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PREFACE

This report is one of a series that describes work done under the project
entitled "A System Analysis of Pavement Design and Research Implementation."
The project is a joint effort by the Texas Highway Department; Center for
Highway Research, The University of Texas at Austin; and the Texas Transporta-
tion Institute, Texas A&M University.

This report presents the development of a mathematical model for simu-
lating the behavior of rigid pavement in the field under repeated loads. The
effects of load on different sizes of slabs were determined by analyses of
load transfer across the joints. Included herein is the development of a
model to predict the fatigue life of concrete.

Special appreciation is extended to Mrs. Nancy Braun and to the rest of
the Center for Highway Research personnel for their cooperation and contribu-

tions.

Piti Yimprasert

B. Frank McCullough

Januvary 1973
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ABSTRACT

Fatigue of concrete is a significant influence on the distress of the
rigid pavement system. This study reports the fatigue property of concrete
as well as the stress analysis of reinforced and nonreinforced sections at the
AASHO Road Test. The concrete fatigue equation was developed for the prediction
of the allowable number of applications on concrete at any applied stress level.
In the stress analysis, the effect of load transfer and the loss of support of
pavement slab were taken into consideration for both pavement types. The rein-
forced and nonreinforced sections are 24~by-40-foot and 24-by-15-foot slab
panels, respectively.

The analysis of load transfer serves to accomplish the discontinuity of
reinforced and nonreinforced sections. The analyses are based on the corner
deflections obtained from the theoretical analyses and the AASHO Road Test
equations (Ref 32). The results show that the reductions in bending and twist-
ing stiffness at the joint of reinforced sections are 97 percent of the full
stiffness value at two adjacent stations and 8l percent at one station, respec-
tively. For nonreinforced sections, the reduction in bending stiffness is 100
percent at one station and there is no reduction in twisting stiffness. The
influence of load transfer on the behavior and performance of rigid pavement
is highly important. The maximum principal stress usually increases as the
reduction in twisting stiffness increases, while no significant change in
deflection is encountered. The reduction in bending stiffness causes signifi-
cant increases in deflection, while there is no significant change in stress.
These results were analyzed to cover the simulations of the characteristics of

reinforced and nonreinforced sections at the AASHO Road Test.

vii



viii

The loss of support analyses explain the differences in distress and
performance histories of the rigid pavement sections which have the same design
variables at the AASHO Road Test. The shape of the eroded area heneath the
two ad jacent slabs was developed to simulate the pumping condition in the
field, The maximum principal stress was predicted at any pumping index and
usually increases as the pumping index increases. The analyses provide the
predictions of the maximum principal stresses for each month during the test

period at the AASHO Road Test.

KEY WORDS: fatigue, envelope curve, shakedown limit, load transfer, pumping

index, eroded area, maximum principal stress.



SUMMARY

A mathematical model for predicting the maximum stress at any pumping
index in rigid pavement has been developed. The analyses techniques and
transformations in the model are simulations of pavement observations at
the AASHO Road Test. As a part of the model, a fatigue equation of portland
cement concrete has been developed to predict the fatigue life of a concrete
pavement using laboratory test data.

The development has the advantage of clarifying the histories of rigid
pavement performance where subbase erosion and pumping have been experienced
and gives the background for further improvements in the rigid pavement design

methods.

ix
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IMPLEMENTATION STATEMENT

A mathematical model has been developed in this paper for simulating the
behavior of rigid pavements in the field under repeated loads. This stress
analysis system predicts the maximum principal stress for any condition of
subbase pumping or erosion for both reinforced and nonreinforced pavements
in varying degrees of load transfer. A fatigue equation for portland cement
concrete was developed considering most of the available concrete fatigue re-
search. Laboratory data can be used to quantify the parameters of fatigue
equation. In addition, varying the model also considers varying degrees of
load transfer, thus permitting the designer to select optimum system considering
load transfer.

