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PREFACE

This is the first in a series of reports dealing with the findings of a
research project concerned with tensile and elastic characterization of high-
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elasticity, and Poisson's ratio) and the variations that can be expected in
these properties for materials actually used in pavements throughout the state
of Texas.
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LIST OF REPORTS

Report No. 183-1, '"Tensile and Elastic Characteristics of Pavement Materials,"
by Bryant P. Marshall and Thomas W. Kennedy, summarizes the results of a study
on the magnitude of the tensile and elastic properties of highway pavement

materials and the variations associated with these properties which might be
expected in an actual roadway.
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ABSTRACT

This report describes the results of an investigation of the tensile and
elastic properties of highway pavement materials. Cores of four types of
materials obtained from recently constructed highway pavements were obtained
and tested. Experimental estimates of the tensile and elastic properties
(tensile strength, modulus of elasticity, and Poisson's ratio) of these ma-
terials were made using the indirect tensile test. In addition, the variation
in the tensile and elastic properties which can be expected along the design

length of a roadway was estimated.

KEY WORDS: tensile strength, modulus of elasticity, Poisson's ratio, varia-

tion, highway pavement materials, indirect tensile test.



SUMMARY

This report summarizes the findings of a study conducted to evaluate the
tensile and elastic properties of highway pavement materiais and the varia-
tions in these properties which might be expected along the design length of a
roadway. The tensile and elastic properties estimated were tensile strength,
modulus of elasticity, and Poisson's ratio. In addition, pavement density and
thickness were also analyzed. The test method utilized for this study was the
indirect tensile test. Four material types from paving projects throughout
the state of Texas were studied: portland cement concrete, cement-treated
base, asphaltic concrete, and blackbase.

The average tensile strength and modulus values were 471 psi and 3.99 X
106 psi for portland cement concrete and 136 psi and 1.09 x 106 psi for
cement-treated base. The average tensile strength, modulus of elasticity, and
Poisson's ratio for blackbase were 105 psi, 58.2 X 103 psi, and 0.27, respec~-
tively.

It was found that the magnitude of the variations observed appeared to be
material dependent. For tensile strengths the variations were small (coeffi-
cients of variation of approximately 20 percent) for concrete; moderate
(coefficients ranging from 14 percent to 27 percent) for blackbase and asphal-
tic concrete; and rather large (coefficients of 23 percent to 49 percent) for
cement-treated material. The results also indicated additional variation was
introduced along the roadway; however, no definite conclusions could be made
without additional investigation involving a better designed core sampling
plan. Very little variation (generally less than 3 percent) was encountered

in pavement thickness and density, regardless of material type.
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IMPLEMENTATION STATEMENT

The results of this study to determine the tensile and elastic charac-
teristics of highway pavements recently constructed in Texas can be used im-
mediately. Currently, elastic pavement design methods based on elastic theory
are being developed for use by the Texas Highway Department. In addition,
considerations are being given to including stochastic analyses in these de-
sign methods. The results concerning the magnitude of the tensile and elastic
characteristics (tensile strength, modulus of elasticity, and Poisson's ratio)
can be utilized immediately as inputs into elastic design methods. The infor=-
mation on the variation of the above properties provides an estimate of the
variation which occurs in actual pavements. These variation estimates are
therefore important and needed for any stochastic design procedures. In addi-
tion to the above applications, the districts can use the information to begin
to develop a feel for the elastic and tensile properties and the variations of
these properties. Such information is needed in order to judge the signifi-
cance of the values obtained from future tests conducted by the districts and

the Materials and Tests Division.
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CHAPTER 1. INTRODUCTION

Most current pavement design procedures are largely empirical and deter-
ministic in nature, using exact values of input and presenting the results as
exact values. At a 1970 workshop on the structural design of asphalt pave-
ments (Ref 1), one of the most pressing areas of research need was established
to be the application of probabilistic or stochastic concepts to pavement
design. The workshop stated the problem as follows:

So that designers can better evaluate the reliability of a par-

ticular design, it is necessary to develop a procedure that will

predict variations in the pavement system response due to statis-

tical variations in the input variables, such as load, environment,

pavement geometry, and materials properties including the effects

of construction and testing variables. As part of this research,

it will be necessary to include a significance study to determine

the relative effect on the system response of variations in the

different input variables.

Current research at The University of Texas Center for Highway Research
has led to design procedures for both rigid pavements (RPS) and flexible pave-
ments (FPS) in which the systems approach is used to consider all phases of de-
sign, construction, and in-service performance to arrive at an acceptable
pavement design (Refs 2, 3, 4, 5, and 6). Trial use of these design systems
by the Texas Highway Department revealed a definite need to consider the ran-
dom or stochastic nature of many of the input variables so that the design
reliability can be estimated. Reliability is defined as ''the probability that
the pavement will have an adequate serviceability level for a specified design
performance period" (Ref 7).

In addition, FPS and RPS are currently in the empirical design stages,
and it is felt that the state-of-the-art has advanced to the point where an
attempt should be made to apply the theory of elasticity to design (Ref 8). A
necessary first step in this direction is the determination of the elastic and
tensile properties of pavement materials as they exist in the roadway. Fur-

thermore, the variations in these properties from point to point in the



pavement and from different locations in the state must be evaluated in order
to fully implement the stochastic design aspects of FPS and RPS.

The purpose of the research effort summarized in this report was to
develop information concerning the tensile, deformation, and strength charac-
teristics of pavement materials in the state of Texas and to develop informa-
tion concerning the variation of these properties in newly constructed pave-
ments in Texas.

Chapter 2 summarizes currently available information concerning the
variation of materials characteristics and delineates the need for additional
studies. Chapter 3 describes the approach used in this study. Chapter 4

discusses the analysis and findings of the study, and Chapter 5 summarizes the

findings and conclusions.



CHAPTER 2. CURRENT STATUS OF KNOWLEDGE

Based on a review of the literature, it appears that few studies have
been conducted to investigate the magnitude and variations of the tensile and
elastic properties in highway pavement materials. The lack of information can
perhaps be explained by the previous lack of a simple and convenient tensile
testing technique to measure these properties. Most current test methods are
largely empirical and do not provide information on the elastic parameters.
There appears to be limited information on the variation in the elastic prop-
erties of field and laboratory prepared specimens and virtually no information
on the tensile properties of materials sampled from existing pavements.
Research has been conducted at The University of Texas on the tensile proper-
ties of laboratory prepared stabilized materials used in highway construction
(Refs 9, 10, 11, and 12), There is, however, a considerable amount of data
available describing the variation in some of the more routinely determined
characteristics of highway paving materials, such as compressive strength,
flexural strength, fatigue life, density, slump, air voids, and pavement
thickness.

Prior to beginning an investigation of the tensile and elastic properties
of pavement materials and their variatioms, it was felt that the findings of
previous investigations should be reviewed and summarized. Previous findings
are discussed below and supplemental data are shown in the appendix in

Tables A-1 through A-16.

STUDIES ON LABORATORY PREPARED SPECIMENS
Concrete

Mitchell (Ref 13), Wright (Ref 14), Addinall (Ref 15), and Hondros
(Ref 16) conducted studies to investigate the tensile strength of laboratory
prepared concrete and cement mortar specimens using the indirect temsile test.
Some of the principal findings concerning variations in tensile properties of

these materials are summarized in Table A-1. The results of these tests



indicated that coefficients of variation of up to 8 percent can be expected
for the tensile strengths of replicate specimens of laboratory prepared con-
crete.

Hondros (Ref 16) performed a series of tests on 24-inch diameter x 2-inch
thick cement mortar disks which were instrumented with strain gages in order
to determine values of Poisson's ratio and modulus of elasticity of the test
specimens (Table A-2), A coefficient of variation of 12.2 percent was ob-
tained for values of Poisson's ratio, and a coefficient of variation of 6.4
percent was obtained for modulus values, which were of approximately the same

magnitude as those for tensile strength in Table A-1.

Asphalt Cement and Asphaltic Concrete

Finn (Ref 17) reports the variation in laboratory tests of stiffness
modulus, fatigue life (fracture life), and initial strain in weathered and
unweathered specimens of asphalt cement (Table A-3). The asphalt specimens
were weathered in a rolling thin film oven developed by the California Divi-
sion of Highways. The range of coefficients of variation obtained in the
stiffness and initial strain determinations was generally between 7 and 22
percent, with an average value of 17.3 percent, while the coefficient of vari-
ation obtained for fatigue life was considerably higher, ranging from 53 to 73
percent, and averaging 62.2 percent.

Vallerga et al (Ref 18) made similar studies on different penetration
grade asphalts, both aged and unaged. Their results are comparable to those
reported by Finn (Ref 17), with low to moderate variation in stiffness and
initial strain and rather high variation in fatigue life.

Moore and Kennedy (Ref 19) investigated the fatigue life of asphalt-

treated gravel and limestone materials under repeated indirect tensile stresses.

Significant variations in fatigue life occurred, and it was found that the
standard deviation tended to vary linearly with mean fatigue life. The coef-

ficient of variation ranged from 30 percent for asphalt-treated limestone to

more than 75 percent for asphalt-treated gravel,

STUDIES ON FIELD SPECIMENS

Asphaltic Concrete

Finn (Ref 17) summarized work done by Monismith (Ref 20) on the labora-

tory determined values of beam stiffness for surface and base course specimens



of asphaltic concrete obtained from the field. In these tests the average
coefficient of variation was 26.2 percent and was approximately the same for
both surface and base courses (Table A-4). Also shown in Table A-4, for com-
parison, are the results of stiffness tests on laboratory compacted replicate
specimens of surface and base courses. As expected, the average coefficient
of variation for the laboratory compacted specimens was lower than that for
the field specimens, averaging 18.5 percent. This value would have been some-
what lower were it not for the relatively high value of 28.2 percent for the
laboratory compacted specimens tested at 40° F,.

