of warping. 

CON CL US IONS 

The maximum stresses in the overlay at the joint loca
tion caused by horizontal slab movement can be calculated 
by using Equation 1 and nomographs shown in Figures 4 
and 5. For stresses caused by vertical movement, the 
results of the nomograph shown in Figure 7 should be 
multiplied by the expected temperature differential in 
the pavement slabs. It is important to know the temper
ature distribution at the time of overlay construction so 
that both the average temperature drop and the maximum 
temperature differential expected in the pavement slabs 
can be found . Calculation of stresses in different over
lays caused by movement at joint location showed that 
these stresses often exceed the maximum tensile stresses 
in asphalt-concrete overlays; therefore reflective crack
ing occurs when asphalt concrete is laid over jointed 
pavements . 

Publication of this paper sponsored by Committee on Design of Com
posite Pavements and Structural Overlays. 




