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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 using 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 of RPS to correctly predict service
life and support the further implementation of studies
by using RPS. Detailed user's guides for RPS programs
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-pavement system 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
the most economical designs. A summary flow chart for
the working system is shown in Figure 1. The design
process (5) 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.

DATA 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 Cooperative Highway Research Program
(NCHRP) personnel (3), and (c) the Mays meter readings,
which are based on present serviceability 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 V&;estheimer (1-610W), 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 rideability. A tabulation
of the various distress manifestations present was also

1
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Figure 1. Summary flow diagram of rigid pavement system.
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Table 1. Data for test sections.
Thickness (em) Traffic® (thousands)
Age e ESAWL
Test Section Subgrade* Condition Number (years) Concrete Subbase® PSR PSI Avg Com. Veh. (millions}
Memorial to Woodway Clay Fair 271-17-8 T 20.3 15.2 3.2 3.15 80 5.3 9.2
Yale to Main Clay Poor 271-14-26 9 20.3 15.2 2.8 3.15 58 4.2 10.2
San Felipe to Westheimer Clay Poor 271-17-19 10 20.3 16.2 2.6 3.25 80 5.3 13.1
Cavalcade to Patton Clay Good 500-3-68 13 20.3 15.2 3.8 3.30. 56 2.3 3.6

Note: 1 cm = 0.394 in and 1 kg/m’ = 0.0624 Ib/ft>.
Fonaaian — 184 Vomfray {11!: Ibl‘o:)

* Houswn gevivgital gruup average mudulus OF subgiade Feaction 2 kg/m {116 1o/t
®Cement-stabilized, sand-shell base.
“In one direction per day.

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

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® Modulus®  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 Ibf/inz.
2Poisson’s ratio of 0.25. YPoisson's ratio of 0.20.

Figure 2. Age of sections in years.
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could be verified by checking 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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Table 3. Predicted age of test sections using RPS and AASHO
performance models.

Levels of Contidence (%) Current
— Age®
Test Section 50 80 95 99 99.9  99.99 (year)
Memorial to Woodway 32 18 10 <7t = — 7
Yale to Main 44 20 <9 - - - 9
San Felipe to Westheimer 43 23 12 <10 = - 10
Cavalcade to Patton 130 Lesg 46 29 17 <13 13

“Prodicted 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 Periods”

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 1] 32 0
Cavalcade to 17.8 25.4 1.6 21 39
Patton 19.1 152 7.6 23 40
20.3 20.3 (] 32 0

Note: 1cm = 0394 in

®The design alternatives givén by the RPS2 pragram.
The initial performance periods are the times 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 performance 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 thickness 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

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 sectionsfor 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 performance 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-
rent traffic had been anticipated. The pavement-
performance 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 reasonable 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:



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 results;

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 data 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 whicha
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 (CRCP) used for this experiment was constructed
during 1960 on I-45 in Walker County, Texas [ Project
1-45-2(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 (SHPDT) 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,
and failure studies conducted during the first 4 years
of the project; failure repairs made after an age of ap-
proximately 10 years; use 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 em (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.

EXPERIMENTAL 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 ¢m (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 consideration
was the use of a minimum center factor of 22.308 l{g/m3
(4 sacks per yd®), minimum and maximum flexural
strengths of 3.8 kPa (550 Ibf/in®) and 4.7 kPa (675 1bf/
in®) 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 overstressing 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
1bf/in®) respectively were used for 7 days. The specified
air-entrained content wasusedto 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
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 (l, 2, 3,3,_@). 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 (5).

STEEL STRESS STUDIES

The conclusions for the study on the detailed analysis of
steel stress may be found in a report g). 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-
perimentedbyusing the type 3 cement to meet the 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 cm®/gm
(140907.68 in%/1b) 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 Research 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 (2000 ft)] 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



Figure 1. Location and layout of Walker County Project. selected to provide information about variations in con-
TO DALLAS 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.
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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

Steel . project. Initially, a large rapid decrease occurred in
Divided af Stallon both sections as a result of curing. From about 150 days
301 400 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
form-to-Marke) Rd VERLY loading and increased rates of failures.