In another study, Monismith et al (Ref 21) obtained field specimens of
surface and base courses from an asphalt pavement in California and conducted
beam tests for flexural stiffness. A total of 20 surface course specimens
and 8 base course specimens were obtained from approximately the same location
in the pavement (Table A-5). For a given test temperature, the coefficient of
variation was essentially the same for the surfaqe and base courses. For the
tests conducted at 68° F, the average coefficient of variation obtained
was 27.5 percent, while for those tests run at 40° F, the average coefficient
of variation obtained was 20.1 percent.

A great deal of information relating to the variation in material proper-
ties encountered on a construction project was gathered during the construc~
tion of the AASHO Road Test. It must be pointed out, however, that the AASHO
Road Test was not typical of most construction projects in that extreme con-
struction control was exercised, with upper and lower specification limits
specified. Both binder courses and asphalt surface courses were tested for
each of the six test loops that were built. The results of in-place density
tests (Table A-6) on the asphaltic concrete pavement sections indicated that
the variation was very small, averaging 1.2 percent, with a range from 0.5
to 1.8 percent. The variation in each loop was comparable to that for all
loops combined.

The results of percent voids determinations (percent total volume and
percent filled) for the asphaltic concrete pavement are also contained in
Table A-6. The average coefficient of variation for the voids (percent total
volume) was 11.2 percent for the binder course and 19.3 percent for the sur-
face course. The average coefficient of variation for the voids (percent

filled) was 5.6 percent for the binder course and 7.0 percent for the surface



course. The coefficients of variation for all six loops combined were not
significantly different from those obtained for each of the six individual

loops.

Concrete and Cement-Treated Material

The AASHO Road Test (Ref 22) also provided information concerning compac-
ted density and compressive strength for cement-treated base (Table A-7).
Coefficients of variation of 2.4 percent for the field in-place density
and 14.5 percent for the seven-day compressive strength were obtained.

The results of l4-day compressive and flexural strength tests on concrete
beams and cylinders molded from concrete from each of the six loops of the
AASHO Road Test (Ref 22) are summarized in Table A-8. FEach test for flexural
strength represents the average of two breaks on one beam, while each compres-
sive strength test is the average of the strength obtained from each of two
cylinders in a set. The variations in the flexural tests and compressive
tests were about equal, with an average value of 7.5 percent.

Concrete beams and cylinders were cast during the paving operations on
the test tangents for determining flexural and compressive strengths as a
function of time. A set of specimens consisting of six beams and 12 cylinders
was made every five days of paving for each of the two pavers used in the
operation. The concrete for all specimens for any one set was obtained from a
single batch. One beam and two cylinders from each set of specimens were
tested at each designated age (Table A~9). The variations which were obtained
were generally less than 9 percent for the flexural tests and 30 percent for
the compressive tests. The average coefficient of variation for the flexural
tests was 6.5 percent and the average coefficient of variation for the com-
pressive strength tests was 11.9 percent.

Abdun-Nur considers a realistic picture of concrete produced under normal
control to be one in which the coefficient of variation of the 28-day strength
is between 20 and 25 percent, while good concrete is concrete with a 15 per=-
cent coefficient of variation (Ref 23), Data from a West Virginia Road Commis-
sion research report on the variation in 28-day compressive strengths of port-
land cement paving concrete are shown in Table A-10. Five paving projects are
represented, and the coefficients of variation obtaiqed ranged from 9.8

to 16.5 percent, with an average value of 12.9 percent.



An analysis of historical data on compressive strengths of concrete based
on a report by the Florida Department of Transportation is shown in Table A-1l.
Two types of concrete, Class A and Class NS, were studied. Routine control
was normally exercised over Class A concrete, while Class NS was only occa-
sionally spot checked. The average coefficient of variation of the 11 Class A
concrete projects sampled was 13.1 percent and varied from 8.8 to 14.7 percent.
The average coefficient of variation for the Class NS concrete projects, where
less control was exercised, was 17.8 percent with a total range of 7.9 percent.

The Louisiana Department of Highways, as part of its quality control
research program, studied the variation in thickness of concrete pavements.
The variations in thickness were generally below 5 percent, with an average
value of approximately 2.8 percent for all three thicknesses sampled
(Table A-12).

Variation in pavement thickness was also studied by the state of Oklahoma.
The thicknesses were measured by inserting a probe in the plastic concrete.
Again, rather small coefficients of variation were obtained, averaging 3.0

percent (Table A-13).

GENERAL DISCUSSION OF THE COMPONENTS OF VARIANCE

In order to arrive at a stage where application of statistical concepts
is effective, it 1s necessary to make estimates of the components of the over-
all variance measured for a given material. The components of overall vari-

. . . . 2 . . 2
ance can be isolated into testing variance Op > sampling variance og

2
Op >
and inherent material variance Og such that

Z-dedd

In order to determine inherent material variation, it is obvious that the

testing and sampling components of variation must be isolated and analyzed.
During the years 1966-1969, the Office of Research and Development of the

Bureau of Public Roads actively promoted research programs in quality assur-

ance. Early research revealed that few data were available for use in estab-

lishing quality levels and statistical variations in highway comstruction.

As of 1969, 28 states had conducted research along these lines, and, according



to data received, in some studies 50 percent or more of the overall variance
measured could be assigned to sampling and testing (Ref 24).

The components in overall variation in 28~day compressive strength of
portland cement concrete shown in Table A-10 are analyzed and reported in
Table A-14. Figure 1 depicts the relationship among the material, sampling,
and testing standard deviations. Since standard deviations are not additive,
the sum of the individual standard deviation components for a given project
does not equal the overall standard deviation shown in Table A-14. From these
data, it was found that the sampling and testing components of variation
generally exceeded the inherent material variation component.

Results of studies of concrete consistency by several states, as measured
by the slump cone method, indicated that the coefficients of variation for
slump range from 21.5 to 53.3 percent (Table A-15). The data seem to indicate
that the material variance constitutes a substantial portion of the overall
variance in measured consistency.

Neaman and Laguros (Ref 26) conducted a study of the components of varia-
tion on a portland cement concrete pavement section approximately 8 miles long
as part of a quality control research project. The variation in some of the
more pertinent characteristics of the pavement and the components of this
variation are contained in Table A-16. Again, rather small variation was
found in the thickness of the pavement, with the coefficient of variation
being 1.1 percent. Moderate variations were found in air content and cylinder
strength, while a rather large coefficient of variation, 53 percent, was found
in the slump measurements. The data on the components of the overall variance
reveal that the material variance constituted a large portion of the overall

variance for the properties reported.

SUMMARY

Based on a review of the literature, it appears that few studies have
been conducted to evaluate the magnitude of the tensile and elastic properties
and the variation in these properties for cores of in-place highway pavement
materials. More quantitative information regarding the tensile and elastic
characterization of these materials is needed. Based on a limited amount of
testing, a range of mean values and variations of some of the more routinely

determined properties of these materials has been presented.



1400+

'2 . Testing (o4)
7

[ = .
S 12004 //A Sampling (o)
(@] OO0
-g Material (gq)
>
S 1000+
[
€
[}
c
(o]
[
E 800+
o
S
& 600+
5
>
[ )]
o
b o] 400"‘
S
O
c
2
»

200+
o
2
°
©
x

0

Project Number

Note: Scale is Applicable Only to Individual Standard
Deviation Components. As Standard Deviations
are Not Additive, Overall Standard Deviation
Cannot be Read from Scale.

Fig 1. Relationship among variation components for concrete
pavement 28-day compressive strength (Ref 25),



10

Low coefficients of variation (less than 5 percent) were found for
measurements of density and thickness. Moderate coefficients of variation,
between 10 and 20 percent, were found for flexural stiffness, initial strain,
and compressive strength measurements, while coefficients of variation ranging
from 20 percent to in excess of 75 percent were found for fatigue life deter-
minations. Studies have indicated that sampling and testing components some-

times constitute a large portion of the overall variation measured.



CHAPTER 3.  EXPERIMENTAL PROGRAM

The principal objectives of this investigation were (1) to characterize
highway paving materials in terms of their tensile and elastic properties,
specifically tensile strength, Poisson's ratio, and modulus of elasticity; and
(2) to establish an estimate of the variation in these properties which can be
expected for an in-place pavement but not necessarily to establish the cause
of the variation. To accomplish these objectives, field cores of various
highway paving materials from construction projects in the state of Texas were
tested using the indirect tensile test. Mezn values for the tensile and
elastic properties were established, and the variation about these mean values
was estimated.

Roadway designers have traditionally assumed that the properties of
paving material are constant along a design length of roadway, where design
length can be defined as a specific length along a roadway which is designed
for uniform thickness and materials type. However, it has been shown that
even in replicate specimens of material prepared under closely controlled
laboratory conditions there is a random variation in properties. This varia-~
tion as measured in the laboratory represents inherent material variation plus
some amount of testing error. Moving from the laboratory environment to a
field construction site, it could be expected that more variation would be
introduced as a result of the relatively uncontrelled construction process as
compared to carefully controlled laboratory conditions.