The developed system has the capability of explaining the nature of in-
duced stresses due to traffic application with varying subsurface conditions,
thus it can be used to explain the differences in performance histories of
various pavement types. For the first time the value of stabilized subbases
can be justified on the basis of design procedures. Also the relative value
of various load transfer systems may be evaluated to permit the engineer to
select an optimum system,

The development system may be combined with other improvements in the
rigid pavement design system (RPS) to give a more complete rigid pavement design
method that takes into account fatigue of the concrete, the joint spacing, load
transfer simulation and variations of subsurface. Before the system can be
fully implemented with a new subbase material, a test method must be evaluated

for predicting the erodibility characteristics of a subbase material.

xi
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CHAPTEHR I

INTRODUCTION

As the present methods of pavement design require
more exact solutions, the characteristics, mechanism,
and behavior of the materials and design variables becone
increasingly important to highway engineers. In this re-
port, the theoretical analysis and the data from the con-
trolled field experiment from the AASHO Road Test were
analyzed and collected to obtain the best information
for the prediction of fatigue distress in rigid pavement.
Most materials in rigid pavement possess the characteris-
tiec of failing by progressive fracture, This fracture
is started by the application of locads and increases as
the load applications increase. After a certain number
of load repetitions, it fails in fatigue.

It is well known that rigid pavement distress
under repeated load involves the number and the interac-
tion of variables such as loading variables, material
characteristics, and the environmental conditions. The
response of the pavement to the load repetitions is usually

characterized by measured stresses, strains, deflections,



and observed distress manifestations. Therefore, a more
rational method of pavement design in rigid pavement is
needed, which could predict the fatigue life and the maxi--
mum.principal stress under various stages of pavement and

subbase conditions.

ObJective

The primary objective of this report is to de-
velop fatigue and stress analysis concepts for modifying the
rigid pavement system. The more specific objectives of
this development are:

(1) To review and summarize the information pertain-
ing to the fatigue properties of concrete and
develop fatigue equations from the laboratory
test data, and

(2) data analyses to obtain the best procedure for

the prediction of stress in rigid pavement.

Scope

The concrete fatigue equation was developed by
using computer program, the stepwise regression analysis

STEP 01. This computer: program was used to correlate the



relationship between the number of applications, applied
stress ratio, and the speed of testing. Only the failed
sections were selected to perform the concrete fatigue
equation.

The stress analysis used the discrete-element
SLAB program to evaluate the maximum principal stresses
in rigid pavement (AASHO Road Test). Many variables were
taken into consideration in the evaluation of maximum
principal stresses and are listed below:

(1) Jjoint spacing,
(2) variation of subsurface materials, and
(3) pumping of subsurface materials.

The importance of each of these variables was
determined on the basis of changes of maximum principal
stresses and deflections due to traffic applications only.
Thls study excludes the effect of temperature on slab per-
formance.

Chapter II summarizes a literature review on the
fatigue properties of concrete from laboratory tests and
the development of the fatigue equation from laboratory
test data.

Chapter III presents the data collected from the

AASHO Road Test for the analysis of the following chapters.



Chapter IV presents the analysis of load trans-
fer effects to accommodate the differences in distress
and performance histories of reinforced and nonreinforced
sections,

Chapter V presents the transformations of pump-
ing index at the AASHO Road Test to the eroded area be-
neath slab for the feasible use of discrete-element slab
program in predicting maximum principal stresses during
the test period.

Chapter VI presents the prediction of maximum
principal stresses for reinforced and nonreinforced sec-
tions at any pumping index during the test period.

Chapter VII presents conclusions and future re-

search needs in this area.



CHAPTEHR I1I

FATIGUE COF CONCRETE

Studies have shown that fatigue of concrete is
one of the major distress mechanisms in rigid pavement (Ref. 32)
The purpose of studying the fatigue property of concrete
is not only for economical and proper design, but also
to obtain & better understanding of the characteristics
of concrete failure after years of service. Fatigue fail-
ure of concrete may be caused by flexurasal stress, compres-
sive stress, or the combination of these.

The fatigue of concrete is defined as "the pro-
cess of progressive localized permanent structural change
occurring in the material subjected to conditions which
produce fluctuating stresses and strains at some point or
points and which may culminate in cracks or complete frac-
ture after sufficient number of fluctuations" (Ref. 10).
The manner in which the test specimens are subjected to
fluctuating stresses and strains in the fatigue test has
been categorized in terms of load conditions and mode of
loading. If the load conditions remain constant through-

out the life of the specimen, the specimen is said to be



subjected to simple loading condition. If the load condi-
tion changes during repeated stressing in some described
manner, the specimen is subjected to compound loading.
Usually in fatigue tests of concrete, the stress level,
expressed in terms of the ratio between the maximum ap-
plied stress and the strength of concrete, remains con-
stant throughout the test period. Figure 2.1 shows the
typical characteristic of the material under repeated
load at the constant stress level. The results show that
at the certain stress level, the strain usually increases
as the number of applications increase,