Study Sections
Formcia Mdrker W The crack patterns on the study sections follow the same
trend as those on the test section; however, several sig-
{ong, o nificant differences were found in the 1974 data. Table
e 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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Figure 2. Relation between age
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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

208 + 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- 75427 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 - 565 + 00  Test 0.5 366 504 0.72

Note: 1 m = 3,28 ft,
* 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):

Avg Crack
Variable Spacing (m)
Traffic
NBL 0.75
SBL 0.76
Steel
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.

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: 0.82m
(2.70 1t) 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 hoth 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

Test Section Study Section

Survey  Date 1 2 0 1 2 3 4 5 6 g

1 8/26/60 3.10 2,01 469 - - - - - - -

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 0.85 1.07 1.23 2,73 2.54 2.92

[} 4/27/61 1.04 083 — - - - - - - -

T 1/27/61 1.04 0.83 0.94 0.96 0.83 0.96 1.22 2,69 241 2.28

8 12/16/61 1.04 0,83 — - — - - - - -

9 3/15/62 1.04 0.82 — - - — — - - —
10 7/1/62 1.01 0,80 — - - - - — - -
11 5/12/63 0.98 0.78  0.88 0.89 0.8 0.86 1.03 162 1.45 1.26
12 9/16/74 0.72 0.59 0,77 0.65 =* 0.56  0.65 - 0.99 0,94

Note: 1 m= 3,28 ft,
2 Located in overlay test section,

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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Figure 5. Failed construction joints in NBL versus year.
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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 design.
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

Average Rate of Increase ~ 2,1 /yr

I
1968
Year

0
1960 1962 1964 1966 1970 1972 1974

|
1976



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 em (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,
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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