In order to estimate the additional variation introduced due to the con~
struction process, a set of cores could be obtained from a small area in the
pavement and tested. The scatter in test results from this "clustered" sample
would be an estimate of the variation introduced by the construction process
as well as by the inherent variation of the material and by testing. Addi-
tional variation may also be introduced with time during construction. The
variation in material properties introduced along the road includes inherent
material variation as well as variation introduced by the environment,

changes in the constituents of the wix, changes in contractor or comstruction

11
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technique, and various other factors. This "along-the-road" variation could
be estimated by testing cores sampled randomly along the design length of the
project.

In addition to the variation which occurs horizontally in the pavement,
it may be of interest to determine the variation which occurs vertically since
the lower portion of a pavement layer is subjected to the highest load-induced
tensile stresses. For example, when placing a concrete pavement, it is not
uncommon to have segregation of the coarse aggregate toward the bottom of the
pavement slab, with cement paste and excess water concentrating near the top,
especially if the concrete is overvibrated. 1In addition, the upper face of
the pavement is exposed to the atmosphere, the lower face is exposed to the
base material, and the central portion of the slab is unexposed. Consequent-
ly, the properties of the concrete may be a function of its relative location
or depth in the pavement. Thus, it would be of interest to determine whether
there is a difference between the upper and lower portions of the pavement,
Also, for blackbase and asphaltic concrete pavements, there may be differences

between lifts or layers.

DESCRIPTION OF PROJECTS TESTED

It was originally anticipated that several different types of pavement
material would be available for testing, including portland cement concrete,
blackbase, asphaltic concrete, asphalt-treated materials, cement-treated
materials, and lime~treated materials. However, due to the lack of newly
completed construction projects using some of these materials or the diffi-
culty in obtaining an intact core, only four materials were tested, of which
portland cement concrete and blackbase constitute approximately 75 percent,
since they are most commonly used in paving projects. Asphaltic concrete and
cement-treated base material constituted the remaining 25 percent of the cores
tested. A summary of the projects tested is shown in Table 1. Figure 2 shows
the geographical distribution of the Highway Department districts from which

the pavement cores were obtained.

CORE SAMPLING PIAN UTILIZED IN THIS STUDY

It was originally planned that a small number of cores would be taken

from selected paving projects throughout the state of Texas. However, the



TABLE 1.

PROJECTS TESTED

Portland
Cement Concrete Blackbase Asphaltic Concrete Cement-Treated Base
Project No. No. Project No. No. Project No. No. Project No. No.
District Ident. Cores  Spec. Ident. Cores Spec. Ident. Cores  Spec. Ident. Cores Spec.
2 2-A 38 104 2-4 38 76
2-E 50 134
8 8-A 11 16
12 12-8p 21 46 12-Sp 18 32
13 13-8p 10 28 13-A 11 14
13-8B 19 35
13-C 13 16
15 15-4 27 77 15-A 15 15
17 17-RB 60 170 17-B 50 100
17-M 62 167
18 18-N 9 25 18-B 6 12
18-0 24 72
18 19-A 34 72 19-A 22 54 19-A 23 34
19-8 50 105 19-B 18 36 19-8 17 26
20 20-A 15 29
Total 10 10 1 4
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Texas Highway Department routinely cores newly completed pavements in order to
determine pavement thickness. Since a large number of cores are taken for
that purpose, it was felt that more information could be obtained by testing a
relatively large number of these cores than by testing a relatively few cores
taken solely for this project. Thus, arrangements were made with Texas High-
way Department personnel to obtain cores from recently constructed pavements.

The Highway Department normally cores a portland cement concrete pavement
approximately every 1000 feet unless a thin section is encountered, i.e., a
section of pavement in which the depth is less than design depth. When this
occurs, cores are taken at 10-foot intervals from a fixed location on the
pavement relative to the center line until the depth again reaches design
depth, at which time cores are again taken at 1000-foot intervals (Fig 3).

The core sampling plan used for pavements other than concrete depends on the
policy of each district,

When this concept of systematic random sampling is used, the Highway
Department cores can be considered to have been randomly sampled from the
pavement. This concept assumes that samples obtained in a systematic fashion
(e.g., at 1000-foot intervals) can be considered to be random when the sam-
pling function does not coincide with any variation distribution function that
may exist in the pavement.

As previously discussed, one method of estimating the additional varia-
tion due to construction would be to test cores clustered at approximately the
same location in the pavement. Considered with the total length of a project,
a group of cores obtained at 10-foot intervals approximates a cluster, and is
the most economical approach possible for most projects.

The variation introduced during construction (along-the-road variation)
as a result of changes in pit source, weather, etc. can be estimated with the
cores obtained at large distance intervals (e.g., 1000 feet for concrete

pavements),

SPECIMEN PREPARATION

All portland cement concrete cores were obtained with a 4-inch-inside-
diameter core barrel from 8-inch or 9-inch nominal depth pavements. Since
many projects involved a large number of cores, and due to time restrictions,
not all cores could be tested. Therefore, a portion of the cores were select-

ed at random to represent the along-the-road sample and, where present, the
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clustered sample for a given project. The remaining cores were saved for a
future study of the fatigue characteristics of highway paving materials. The
concrete paving projects were typically multilane rcadways in which the two
main directional lanes (i.e., northbound and southbound) were treated as sep-
arate roadways for sampling purposes.

To investigate differences with respect to depth in the pavement, normal-
ly three specimens were cut from each concrete core, one from the top, center,
and bottom of the core, although it was not always possible to obtain a speci-
men from the center of the concrete cores due to the presence of reinforcing
steel. Each specimen was approximately 2 inches thick, with a 4-inch
diameter.

Both 4-inch and 6-inch-diameter blackbase cores were tested. The cores
were sawed at the interface between lifts whenever possible, so that each
specimen represented only one lift.

Before the specimen was tested, its dimensions were accurately measured

and the specimen was weighed so that its density could be estimated.

GENERAL DESCRIPTION OF INDIRECT TENSILE TEST

The tensile and elastic properties of the paving materials studied were
estimated using the indirect tensile test procedure as modified slightly
(Ref 12) from that originally recommended by Hudson and Kennedy (Ref 27). The
indirect tensile test involves loading a cylindrical specimen with compressive
loads which act parallel to and along the vertical dizmetral plane, as shown
in Fig 4. To distribute the load and maintain a constant loading area, the
compressive load is applied through a half-inch-wide steel loading strip which
is curved at the interface with the specimen and has a radius of curvature
equal to the radius of the specimen.

The loading configuration shown in Fig 4 develops a relatively uniform
tensile stress perpendicular to the direction of the applied load and along
the vertical diametral plane which ultimately causes the specimen to fail by
splitting or rupturing along the vertical diameter (Fig 5). By measuring the
applied load at failure and by continuously monitoring the loads and the hori-
zontal and vertical deformations of the specimen, it is possible to estimate
the tensile strength, Poisson's ratio, and modulus of elasticity of the

specimen.



Fig 4.

Cylindrical specimen with compressive load being applied.

Fig 5. Specimen failing in tension under compressive load,
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TEST EQUIPMENT AND PROCEDURE

The basic test equipment used in this study was the same as that previ-
ously used in studies on stabilized materials at the Center for Highway
Research, The University of Texas at Austin (Refs 9, 10, 11, and 12). The
basic testing apparatus includes a loading system and a means of monitoring
the applied loads, the horizontal deformation of the specimen, and the verti-
cal deformation of the specimen.

The loading system consisted of an MTS loading system, a loading device,
and loading strips. In this study, a closed loop electrohydraulic system was
used in order to accurately control the deformation rate. For the tests con-
ducted in this study, a deformation rate of 0.5 inch per minute was used for
tests on portland cement concrete and cement-treated materials and a rate of
2 inches per minute was used on blackbase and asphaltic concrete. All tests
were conducted at a temperature of approximately 75° F,

It was necessary to use a special loading device to insure that the load-
ing platens and strips remain parallel during the test. A loading device
which has proven to be satisfactory and which was used in this study is a
modified, commercially available die set with upper and lower platens con-
strained to remain parallel during the test (Fig 6). Mounted on the upper and
lower platens are half-inch-wide curved steel loading strips.

The load was monitored with a load cell in order to obtain electrical
readouts which could be recorded continuously. Horizontal deformations of the
specimen were measured using a device basically consisting of two cantilevered
arms with strain gages attached (Fig 7). Vertical deformations were measured
with a DC linear-variable-differential transformer (LVDT). This LVDT was also
used to control the vertical deformation rate during the test by providing an
electrical signal relative to the movement between the upper and lower pla-
tens. The loads and deformations were monitored by two X-Y plotters, one re-
cording load and horizontal deformation, and one recording load and vertical
deformation.

Points picked from the X-Y plots were used as input for computer program
MODIAS 9, which was developed at the Center for Highway Research at The Uni-
versity of Texas to calculate the tensile and elastic properties of materials
tested using the indirect tensile test. Included in the printed output are
estimates of Poisson's ratio, modulus of elasticity, tensile strength, and

density for each specimen tested,
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Fig 7.

Horizontal deformation measuring device.
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The modulus of elasticity calculated in MODIAS 9 for the concrete and
cement-stabilized materials was based on an estimated value of Poisson's
ratio, since total vertical deformations of these materials at failure are
very small, and since surface irregularities cause a significant error in the
vertical deformation measurement which precludes the experimental determina-~
tion of Poisson's ratio. An estimated value of 0.20 for concrete and 0.22 for
cement-treated materials was used. Since the true Poisson's ratio may have
been different from the assumed value, which would have affected the calcu-
lated modulus value, a sensitivity analysis was conducted to determine the
magnitude of the effect on computed modulus produced by changes in Poisson's
ratio. A range of Poisson's ratio values from 0.18 to 0.24 was used for con-

crete and a range from 0.20 to 0.26 was used for cement-treated base.