Recently, continuously reinforced concrete pave-
ment design has greatly increased the use of concrete in
highway construction. Rigid pavement design system usually
uses a rather low factor of safety in design because of
economic purposes. It is believed that the flexural stress
in concrete slab due to traffic applications is one factor that
might lead to distress of rigid pavement. Therefore, to simulate
the behavior of a slab under repeated loading, the fatigue
of concrete in flexure will be presented in this report.
The concrete fatigue equation was also developed to pre-
dict the allowable number of applications which can be

applied to the specimens at any stress level.
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Fig 2.1. Typical behavior of various materials in controlled
stress fatigue test.



Concrete fatigue investigations have been made
by many researchers. The results of these tests are usu-
ally presented in the form of stress level versus the
logarithm of the number of load repetitions. If there is
a change in the curve and it becomes asymptotic to a line
parallel to the horizontal axis, the bounding is called
the fatigue limit (Fig. 2.2). The fatigue limit of con-
crete may not be obtained in the first five million ap-
plications, and it is possible that the fatigue limit will
never be obtained, To better understand the study in
fatigue of concrete, it will be helpful to discuss the
mechanism and boundary variables of the initial repeated

loads on the concrete.

Mechanism of Repeated
Loads of Concrete

Existing theory of concrete design structure
mostly is restricted to monotonic increases in loads.
In fact, the effects of loads on structure can be divided
into fatigue effects due to a large cycle of loading at
relatively low stress level or due to a small cycle of
loading of rather high stress level, each of which causes

additional deformation to the structure. The mechanism
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Fig 2.2, Typical characteristic of various materials under repeated load.
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of repeated load (as shown in Fig. 2.3) consists of load-
ing, unloading, and reloading conditions.

Figure 2.3 shows the stress-strain curve of
concrete under repeated load. The normal stress-strain
curve is a plot of the relationship between stress and
strain obtained by increasing the strain monotonically.
The unloading curve 1is the curve that is traced in the
stress-strain plane when the strain is decreased from the
value above the elastic limit of the material. After
unloading, the strain is increased again from a certain
stage of unloading. A curve will be traced which will be
called a reloading curve. The locus of the broken curves
Joining the end of the reloading curve to the start of an
unloading curve is called an envelope curve. The locus
of points where the reloading portion of any cycle crosses
the unloading portion is called the shakedown 1limit. The
value of shekedown limit depends on the minimum stress in
the cycle of loading and unloading. For complete unload-
ing, the shakedown limit is near the envelope curve, where-
as for partial unloading, the shakedown limit occurs at a
lower value of stress. It follows that the value of shake-
down limit (in terms of stress) depends to a considerable

extent on the stress amplitude of the cycle. The maximum
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Fig 2.3. Stress-Strain curve of concrete under repeated
load (after Ref 6) (complete unloading).
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Fig 2.4. Envelope curves for three different concretes
(after Ref 6).
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stresses above shakedown limit lead to the additional
strains which may cause failure at a small number of cycles,
while maximum stresses at or below shakedown limit lead
to fatigue failure after a large number of cycles (Ref. 6).
Figure 2.4 illustrates that as the strength of
concrete increases, the rate of reduction in strength
capacity of concrete under repeated load increases. This
result shows a good agreement with the fatigue test which

was performed by Kesler (Ref. 7).

Boundary Variables Affecting
Fatigue Behavior of Concrete

The design of rigid pavements 1s based to a
large extent on data obtained from static tests. To con-
sider the fatigue properties of concrete, many variables
must be evaluated. These variables may be separated into
three groups, as listed below:

A, Material Variables
1. Concrete properties 4
a. Moisture content
b. Condition of concrete
¢c. Age of concrete
d. Strength of concrete

e. Elastic modulus of concrete
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2. Aggregate properties
B. Load Variables
1. Mode of loading
a. Magnitude of loads (stress level)
b. Range of stresses
c. Speed of loading
2. Load condition
a. Simple loading
b. Compound loading (mixed traffic)
C. Environmental Variables
1. Moisture
2. Temperature
Since fatigue tests generally extend over a
considerable period of time, it is recommended that the
test be conducted on aged concrete specimens to minimize
the effect of strength gain of concrete during the test
period. The number of load applications to failure largely
depends on the ratio of applied stress to concrete strength.
The higher the ratio, the lower the allowable number of
applications. The most severe condition occurs when the
applied stress changes from flexural stress to compressive

stress or reverse loading conditions.
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Fatigue of Concrete in Flexure

Performance studies have shown that one of the
contributors to failure of concrete pavement by cracking
is the repeated application of flexural stresses. Thus,
the flexural fatigue characteristics of concrete are of
primary concern, since it is well known that concrete is
stronger in compression than in flexure. In the following
paragraphs, the effect of concrete properties, range of
applied stresses, and speed of testing on fatigue life

are studied.

Concrete Properties. The importance of concrete

properties on the fatigue behavior of concrete has been
reported by Kesler (Ref. 7). The tests were performed
at speeds of 70 cycles per minute (cpm), 230 cpm, and 440
cpm with aged specimens, to avoid strength gain of con-
crete during the test period. The results for all speeds
show that the decrease in fatigue 1life for high strength
concrete is considerably faster than low strength con-
crete.

The applied load in percent of static strength
versus fatigue life was plotted for tests performed at

all speeds and 1is shown in Figure 2.5. These results
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Fig 2.5. Fatigue tests of concrete from Kesler (after Ref 7).
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point out that the most pronounced difference in fatigue
life occurs at extremely low applications (ten applica-
tions). The maximum difference between the 3600 psi and
4600 psi concrete (compressive strength) in fatigue life
is approximately 7 percent., From these results, it may
be concluded that if considering the other functions which
can influence fatigue life and strength of concrete, the
effect of strength of concrete in fatigue is taken into ac-
count by normalizing. Thus, in modeling the concrete fatigue
equation, the data from both types of concrete will be
used.

Since concrete pavements are likely to be wet
on the bottom from saturated subgrades (worse condition),
the information of fatigue tests of concrete in a wet or
saturated condition is desirable. Tests by the Testing
Material Laboratory at Purdue University (Ref. 10) were
performed on a continuously saturated specimen (age four
months) and temporarily saturated specimen (age 19 months,
immersed in water 200 hours before the test). The record
of the tests, although limited, indicates an interesting
and important feature of fatigue action on concrete speci-
mens, The temporarily saturated and continously saturated
specimens under repeated loading showed the fatigue life

89 percent and 83 percent of the dry specimens, respectively.
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Murdock and Kesler (Ref, 8) concluded in their
test that inadequately aged and cured concrete is less
resistant to fatigue than well aged and cured concrete,

In addition, they found that fatigue life decreases slightly
for lean-mixed concrete than for concrete with a high water
cement ratio.

Purdue University (Ref. 10) also performed the
tests to study the effect of age on fatigue life of con-
crete. The tests were performed on 28-day, 4-month,
and 6-month specimens at the speed of loading 10 cycles
per minute. The fatigue lives were equal to 40 to 860
percent, 50 to 55 percent, and 54 to 55 percent of con-
crete strength, respectively. It is doubtful that fatigue
life of concrete increases with an increase in age. How-
ever, the variance of fatigue life decreases with an in-

crease in age of specimens.

Range of Stresses., It has been found that plain

concrete does not exhibit a fatigue 1limit when subjected
to repeated loads without stress reversals. Fatigue 1life
up to ten million applications for each of several stress
ranges were investigated and it was found that these fa-
tigue lives depend on the range of stresses to which the

specimens were subjected.
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The fatigue strength can be defined as the ratio
between applied stress and concrete strength at any number
of applications., It was found to decrease as the number
of load applications is increased, Figure 2.6 shows the
effect of stress range on the fatigue life of concrete
developed by Murdock and Kesler (Ref. 8). The R-term on
the graph is equal to the ratio between the minimum flex-
ural stress and the maximum flexural stress applied to
the specimens during the test period. Tests were made at
an age of more than 90 days to reduce effect of strength
gain during the test period. ©None of the tests showed
a fatigue limit, although many specimens sustained more
than ten million applications without failure, The re-
sults from the test show a significant increase in the
number of applications as the R-value increases. Fatigue
strengths at ten million applications for R equal to O.1l3-
0.18, 0.25, 0.5, and 0.75 were 61, 63, 73, and 85 percent
of concrete strength, respectively.