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,

SBL Profile Stations NBL

overlay to determine the effect of the overlay on the Kin STEIER  m Sidiion Kme, SBL NBL
3 213 untsville"Lgop Station | F— | Station
load-carrying capability of the pavement (Table 4). 00 oI — — .28 1815
. . | =1 93
A significant decrease occurred in the dynaflect read- //«
ings after the overlay. The dynaflect readings, if aver- i azhl |2
aged for NBL and SBL and plotted against the thickness //’ 13 : - 8l
of overlay, show a strong interrelation (Figure 7). As s65 207 |Pammaao| ot 8-t ~—7e
Eexpected,. the .readmgs significantly decrease with an 402 2.5 7 £ 575 1408 S5-aA |
increase in thickness. The same data are plotted as / Z ACP Overtay sucd .
percentage reduction of dynaflect readings versus the EEg S Expeament 155 Tron Tran |
thickness of overlay (Figure 8). The graph shows ap- ' o= =58
proximately 5 percent deflection reduction for each 25.4 s-6a| |1-6a
mm (1 in) of asphalt-concrete pavement. - 47
When the overlay was placed, the average crack A
spacing of CRCP was estimated to be 0.67 m (2.2 ft) in e W o=l |I-RE
NBL. Since the overlay was placed, cracks developed S| e (I ) L
in all thicknesses of asphalt overlay. This cracking is \ 64 30
termed reflection cracking, i.e., cracking that is in the 5-48| |i-48
overlay, which forms at or near the crack in CRCP. . =
The percentage of reflection cracking is defined as the o Ton |
13.92 8.65 — 4. IISM —2.63 423 5-28 1-28
Table 3. Percentage of roadway experiencing failure during -
ol EM 1375 . 93— —
1969 and 1974 for NBL and SBL. 29 350 tzs. 285 g [~ | [+ ||wst
Sta = 50'
Curing 1969 1974 L
Temperature - aney =025 08 ACP SBL NBL
e NBL* SBL* NBL' NBL® SBL* Creek
£ 15 nezg———t—l—oo oo [Depthiem |
4.41t09.4 3.45 1.31 3.26 2.74 2.81 Montgomery Co. Line 524 | 1-2a
10.0 to 15.0 1.56 4.39 2.53 5.10 1.40 5.08
16.5 to 20.5 2.94 1.33 3.70  4.39 1.20 5-28 | 1-2B
21.1 to 26.1 4.83 9.30 7.04 2.93 3.28 sk | an
26.7 to 31.7 2.72 7.15 8.72 2.79 2.64 10.16
32.2 to 37.2 7.49 5.40 19.03 8.80 5.92 Nite: 5-48 | 1-4B
o= 5 Im=3.2808 — 5-6A | 1-6A
Note: 1°C={°F-32)x % tem=0.3937 in. 5-68 1-68
2 From actual road repairs. b From photographic survey. 1 km = 0.62 mile
Table 4. Dynaflect deflection readings before and after overlay.
Section
2B 4B 6B 2A 4A 6A
Date Avg Std. Avg Std. Avg Std. Avg Std. Avg Std, Avg Std,
NBL
Before
6/67 0.024 485  0.000 172 0,019 355  0.000 139  0.020980  0.000 176  0.919 685  0.000 143  0.009 626  0.000 137  0.021 209  0.000 218
9/67 0.027407  0.000 226  0.019 482  0.000 144 0,021 742  0.000 327  0.021 209  0.000 133  0.022 834 0,000 112 0,022 225  0.000 215
11/67 0.024 587  0.000 171 0,019 202  0.000 119  0.021 412 0,000 230  0.023 749 0,000 313  0.027889  0.000 166  0.027 991  0.000 376
1/88 0.028 118  0.000 247  0.020 244  0.000 145  0.023 261 0,000 402 0,023 393  0.000 184 0,030 353 0,000 212  0.029 235  0.000 372
After
2/68 0.023 520 0,000 369  0.015 062  0.000 089 0,014 300 0,000 148  0.019 964  0.000 102  0.021 158  0.000 132  0.017 653  0.000 150
8/68 0.023470  0.000407  0.014 402  0.000 093  0.013 157 0,000 156  0:016 256  0.000.124  0.017 475  0.000 106  0.014 757  0.000 124
1/69  0.025730  0.000 435  0.014 859 0,000 090 0,014 122  0.000 152  —* =t =t =t -t =3
SBL
Before
9/67 0,020828  0.000 076  0.017 424  0.000 099  0.016 967  0.000 160  0.016 713  0.000 066  0.022 250  0.000 134  0.021 209  0.000 089
11/67 0.025476  0.000 103  0.021895  0.000 115 0,020 777  0.000 178  0.021 209  0.000 089 0,029 413 0,000 246  0.023 266  0.000 226
1/68 0,019 380  0.000 074  0.015 951 0,000 075  0.018 720  0.000 138  0.020 675  0.000 089  0.027 991 0,000 215  0.020 244  0.000 180
After
2/68  0.022 123  0.000115  0.017 043  0.000 187  0.013 513  0.000 121  0.018 644  0.000 068  0.019 126  0.000 090  0.016 815  0.000 142
8/68 0.017272  0.000 092  0.014 122 0,000 161  0.012 243  0.000 123  0.015 215  0.000 046  0.016 510  0.000 056  0.013 767  0.000 114
1/69 0.023 546  0.000 158  0.015799 0,000 126  0.013 030  0.000 112  0.018 745  0.000 056  0.019 914  0.000 095  0.016 713  0.000 157

Note: All average and standard dynaflect readings are in millimeters {1 mm = 0,03937 in)
? Indicates no reading taken,



Figure 7. Dynaflect deflection readings after overlay sections 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

the length of the roadway, woth NBL and SBL, was over-
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 (90°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 (H). 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

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.

1 Tha nan of o tyvma 2 namant with OROD raconlta in
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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 I-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 performance 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 in) wide has closed to less than 25 mun (i in) pavement
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 performance
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 £t)] of the pavement. The pavement
has contraction joints that are nominally 10 to 13

mm (% to % 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
resuiis from 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.
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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
it SB 29 5 0
2 NB 18 0 0
2 SB 18 4 0
3 NB 3 5 0
3 s 2 2 0
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 418 249 267 287 293
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 - 56 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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EFFECT OF PRESSURE-RELIEF
JOINTS

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 abovementioned 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 project 1. This difference is
due to the presence of the metal joint-forming 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 1bf/
in?) 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 inthe
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 43 mm (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 an average of 65 mm {2.57 in) or about 65 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
joint (1 mm = 0.393 in).