No experimental difficulties were encountered in the tests on blackbase
and asphaltic concrete; consequently Poisson's ratio was experimentally esti-
mated, and the modulus value for each specimen was calculated using the exper-

imentally determined Poisson's ratio value.

METHOD OF ANALYSIS

One of the objectives of this study was to obtain an estimate of the
variation in material properties existing in a highway pavement. For this
purpose, the coefficient of variation was defined as the sample standard
deviation divided by the sample mean, expressed as a percent.

In order for the coefficient of variation to be a valid and meaningful
test statistic, it must be assumed that the material property being analyzed
is approximately normally distributed about some mean value. Studies have
shown that the variability of highway materials and properties follows common
statistical distributions, such as the normal distribution (Refs 8 and 28),

and, therefore, this assumption should be reasonably valid.



CHAPTER 4. ANALYSTS AND EVALUATION OF TEST RESULTS

The primary objective of this study was to synthesize information on the
elastic and tensile characteristics and their variations for various highway
pavement materials in order to provide preliminary estimates of materials
properties for the design of pavements. The materials tested and evaluated
for this purpose were portland cement concrete (PCC), blackbase (BB), asphal-
tic concrete (HMAC), and cement-treated base (CIB), and for convenience and

ease of discussion, the results for each material are discussed separately,

PORTLAND CEMENT CONCRETE

Cores were obtained from a total of ten projects from six Texas Highway
Department districts. Three of these projects had clustered samples involving
cores obtained at 10-foot intervals., Each core was generally sawed to obtain
three specimens. Each of these specimens was tested using the indirect ten-
sile test, and the test results were used to estimate tensile strength and
modulus of elasticity. In addition, the variation in pavement thickness was
determined for the projects for which this information was available and den-
sities were estimated by measuring the dimensions and weight of the specimens.
A summary of the test results is shown in Tables 2 through 4. Aggregate type

is shown in Table 2.

Tensile Strength

The results of tests involving the individual specimens, regardless of
whether the specimen was cut from the top, center, or bottom of the core, are
summarized in Table 2. Mean tensile strength values varied from 391 psi
to 584 psi and averaged 471 psi. The coefficient of variation for the mean
tensile strength values for each project was 13 percent, and, while this value
was not large, it did indicate that there were differences between projects,
which means that the coefficients of the individual projects are more meaning-
ful than an overall coefficient. Coefficients of variation within given proj-

ects were very consistent at about 20 percent. This magnitude of variation is

23



TABLE 2., SUMMARY OF TEST RESULTS FOR INDIVIDUAL ALONG-THE~-ROAD SPECIMENS 1,
PCC PAVEMENT PROJECTS
Tensile Modulus of
Strength Elasticity 2 Density
Project Number Distance
Identi- Aggregate of Covered Mean cv Mean cv Mean Ccv
District fication Type Specimens (miles) (psi) (%) (106 psi) (%) (pef) (%)
2-A Limestone 104 17.0 459 19 4.14 40 140.6 1.1
2 -
2-E Limestone 134 27.3 490 20 3.70 35 140.1 1.6
12 12-5p Gravel 46 ~ 466 29 3.66 36 138.5 4.7
13 13-8p Gravel 28 - 584 19 4,38 22 140.7 1.7
17-B Gravel 141 23,3 498 19 5.02 26 142.4 2.0
17
17-M Gravel 122 22.0 428 20 3.62 37 141.3 1.4
18-N Limestone 25 4.6 424 19 3.74 24 142.0 1.8
18
18-0 Limes tone 72 4.2 566 19 4,24 26 146.2 1.2
19~-4 Gravel 72 16.1 427 21 3.36 42 140.9 1.5
19 B
Iron ore,
19-B slag, 63 12.9 391 20 3.40 42 133.1 1.9
gravel
Weighted Average 471 20 3.99 34 - 1.7
Range 193 10 1.66 20 - 3.6
CV of Means (%) 13 13 -

! Top, center, and bottom slices from each core.

® Assumed Poisson's ratio = 0.20.
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comparable to that found for flexural and compressive strength in previous
studies.

A comparison of the strengths of the top, center, and bottom specimens
indicated that there was a general increase in strength with depth (Table 3).
However, only the specimens cut from the bottom of the cores had significantly
higher tensile strengths than the specimens from the top and center portions
of the cores. These strength differences ranged from 20 to as much as 150 psi,
and were significant at a 95 percent confidence level. The strengths of the
center and top specimens were not significantly different from each other.
Thus, a portion of the within-project variation shown in Table 2 can be attrib-

uted to the variation due to location or position within the core.

Modulus of Elasticity

Since reliable estimates of Poisson's ratio for concrete could not be ob-
tained experimentally, it was necessary to assume a value of Poisson's ratio
in order to calculate a modulus. The value assumed was 0.20. Results of a
sensitivity analysis (Table 5) indicate that a 25 percent change in Poisson's
ratio (0.18 to 0.24) produced a 12 percent change in the computed modulus
value (3.58 x 106 to 4.06 x 106 psi). The coefficient of variation, however,
was constant,

Comparison of the top, center, and bottom specimens from each core re-
vealed that in most cases there was an increase in modulus with depth and that
the bottom specimens generally had a higher modulus than the centers and tops.
Even though this difference was significant at a probability level of 0.95,
the trend was not as pronounced as that for tensile strength. As with
strength comparisons, there were generally no significant differences between
center and top specimens.

From Table 2 it can be seen that the range in mean modulus values for the
ten projects tested was not large. The values for all ten projects ranged
from 3.36 X 106 psi to 5.02 x 106 psi and averaged 3.99 X 106 psi. The coef-
ficient of variation of the mean modulus values from Table 2 was 13 percent,
which is approximately the same as for strength. The variation in modulus
within a given project was low to moderate, with coefficients of variation
ranging from 22 percent to 42 percent. The average coefficient for all ten

projects was 34 percent.



TABLE 3. TENSILE STRENGTH AND MODULUS OF TOP, CENTER,
AND BOTTOM SPECIMENS FROM CONCRETE CORES

Number Tensile Strength (psi) Modulus of Elasticity (psi X 106)
Project of
Identi- Specimens
District fication T C B Tops Centers Bottoms Tops Centers Bottoms

2-A 35 31 38 438 453 484 4.12 3.78 4.48
: 2-E 47 39 48 466 464 535 3.78 3.62 3.70
12 12-Sp 16 13 15 497 485 428 4,03 3.95 3.24
13 13-Sp 9 9 10 530 586 630 3.96 4.59 4.55
17-B 43 49 49 455 477 557 4.67 4.95 5.39
Y 17-M 42 38 42 397 432 455 3.33 3.45 4.06
18-N 9 7 9 406 422 442 3.43 3.93 3.90
e 18-0 24 24 24 516 545 636 3.59 4.13 5.02
19-A 29 14 29 404 446 440 3.27 3.57 3.35
Y 19-B 28 8 27 390 374 398 3.47 2.96 3.47
Weighted Average 443 469 502 3.80 3.99 4.20
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TABLE 4.

CLUSTERED AND ALONG-THE-ROAD TEST RESULTS
FOR PCC PAVEMENT PROJECTS

Tensile Modulus of
Strength Elasticity 1 Density
Project Number
Identi- Sample of Distance Mean cv Mean Ccv Mean Ccv
District fication Plan Specimens Covered (psi) %) (106 psi) (%) (pef) (%)
17 17-B ATR 141 23.3 miles 498 19 5.02 26 142.4 2.0
Cluster 29 150 feet 476 22 5.00 31 144 .3 0.8
17-M ATR 122 22.0 miles 428 20 3.62 37 141.3 1.4
17 Cluster 1 21 240 feet 416 18 3.84 37 141.2 1.2
Cluster 2 24 200 feet 447 21 3.84 37 141.3 1.1
19-8 ATR 63 12.9 miles 391 20 3.40 42 133.1 1.9
19 Cluster 1 25 90 feet 415 15 3.22 42 134.5 1.6
Cluster 2 17 100 feet 436 19 3.40 40 135.0 1.6
1 Assumed Poisson's ratio = 0.20.
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TABLE 5.

SENSITIVITY OF MODULUS OF ELASTICITY TO ASSUMED POISSON'S RATIO
FOR PORTLAND CEMENT CONCRETE } AND CEMENT-TREATED MATERIAL 2

Assumed Poisson's Ratio

Modulus of Elasticity

Portland Cement Concrete

Cement-Treated Material

Mean SD v Mean sD v

(108 psi) (106 psi) (%) (10% psi) (108 psi) (%)

0.18 3.58 0.86 24 - - -
0.20 3.74 0.90 24 0.578 0.344 60
0.22 3.90 0.94 24 0.602 0.358 60
0.24 4 .06 0.97 24 0.627 0.373 60
0.26 - - - 0.652 0.388 60

1 25 specimens

2 29 specimens

For Portland Cement Concrete:

0.24 - 0.18 _ o
0.24 ?Sé change
in
Poisson's
Ratio
Results in

4,06 - 3,58 .

—4.06 %24 change
in
Elasticity

For Cement-Treated Material:

0.26 - 0.20 o
~0.26 ?34 change
in
Poisson's
Ratio
Results in
0.652 - 0,578 _ 119
0.652 = 11% change
in
Elasticity

8¢
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Density and Pavement Thickness

Project densities ranged from 133.1 pcf to 146.2 pcf. Coefficients of
variation were generally very small, averaging 1.7 percent. Pavement thick-
ness measurements shown in Table 6 indicate minimal variation. Coefficients
of variation were generally less than 3 percent for the 8-inch design depth
pavements. The depth variation for the one project with a 9-inch design depth
was somewhat greater, with a coefficient of variation of 4.7 percent.

The magnitudes of these variations are éonsistent with values reported

from previous studies which indicated low coefficients of variation for pave-

ment thickness and density.

Clustered Sample Analysis

As seen in Table 4, the mean modulus and tensile strength values and co-
efficients of variation for the clustered samples are not significantly dif-
ferent from those of the along-the-road samples for the same project, although
the clustered samples were expected to have a smaller variation. Thus, it
would seem that for the projects evaluated no significant additional variations
were introduced along the roadway or that the longitudinal distances covered
by the clustered samples, which ranged from 90 to 240 feet, were sufficiently
large to allow variation other than that inherent to the material and method
of construction to be introduced. 1In fact, in some instances the cluster vari-
ation exceeds the along-the-road variation, probably due to the large differ-

ences in sample size.

CEMENT-TREATED BASE

A summary of the results from tests on cement-treated materials is shown
in Table 7. Specimens from four projects in three districts were tested. The
results tend to demonstrate that an obvious characteristic of this material

is its highly variable nature.

Tensile Strength

Mean tensile strengths ranged from 83 psi to 210 psi; however, when the
results of one project were excepted, the range was 83 psi to 120 psi. The
high strength, 210 psi, was due to the high cement content used and, in fact,
this material might appropriately be classified as a lean concrete. The

significant difference between projects was indicated by the high coefficient
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TABLE 6. THICKNESS OF PORTLIAND CEMENT CONCRETE PAVEMENTS 1
B
Pavement Thickness
Project
Identi- Sample Number of Mean Ccv Design
District fication Plan Cores (inches) %) (inches)
2-A ATR 2 38 8.3 2.6 8.0
2
2-E ATR 50 8.3 2.5 8.0
17-8 ATR 50 8.2 2.6 .0
Cluster © 10 7.8 1.2 8.0
17 ATR 47 8.2 2.6
17-M Cluster 1 7 7. 1 .
Cluster 2 8 7.6 1.1
18-N ATR 9 8.8 3.7 8.0
18
18-0 ATR 24 9.5 4.7 9.0
19-A ATR 34 8.2 2.9 8.0
19 ATR 31 8.2 4
19-B Cluster 1 10 7.6
Cluster 2 9 7.6 1.4

1 Thickness determined by measuring

2 Along-the-road.

depth of core in laboratory.

8 Cluster samples from thin section where thickness is less than

design value.



TABLE 7. SUMMARY OF ALONG-THE-ROAD TEST RESULTS,
CEMENT-TREATED BASE ! PROJECTS
Tensile Modulus of
Strength Elasticity Density
Project Distance
Identi- Type of Number of Covered Mean cv Mean cv Mean cv
District | fication Material Specimens (miles) (psi) (%) (106 psi) %) (pcf) (%)
12 12-A Sand 32 - 210 31 1.76 72 128.4 3.9
shell
19-A Soil 20 1.4 90 23 1.05 83 122.0 1.9
cement
19
19-B Soil 19 1.2 83 37 0.73 57 121.3 2.8
cement
20 20-A Burned 29 1.5 120 49 0.60 60 113.8 3.7
clay
Weighted Average 136 36 1.09 68 - 3.2
Range 127 26 1.16 26 - 2.0
CV of Means (%) 46 - 50 - -

! Results for all individual specimens or lifts.

2 Assumed Poisson's ratio = 0.22.
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of variation of the means, 46 percent. The coefficients of variation within

each project were moderate to high, ranging from 23 percent to 49 percent.

Modulus of Elasticity

Since experimental estimates of Poisson's ratio for cement-treated bases
could not be obtained experimentally, a Poisson's ratio of 0.22 was assumed.
Results of the sensitivity analysis (Table 5) indicate that a 23 percent
change in Poisson's ratio (0.20 to 0.26) produced an 1l percent change in the
computed modulus value (0.578 x 106 psi to 0.652 x 106 psi). The coefficient
of variation, however, was not affected.

As seen in Table 7, mean modulus values varied from 0.60 x 106 psi
to 1.76 x 106 psi, and averaged 1.09 x 106 psi. Excluding the high modulus
material, the average modulus was 0.77 x 106 psi and the range was
from 0.60 x 106 to 1.05 x 106 psi. The variation for the individual projects

was moderate to high, with coefficient of variation values ranging

from 57 percent to 83 percent, and averaging 68 percent.

Density

Densities were subject to much less variation than either tensile
strength or modulus. Coefficients of variation for density ranged
from 1.9 percent to 3.9 percent, and averaged approximately 3.2 percent,

which, as previously noted, is comparable to that found in previous studies.

Clustered Sample Analysis

It can be seen in Table 8 that the coefficients of variation for the
clustered samples were lower than those for the along-the-road samples, indi-
cating that additional variation was probably introduced. However, the mean

values for the clustered samples were also lower, which cannot be explained.
General

Variations within projects and among projects are rather large when com-
pared to those obtained in tests on concrete, This is possibly explained by
the fact that most cement-treated jobs are commonly field mixed with in-situ
soils, which are sometimes highly variable. This is also a relatively crude
process when compared to batch plant mixing. However, two of the cement-
treated projects, sand-shell from District 12 and the burned clay from

District 20, were batch plant mixed, and it can be seen from Table 7 that



TABLIE 8. CLUSTERED AND ALONG-THE-ROAD TEST RESULTS
FOR CEMENT-TREATED BASE
Tensile Modulus of
Strength Elasticity? Density
Project Number
Identi~- Sample of Distance Mean cv Mean Ccv Mean cv
District | fication Plan Specimens Covered (psi) (%) (105 psi) (%) (pcf) (%)
19-A ATR 20 1.4 miles 90 23 10.54 83 122.0 1.9
19 Cluster 1 7 1 foot 66 57 4.54 57 116.3 1.7
Cluster 2 7 1 foot 85 24 8.28 66 119.1 3.3
19 19-8 ATR 19 1.2 miles 83 37 7.34 57 121.3 2,8
Cluster 7 1 foot 58 18 4.70 48 119.4 1.5

1 Assumed Poisson's ratio = 0.22.
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large variations also existed for modulus and tensile strength. It is be-
lieved that the highly variable nature of both aggregates and the relative
nonhomogeneity of the mix contributed to the variation. In order to partially
compensate for this large variation, high cement contents were used with the
sand-shell which increased the mean tensile strength and modulus values well

above minimum design values.

BLACKBASE

A description of the ten blackbase projects is contained in Table 9.
Summaries of the test results for the projects are shown in Tables 10 and 11;
only two of the projects had clustered samples. The parameters estimated
using the indirect tensile test were tensile strength, modulus of elasticity,
and Poisson's ratio. Density was estimated by measuring the dimensions and

weights of the specimens.

Tensile Strength

The mean tensile strengths for the various projects ranged from 53 psi
to 157 psi and averaged 102 psi. The lower extreme value, however, was from
Project 13, which produced very rough cores which were difficult to test and
which may have produced low strength values, Eliminating Project 13, the ten-
sile strengths ranged from 84 to 157 with an average of 105 psi.

In addition to the fact that the various blackbase materials were com-
posed of different aggregates and asphalts and had different strengths, as in~
dicated by the coefficient of variation of the means (27 percent with Proj-
ect 13 and 23 percent without Project 13), the various projects also had dif-
ferent coefficients of variation. Thus, the coefficients for the individual
projects are more meaningful than the overall coefficient of variation for all
specimens. These coefficients ranged from 14 percent to 40 percent and aver-
aged 26 percent for all projects. By eliminating Project 13, which exhibited
larger variations, the range was 14 to 27 percent, with an average of 21 per-
cent.

Many of these specimens were obtained from the same core by sawing speci-
mens from the individual 1ifts. Since these lifts were placed at different
times, these specimens can be considered to be independent of each other. On

the other hand, the properties of the material in the lifts at any given loca-

tion determine the behavioral characteristics of the pavement at that location.



TABLE 9.

DESCRIPTION OF

BLACKBASE PROJECTS

Project Number Number Distance Asphalt
Identi- of of Covered
District fication Cores Specimens (miles) Type % by wt. Aggregate
2 2-A 38 76 15.0 AC-20 5.5 Crushed limestone, field sand
8 g-A 11 16 3.3 AC-20 5.5-6. Crushed limestone, sand, gravel
13~-A 11 14 8.0 AC-20 4.2
13 13-B 19 28 AC-20 4.0-4.9 | Pit-run gravel
13-C 13 16 .0 AC-20 4.0-4.
15 15-A 27 49 10.9 AC-10 5.1 Pit-run gravel
17 17-B 50 100 19.1 AC-10 4 Brazos River gravel
AC-20
18 18-B 6 12 0.9 AC-20 5.5-6. Pea gravel, field sand
19-A 22 54 19.3 AC-20 4.8-5.6
19 Gravel, crushed slag, sand
19-B 18 36 15.2 AC-20 -6.