Annual Average
Closure (mm)

Annual Average
Closure (mm)

Project TypeA TypeB Project Type A TypeB
1 27 35 3 48 65
2 37 38

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 beenpartially relieved because of the blowups. There-
fore, it is not surprising to find that the type B joints
were somewhat more effective because no natural stress
relief had been provided before installation of the joints.

This finding suggests that, in future installations, it may
be advisable to omit type A joints in lieu of providing
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 of 17 slabs, and
each slab is 18.8 m (61.5 ft) long. Individual joint move-
ments were measured from the saw marks in the asphalt-
concrete 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 relief joints might have been capable of providing
some stress relief for sections longer 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 paradox develops
when one considers that the more internal 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
behavior gives rise to the possibility of initiating a vi-
cious circle in whieh the provision for too much freedom
of joini movemeni 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-
ft) intervals. This comparison is shown in Figure 5 for
the period of April through September 1975, Although
the 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 severe move-
ments were recorded for joints located 56.3 m (184.5 ft)



Figure 2. Joint shift between pressure-reljef joints.
50 L Ll T T T

19

. 37.5
g~
&
e
G
go 25
o -
>0
Q
=
£g
47 1248
Y]

Joint Number

Figure 3. Closure of pressure-relief joint after 1 year in service.

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.
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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

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 20°C (40 to 70°F).

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
within 150 to 180 m (500 to 800 £t) of 2 standard XT-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 pavement 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

be.subject to blownips after they hoye boes overlaid with
a bituminous-concrete surface. For this reason, the
decision was made to provide pressure-relief joints on
1-495 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 stillunder 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. DPressure-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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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 um/m (0.000 450
in/in) at the top of the subgrade, a maximum tensile strain of 120 um/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 1 000 000 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 thickness.

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 average in situ dry density, moisture content, and
soaked California bearing ratio were about 1690 kg/m?*
(105.5 1b/ft"), 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 1975, 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 (1,2).

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) 2
where

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 1bf/in®) at a mois~
ture content of 23 percent, The subbase modulus equals
about 330.9 MPa (48 000 1bf/in®).

Fatigue tests on beam specimens of surface and
bituminous-concrete base materials were conducted by
the Asphalt Institute (3), These tests were performed
at three temperatures: 13, 21, and 29°C (55, 70, and
85°F) on high-density 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,

N=K; (1/e)¥2 3)
where

N = number of load repetition to failure,



Figure 1. Plan view and longitudinal profile of test track.
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Figure 2. Variation of present serviceability index versus
test sections with 8165-kg equivalent axle loads.

35

38

Section 1A e 2t Section 1B
*

- . = N
- o L] . .
i B

2% B 2.8

2000 00 0 1000 im0 100 o 2o &0 780 b0 280 i6e0

38+ 3.5+

o — s = — L3
Ly ...

30 30 - T— .
£ sl _

2% eclion IC 25 Section 1D

z 20

38 33

pe=gl] o 0 H
- . 3 L3 [ »

30 30 . s
P a

28 Section 2 28 Section 7

20 2

55 .

A Section 8

30
xzu 28 Section 9

2 2.0 -

20 207

i Section (4 " ¢ Section H
728 28
b4 L) L *

. 2
250 500 _ 750 KGO 1280 Mg

LIE

2%0 )m B0 1000 1250 1800
EAL g

[227) Bituminous Surface
[ Bituminous Concrete
[ET:53 Agaregate Bituminous

53 Transition Zone
EAgguqo’e Lime Pozzokan

BB Crushed Stone

NOTE : Section B - Limestone Aggreqote
Section C - Slog Aggregote
Section D- Grovel Aggregate

€
K; and K,

tensile strain, and
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.

ANALYSIS OF PAVEMENT RESPONSE

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 em (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 dual wheels that had a tire pressure of 552 kPa (80
Ibf/in®). Critical responses 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?/km?)
1A - None None
1B — None None
1c 1 367 000 None 10 000
1D 1 367 000 None 14 000
2 - None None
6 - None None
7 - None None
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