GE



TABLE 10. SUMMARY OF ALONG-THE-ROAD TEST RESULTS FOR INDIVIDUAL SPECIMENS,
BLACKBASE PROJECTS
Tensile Modulus of Poisson's
Strength Elasticity Ratio Density
Project Number Distance
Identi~ of Covered Mean cv Mean cv cv Mean cv
District fication | Specimens (miles) (psi) (%) (103 psi) (%)  Mean (%) (pef) (%)
2 2-A 76 15.0 84 20 38.6 32 0.34 39 127.0 2.4
8 8-A 16 3.3 112 14 91.5 29 0.28 40 138.4 2.6
13-A 14 8.0 87 40 44.9 46 0.16 58 * *
13 13-B 28 4.3 104 36 87.3 62 0.16 73 * *
13-C 16 3.0 53 40 35.0 40 0.26 57 * *
15 15-A 49 10.9 157 17 86.1 59 0.23 47 140.4 2.2
17 17-8 100 19.1 105 27 55.2 44 0.24 41 136.0 2.3
18 18-B 12 0.9 107 25 42 .2 24 0.20 64 135.1 2.3
19 19-A 54 19.3 95 20 55.2 33 0.32 38 141.6 1.7
19-B 36 15.2 88 21 64.7 34 0.16 67 136.1 3.6
*Not attainable Weighted Average 102 26 58.8 40 0.25 52 - -
Range 104 26 56.5 38 0.18 35 - -
CV of Means (%) 27 - 36 - 28 - - -
EXCLUDING PROJECT 13
Weighted Average 105 21 58.2 36 0.27 48 - 2.4
Range 73 13 52.9 35 0.18 29 - 1.9
CV of Means (%) 23 - 33 - 25 - - -
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TABLE 11.

CLUSTERED AND ALONG~THE-ROAD TEST RESULTS FOR BLACKBASE SPECIMENS

Tensile Modulus of Poisson's
Strength Elasticity Ratio Density
Project Number
Identi- Sample of Distance Mean cv Mean cv cv Mean cv
District | fication Plan Specimens Covered (psi) %) (103 psi) (%) | Mean (%) (pcf) %)
ATR 28 4.3 miles 104 36 87.3 62 0.16 73 - -
13 13-B Cluster 4 50 feet 133 11 72.4 31 0.11 36 - -
Cluster 3 50 feet 173 7 67.5 8 0.18 37 - -
ATR 49 10.9 miles 157 17 86.1 59 0.23 47 140.4 2,2
Cluster 7 250 feet 146 11 73.2 42 0.21 44 141.7 1.2
15 15-A
Cluster 6 250 feet 151 18 71.6 36 0.31 41 140.2 2.9
Cluster 7 250 feet 159 9 75.8 20 0.33 24 142.0 0.8

LE
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Thus, a comparison was made to determine whether there were strength differ-
ences between layers.

This comparison indicated that there was no significant difference in the
tensile strength of the specimens from the various layers at a confidence

level of 95 percent.

Modulus of Elasticity

Mean modulus values (Table 10) varied from 35.0 x 103 psi to 91.5 x 103 psi
and averaged 58.8 x 103 psi. The coefficient of variation of the mean modulus
values was 36 percent, indicating project differences. Elimination of Proj-
ect 13 did not significantly change these values, 38.6 x 103 to 91.5 X 103,
with an average of 58.2 X 103 psi. Coefficients of variation within projects
ranged from 24 percent to 62 percent and averaged 40 percent. Eliminating
Project 13, the coefficients ranged from 24 percent to 59 percent and the
average was reduced to 36 percent.

A comparison of the moduli of the layers comprising a given core indi-

cated no significant differences existed between layers at a confidence level

of 95 percent.

Poisson's Ratio

Mean Poisson's ratio values (Table 10) ranged from 0.16 to 0.34, with an
average of 0.25 with Project 13 and 0.27 without Project 13. The coefficient
of variation of these means was 25 percent, which was approximately the same
magnitude as the coefficient obtained for strength. The variation in Poisson's
ratio for each project was found to be large, ranging from 39 percent to 73
percent, with an average of 52 percent., With the elimination of Project 13,
the range was 39 percent to 67 percent and the average was reduced to 48
percent. This large range of coefficients is probably due to the fact that
the calculation of Poisson's ratio is very sensitive to small errors in the

deformation measurements.

Density

A comparison of the mean densities for each project (Table 10) has no
meaning since different aggregates were used. The coefficients of variation
of the densities for each project were generally small, ranging from 1.7

to 3.6 and averaging 2.4 percent. The magnitudes of these variations are
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consistent with values reported from previous studies, which indicated low co-

efficients of variation for density.

Clustered Sample Analysis

Table 11 contains the results of the analysis of the clustered samples
for the two projects which had cores for analysis.

The coefficients of variation (Table 11) for tensile strength, modulus of
elasticity, and Poisson's ratio for the clustered samples were somewhat smal-
ler than for the along-the-road samples, indicating that additional variation
was introduced by along-the-road changes. However, because of the limited

number of projects, no definite conclusions could be made.

ASPHALTIC CONCRETE

Only one asphaltic concrete project was tested, and the results are sum-
marized in Table 12. The mean values for tensile strength, modulus of elas-
ticity, and Poisson's ratio were 77 psi, 42.0 X 103 psi, and 0.40, respective-
ly. The coefficients of variation for the same properties were 16 percent,

29 percent, and 27 percent, respectively. These values were generally smaller
than those obtained for blackbase, possibly indicating greater design and con-
struction control. However, additional projects should be tested before defi-
nite conclusions are made. As with the other materials, the variation in den~-

sities was small, 3.7 percent, for a mean density of 133.5 pcf.



TABLE 12. SUMMARY OF ALONG-THE~ROAD TEST RESULTS,

ASPHALTIC CONCRETE 1

Tensile Modulus of Poisson's
Strength Elasticity Ratio Density
Project Distance
Identi- Number of Covered Mean Ccv ean cv Ccv Mean cv
District | fication | Specimens (miles) (psi) (%) (10° psi) (%) Mean (%) (pcf) (%)
15 15-A 15 10.9 77 16 42.0 29 0.40 27 133.5 3.7

! Results for all individual specimens or lifts.

0%



CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

This report summarizes the findings of a study to determine the magnitude
of the tensile and elastic properties of pavement material and the variations
asgsociated with these properties for use in an elastic pavement design proce-
dure incorporating stochastic and reliability concepts. Cores from newly
congstructed pavements were obtained and tested using the indirect tensile test
in order to obtain estimates of tensile strength, Poisson's ratio, and modulus
of elasticity, and the variations in these properties which might be expected
in a highway pavement. No attempt was made to determine the cause of observed
differences. The pavement materials examined included portland cement concrete
(ten projects), blackbase (ten projects), cement-treated base (four projects)
and asphaltic concrete (one project). The conclusions and recommendations

based on the findings of this study are stated below.

CONCLUSTONS
GENERAL

(1) Based on the fact that the projects tested were different, as evi-
denced by the variation in mean values from project to project for a given
material type, it was concluded that the coefficients of variation obtained
for individual projects are more meaningful than an overall coefficient for
all projects,

(2) Very little variation (generally less than 3 percent) was encountered
in pavement thickness and density, regardless of material type.

(3) Results of the clustered sample analyses tend to indicate that addi-
tional variation is introduced along the roadway, but no definite conclusions
can be made without additional investigation involving more carefully designed
core sampling plan to obtain clustered samples.

(4) The magnitude of the variations observed appeared to depend on the
material involved. Relatively small variations were found for portland cement
concrete, moderate variations were associated with blackbase and asphaltic

concrete, and large variations were found to exist in cement-treated materials.

41
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PORTLAND CEMENT CONCRETE

Tensile Strength

(1) Mean tensile strengths varied from 391 psi to 584 psi and averaged
471 psi.

(2) Tensile strength tended to increase with increasing pavement depth,
i.e., the tensile strength of the concrete from the bottom of the pavement slab
was higher than that of concrete taken from the center or top of the slab.

(3) The within-project coefficient of variation was approximately the
gsame for all projects, regardless of the mean value.

(4) The coefficlient of variation for each project was approximately

20 percent for individual specimens.

Modulus of Elasticity

(1) Mean modulus values for all specimens varied from 3.36 X 106 psi
to 5.02 X 109 psi and averaged 3.99 x 100 psi.

(2) As with tensile strength, the modulus tended to increase with increas-
ing depth, with the concrete at the bottom of the pavement having a higher
modulus than that from the center or top of the pavement.

(3) The within-project coefficient of variation ranged from 22 percent

to 42 percent and averaged 34 percent for individual specimens.
CEMENT- TREATED BASE

Tensile Strength

(1) Mean tensile strengths varied from 83 psi to 120 psi, with one
project with a high cement content (District 12) producing a strength of
210 psi.

(2) The within-project coefficients of variation were moderate to high,

ranging from 23 percent to 49 percent and averaging 36 percent.

Modulus of Elasticity

(1) Mean modulus values varied from .60 x 10% psi to 1.76 x 10° psi.
Excluding the high modulus material, the average modulus was 0.77 X 106 psi.
(2) The within-project coefficients of variation were moderate to high,

ranging from 57 percent to 83 percent and averaging 68 percent.
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BLACKBASE
Tensile Strength

(1) Mean tensile strength values varied from 84 psi to 157 psi and
averaged 105 psi. The coefficient of variation of the mean values was
23 percent.

(2) No significant differences in tensile strength were found to exist
between the various layers or lifts at a confidence level of 95 percent.

(3) The within-project coefficients of variation were moderate for
individual specimens, ranging from 14 percent to 27 percent and averaging

21 percent.

Modulus of Elasticity

(1) Mean modulus values varied from 38.6 x 103 psi to 91.5 x 103 psi
and averaged 58.2 x 103 psi. The coefficient of variation of the mean modulus
values was 33 percent, which is glightly higher than that for tensile strength.
(2) No significant differences in modulus of elasticity were found to
exist between the various layers or lifts at a confidence level of 95 percent.
(3) Coefficients of variation for each project ranged from 24 percent to

59 percent and averaged 36 percent.

Poisson's Ratio

(1) Mean Poisson's ratio values ranged from 0.16 to 0.34 and averaged
0.27. The coefficient of variation of the mean values was 25 percent, which
was approximately equal to that obtained for both strength and modulus.

(2) within-project variation for each project was large, ranging from
39 percent to 67 percent and averaging 49 percent.

(3) Trends similar to those observed for tensile strength and modulus
were observed in the reduction of variation when average core values were

analyzed.
ASPHALTIC CONCRETE

(1) The mean values for tensile strength, modulus of elasticity, and
Poisson's ratio for one project were 77 psi, 42.0 X 103 psi, and 0.40,

respectively.
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(2) The coefficients of variation for tensile strength, modulus of
elasticity, and Poisson's ratio were 16 percent, 29 percent, and 27 percent,
respectively, which were generally smaller than those obtained for blackbase.

(3) No conclusions could be reached since only one project was

involved.

RECOMMENDA TIONS

(1) Since only a limited variety of materials was available for this
study, it is recommended that additional material types be obtained and tested
to supplement the results of this study. These should include lime-treated
materials, if possible, and additional cement-treated materials and asphaltic
concrete.

(2) The materials tested in this study were obtained from newly completed
pavements. Thus, a future study should involve obtaining and testing additional
cores from the projects tested in this study to evaluate the time effects of
age, traffic loadings, and climatic changes.

(3) Future regsearch should be directed toward the fatigue characterization
of field cores of highway paving materials, i.e., the behavior of the materials
when subjected to dynamic or repeated loadings such as those imposed by moving
wheel loads on a highway pavement. The fatigue characterization should include
the magnitude of the fatigue life as well as the variations associated with
fatigue life.

(4) Additional research should be conducted to investigate the effect
of repeated applications of load on the tensile and elastic properties of
paving materials.

(5) The information obtained from this study on the magnitude of and
variation in the tensile and elastic properties of pavement materials should
be used as in the development of stochastic pavement design procedure based
on elastic thoery.

(6) The Texas Highway Department should utilize the indirect tensile test
to begin to develop additional information on the tensile characteristics of
pavement materials being used in the state, The district laboratories should
concentrate on using the test to determine strength and to evaluate the

strength values in terms of the performance characteristics of pavements. The
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Materials and Tests Division (D-9) should also conduct the test for strength
but, in additlion, should attempt to estimate and evaluate modulus of elasticity

and Poisson's ratio.
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TABLE A~1. VARIATION IN INDIRECT TENSILE STRENGTHS
OF LABORATORY PREPARED SPECIMENS

Average Indirect

Refer- Number of Tensile Strength
ence Tests Specimen Size Material (psi) cv (%) Comments
13 24 3-in. dia. x 6-1in. cylinders Keene's 226 6.0 Tested one day after casting
cement
14 32 6-in. dia. x 12-in. cylinders Concrete 405 5.0 Rate of tensile stress appli-
cation was 100 psi/minute
15 5 4-in, dia. x 1-in. disks Plaster 445 6.0 Flat steel loading platens,
no cushion
15 5 4-1in, dia. x 1-in. disks Plaster 563 8.0 Flat steel loading platens
with cardboard cushions
16 16 6-in. dia. x 12-in. cylinders Concrete 266 4.5 28-day strengths, plywood
loading strips
16 16 24-1in, dia. x 2-in. disks Concrete 295 6.0 28-day strengths, plywood

loading strips

TABLE A-2. VARIATION IN ELASTIC PROPERTIES OF CEMENT MORTAR DISK
USING THE INDIRECT TENSILE TEST (Ref 16)

Number of Standard Standard
Tests Specimen Size Mean Deviation cv (%) Mean Deviation cv (%)
16 24-in, dia. x 2-in. disks 0.196 0.024 12,2 4.22 0.27 6.4
instrumented with strain
gages

0S



TABLE A-3. VARIATION IN FATIGUE LIFE, INITIAL STRAIN, AND FLEXURAL
STIFFNESS OF WEATHERED AND UNWEATHERED ASPHALT CEMENT
AT 68° F (Ref 17)

Initial Strain

Fatigue Life (cycles) (in./in. x 10-6) Stiffness (psi)

Coeff. Coeff. Coeff.

Specimen Stress No. of sStd. of Var. Std. of Var. Std. of Var.
Description (psi) Spec. Mean Dev. (%) Mean  Dev. %) Mean Dev. %)
Unweathered 200 4 6,474 4,909 75.8 972 200 20.6 213,000 44,600 20.9
asphalt 150 4 17,997 11,438 63.6 717 88 12.3 200,000 42,800 21.4
90 4 363,025 194,385 53.5 431 77 17.8 211,000 39,400 18.6
Weathered 375 4 1,665 1,108 66.5 662 109 16.4 582,000 112,000 19.2
asphalt 280 4 16,172 9,238 57.1 464 106 22.8 624,000 131,000 20.9

120 31 252,926 142,348 56.3 253 24 9.5 476,000 34,000 7.2

1Test of fourth specimen discontinued after approximately 70,000 cycles of loading.

1¢



TABLE A-4. TFLEXURAL STIFFNESS MEASUREMENTS ON
FIELD SAMPLES OF ASPHALTIC CONCRETE
USING PULSE LOADING METHOD (Ref 17)

Measured Stiffness (psi x 105)

68° F 40° F
No. of

Sample Spec- Std. cv Std. cv
Group imens Mean Dev. %) Mean Dev. )

Specimens From Surface Course
1 19 1.79 0.42 23.5 6.80 1.53 22.5
2 20 1.65 0.39 23.6 7.03 1.91 27.2
3 20 1.52 0.41 26.9 7.12 1.41 19.8
4 19 1.34 0.37 27.6 5.90 1.11 18.8
Lab
compacted 26 1.29 0.22 17.0 5.76 0.74 12.8

Specimens From Base Course
1 12 1.57 0.42 26.6 5.95 1.54 25.9
2 12 1.39 0.26 18.7 5.66 3.14 55.5
3 8 1.47 0.41 27.9 4,40 0.90 20.4
4 10 1.42 0.42 29.6 4.96 1.22 24,6
Lab
compac ted 29 1.19 0.19 16.0 5.31 1.50 28.2
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TABLE A-5. FLEXURAL STIFFNESS MEASUREMENTS
ON PAVEMENT SAMPLES FROM
STA 308 + 10 (Ref 21)
A 5
Measured Stiffness (psi x 107)
68° F 40° F
No. of Standard cv Standard cv
Location Specimens Mean Deviation %) Mean Deviation %)
Surface course 20 1.52 0.41 27.0 7.12 1.41 19.8
Base course 8 1.47 0.41 27.9 4.40 0.90 20.4




TABLE A-6. ASPHALTIC CONCRETE COMPACTION DATA
FROM AASHO ROAD TEST (Ref 22)

Lab.
Data Field Data
Density (pcf) Voids (% tot. vol.) Voids (% filled)
No. Std. cv Std. cv Std. cv
Loop Tests Mean Dev. ) Mean Dev, %) Mean Dev. (%)
Binder Course
1 64 148.7 1.45 1.0 7.84 0.87 11.1 55.8 3.16 5.7
2 12 148 .6 0.67 0.5 7.92 0.42 5.3 55.3 1.43 2.6
3 86 148.5 1.52 1.0 7.90 0.94 11,9 55.6 3.48 6.3
4 128 149.5 1.49 1.0 7.31 0.87 11.9 58.0 3.35 5.8
5 128 148.5 1.38 0.9 8.02 0.88 11.0 54.9 3.24 5.9
6 192 149.3 1.77 1.2 7 .46 1.09 14.6 57.2 3.84 6.7
All 609 149.0 1.60 1.1 7.66 0.99 12.9 56.5 3.49 6.2
Surface Course
1 64 1444 2.52 1.8 8.00 1.61 20.1 60.4 4.89 8.1
2 44 145.3 2.41 1.7 7.58 1.52 20.1 61.2 4,88 8.0
3 84 147 .4 2.33 1.6 6.32 1.43 22.6 66.1 5.36 8.1
4 84 147.8 1.70 1.2 5.68 1.05 18.5 69.0 4.15 6.0
5 84 146.7 1.92 1.3 6.60 1.09 16.5 64.9 3.87 6.0
6 84 148.2 1.31 0.9 5.76 0.82 14.2 67.7 3.18 4.7
All 443 146.8 2.40 1.6 6.51 1.49 22.9 65.4 5.29 8.1

29



TABLE A-7. SUMMARY OF DENSITY AND COMPRESSIVE STRENGTH
DATA FOR CEMENT-TREATED BASE FROM AASHO

ROAD TEST (Ref 22)

No. Tests
or Standard cv
Item Samples Mean Deviation %)
Field in-place density: !

Moisture content (%) 65 6.8 0.6 8.9
Dry density (pcf) 65 138.4 3.3 A

Compressive strength, 7-day
(psi) ' 35 840.0 122.0 14.5

' AASHO Designation: Tl47-54, except rubber balloon apparatus was

used to measure volume of hole.
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TABLE A-8.

SUMMARY OF TEST RESULTS OF HARDENED CONCRETE
FROM AASHO ROAD TEST (Ref 22)

56

Flexural Strengthl,

Compressive Strength?,

14 Days 14 Days
Loop
Std. Std.
No. Mean Dev. cv No. Mean Dev. cv
Tests (psi) {psi) (%) Tests (psi) (psi) %)
2%-In. Maximum Size Aggregate
1 16 637 46 7.2 8 3599 290 8.1
2 20 648 37 5.7 9 3603 281 7.8
3 71 630 44 7.0 38 3723 301 8.1
4 96 651 38 5.8 48 4062 288 7.1
5 96 629 28 4.4 48 4196 388 9.2
6 99 628 51 8.1 48 3963 325 8.2
A1l 398 636 45 7.1 199 3966 376 9.5
1%-In. Maximum Size Aggregate
1 4 676 65 9.6 2 4088 162 4.0
2 39 668 44 6.6 19 4046 295 7.3
24 667 47 7.0 14 3933 440 11.2
All 67 668 46 6.9 35 4004 352 8.8

1 Average of two breaks on one beam.

2 Average of two specimens.



TABLE A-9.

SUMMARY OF STRENGTH TESTS ON CONCRETE

FROM AASHO ROAD TEST (Ref 22)

57

Flexural Strength1

2
Compressive Strength

Age at
Testing No. Tests Mean Std., Dev. cv %) No. Tests Mean Std. Dev. cv (%)
(psi) (psi) (psi) (psi)
2%-In., Maximum Size Aggregate
3 days 11 510 23 4.5 11 2670 784 29.4
7 days 11 620 34 5.5 11 3560 396 11.1
21 days 11 660 51 7.7 11 4130 397 9.6
3 months 11 770 66 8.6 11 4680 487 10.4
1 year 11 790 61 7.7 11 5580 509 9.1
2 years 11 787 66 8.4 11 5818 328 5.6
1%-In., Maximum Size Aggregate
3 days 12 550 37 6.7 12 2860 809 28.3
7 days 12 630 35 5.6 12 3780 289 7.6
21 days 12 710 53 7.5 12 4250 365 8.6
3 months 12 830 41 4.9 12 4930 528 10.7
1 year 10 880 53 6.0 12 5990 379 6.3
2 years 12 873 48 5.5 12 6155 373 6.1

1Average of two breaks on one beam.

2Average of two specimens.



TABLE A-10. VARIATION IN 28-DAY COMPRESSIVE STRENGTH OF
PORTLAND CEMENT CONCRETE PAVEMENT (Ref 24)

Standard Coefficient

Project Mean Deviation of Variation
Number (psi) (psi) %)

1 4,675 545 11.7

2 3,755 420 11.2

3 3,720 575 15.5

4 4,760 467 9.8

5 4,688 733 16.5

Average 4,320 12.9




TABLE A-11. HISTORICAL DATA ON CONCRETE COMPRESSIVE STRENGTH (Ref 24)

59

Overall Coefficient
Project Number of Mean Std. Dev. of Variation Testing Error
Number Samples (psi) (psi) %) (psi)
28-Day Cylinders--Class A Concrete
1t 536 4,524 396 8.8 175
2 292 4,881 540 11.1 207
3 96 5,686 544 9.6 185
4 192 5,527 566 10.2 155
5 196 5,098 577 11.3 482
6 112 4,826 608 12.6 196
7 258 5,469 667 12.2 150
8 320 5,244 674 12.9 158
9 232 5,289 711 13.4 192
10 176 4,927 725 14.7 210
11 126 5,067 732 14.4 162
Average 3 230 5,140 613 13.1 179
Range 224 860 192 5.1 60
28-Day Cylinders--Class NS Concrete
12 50 4,021 398 9.9 115
2 340 3,555 550 15.5 " 93
3 240 4,006 580 14.5 134
4 200 3,474 605 17.4 122
5 240 3,781 670 17.7 96
6 196 4,192 729 17.4 160
7 148 4,213 733 17.4 92
8 94 4,239 774 18.3 87
9 108 3,657 774 21.2 116
10 182 3,674 776 21.1 113
11 156 4,110 776 18.9 70
12 224 4,179 825 19.8 127
13 138 3,91 884 22 .4 161
Average ° 178 3,926 698 17.8 114
Range 246 765 334 7.9 91

1Values not included in range calculations,

®?Statistical outlier--not included in calculation of range or average.
3Averages are not weighted and include all values except the outlier.



TABLE A-12. SUMMARY OF STATISTICAL RESULTS ON THICKNESS
OF CONCRETE PAVEMENT (Ref 24)

Standard
Project Number of Mean Variance Deviation cv
Number Samples (inches)  (inches) (inches) (%)

8-In. Uniform Thickness

1 34 8.66 0.192 0.435 5.0
2 39 8.42 0.171 0.415 4.9
3 48 8.35 0.040 0.200 2.4
4 58 8.36 0.077 0.276 3.3
5 61 8.05 0.035 0.185 2.3
6 66 8.11 0.089 0.300 3.7
7 73 8.06 0.112 0.333 4.1
Pooled values - 8.29 0.088 0.300 3.6
9-In. Uniform Thickness
1 35 9.25 0.046 0.210 2.3
2 51 9,19 0.121 0.350 3.8
3 58 9,28 0.048 0.220 2.4
4 65 9,18 0.060 0.240 2.6
5 74 9.20 0.185 0.430 4.7
6 88 9.11 0.029 0.170 1.9
Pooled values - 9.20 0.083 0.290 3.1
10-In. Uniform Thickness
1 64 10.38 0.061 0.240 2.3
2 124 10.34 0.079 0.280 2.7
3 132 10.35 0.079 0.230 2.2
4 141 10.28 0.083 0.290 2.8
Pooled values - 10.34 0.069 0.270 2.6




TABLE A-13, VARIATION IN PAVEMENT THICKNESS,
PROBE METHOD (Ref 23)
Number of Standard Specifi-
Project Obser- Mean Deviation cation cv
Number vations (inches) (inches) (inches) (%)
1 72 8.5 0.3 8.0 3.5
2 95 8.9 0.1 9.0 1.1
3 100 9.0 0.4 9.0 4.4
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TABLE A-14, OVERALL VARIATION AND COMPONENTS IN 28-DAY

COMPRESSIVE STRENGTH OF PCC (Ref 24)

Overall Overall Std. Coefficient std. Coefficient Std. Coefficient
std. Coefficient Dev. , of Variation, Dev., of Variation, Dev., of variation,
Project Mean Dev. of Variation Testing Testing Sampling Sampling Materials Materials
Number (psi) op (psi) (%) oy (psi) (%) og (psi) (%) o, (psi) (%)
1 4,675 545 11.7 377 8.1 91 0 386 8.3
2 3,755 420 11.2 322 8.5 42 0 270 7.1
3 3,720 575 15.5 318 8.5 - 0 495 13.3
4 4,760 467 9.8 200 4.2 34 0 420 8.8
5 4,688 733 16.5 585 12.5 -- 0 545 11.7
Average 4,320 12,9

9



TABLE A-15. VARIABILITY IN CONCRETE CONSISTENCY,
SLUMP CONE METHOD (Ref 24)
Testing Sampling Sampling Overall
Project Number of Variance yariance Variance Std. Dev. Mean Ccv
Number Observations ot (inches) g (inches) oi (inches) o (inches) (inches) (%)
State 1
11 184 0.16 0.04 0.26 0.68 2.44 27.8
22 200 0.13 0.02 0.45 0.80 1.50 53.3
3e 300 0.25 0.09 0.46 0.89 2.76 32.2
State 2
13 216 0.074 0.00 0.15 0.47 2.04 23.0
2 4 200 0.06 0.06 0.37 0.70 1.86 37.6
33 200 0.08 0.025 0.42 0.73 2.34 31.2
4 S 200 0.027 0.012 0.206 0.495 1.77 27.9
55 204 0.066 0.03 0.305 0.633 2.37 26.7
68 . 200 0.033 0.034 0.14 0.456 2.12 21.5
77 200 0.084 0.086 0.20 0.609 2.41 25.2
8 200 0.158 0.047 0.50 0.844 2.26 37.3

1 Pavement concrete, truck mix.

2 Pavement concrete, truck mix, slipform.

3 Pavement concrete, central mix, screw spreader.
4 Concrete base, central mix, slide spreader.
5Structural concrete, truck mix.

8 Pavement concrete, central mix, slipform.

7 Pavement concrete, E-34 paver.

£9



TABLE A-16. VARIANCE COMPONENTS FOR PCC PAVEMENT (Ref 26)
Testing Sampling  Material Overall Overall
Number of Variance Variance Variagce Variance Std. Dev. Arithmetic Ccv
Characteristics Observations o, o g, I or Mean %)
Pavement
Thickness (in.,) 95 0.1 8.9 1.1
Plastic Concrete
Slump (in.) 200 0.13 0.02 0.45 0.60 0.8 1.5 53.3
Air content (%) 200 0.08 0.12 0.46 0.67 0.8 4.6 17.4
Cured Concrete
Cylinder strength
(psi) 400 264,694 0.0 254,848 519,543 721 3803 19.0

%9
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