Clemmer (Ref, 9) determined a fatigue strength
after three million applications to be approximately 55
percent of the strength of the concrete for the specimens
subjected to stresses ranging from zero to the maximum.

These results were confirmed by Hatt and Crepps (Ref. 9)
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when they obtained the same fatigue life for stress re-
versal condition.

The tests by the Illinois Division of Highways
reported by Clemmer and Older were aimed to duplicate the
actual condition occurring at the corner of the pavement.
Tests were performed on 15 specimens at 40 cpm with the
stress ratio (flexural stress to flexural strength of
concrete) equal to 0.5, 0.61, and 0.70. The resulfs show
that for a stress ratio equal to 0.5, applications up to
1,130,000 can occur without failure, but for stress ratios
of 0.61 and 0.70, failure usually occurs under 50,000 and
91,000 applications, respectively.

Yoshimoto and Ogino (Ref. 11) confirmed that
concrete does not have a fatigue limit in the range up
to 107 cycles of load. The fatigue limit may be found
in the range over 107 cycles of load. The effect of re-
peated load on flexural strength of the survival concrete
specimens had been investigated. The strength of con-
crete was measured at the beginning of the test and after
the test. Tests were performed at the load range (ratio
of stress and flexural strength of concrete) of 0.42,
0.625, and 0.835 and at a speed of 660 cpm. Specimens

were divided into two groups based on the number of total
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load cycles applied during the testing period. Group A
was for tests with up to 200,000 cycles and Group B for
those with up to 107 cycles. The average strength of the
specimens which did not fail was not significantly differ-
ent after the number of load cycles was increased fron
200,000 to 10,000,000, as shown in Figure 2.7. The speci-
mens which failed due to fatigue and the damaged specimens
were neglected in this figure. It was also found that
when the stress level was less than the first breaking
point of the stress-strain curve, there was no permanent
deformation after several loading repetitions and Young's
modulus was constant. The first breaking point of the
stress-strain curve can be defined as the first point at
which the stress-strain relation of concrete is considered
to be out of linear relation. Whenever the major stress
was greater than the first breaking point, permanent defor-
mation had developed in the specimens.

For the effect of applied stress on fatigue life,
it may be concluded that either an increase in maximum
applied stress or a decrease of the ratio between mini-
mum and maximum applied stresses causes the decrease in

the fatigue life of concrete.
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Speed of Testing. Kesler investigated the ef-

féct of rate of load applications on concrete fatigue life
(Ref. 7). The specimens were divided into two groups,

one having the average compressive strength of 3600 psi
and the other 48600 psi, with both groups tested with third-
point loading., Tests were conducted at 70, 230, and 440
cpm. The results of Xesler's test are shown in Figure
2.5. The maximum variation in fatigue life is approxi-
mately 5 percent at ten million applications. Figure 2.8
was plotted fo show the effect of the loading speed on the
concrete fatigue life at various numbers of the ratios
between applied stress and flexural concrete strength.

The curve shows a decrease in fatigue life of concrete
with an increase in the speed of the test up to the cer-
tain point., After this certain point, the fatigue 1life
begins to increase with an increase in speed. From these
test results, it may be concluded that the speed of test-
ing is not a significant factor influencing the fatigue

life of concrete when the other variables were considered.

Probability of Fatigue Fallure

As might be expected, specimens tested at the

same stress level falled at different numbers of cycles.
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For this reason, to successfully predict the fatigue life
of concrete, it is required that the probability of fatigue
failure be considered as a criterion in design.

McCall (Ref. 15) conducted tests to study the
relation between the stress level, the number of load
applications, and the probability of fatigue failure.
These tests were with a complete reverse loading in flex-
ure at the rate of 1800 cycles per minute., The stress
levels varied from 45 to 70 percent of the modulus of
rupture. The beams were tested to failure or 20 million
applications, whichever occurred first. With this approach to
probability of fatigue failure, he analyzed his data by
ranking the specimens in the order of the number of cycles
to failure and calculating the probability of failure, P,
by dividing the rank of each specimen by the number of
specimens, plus one, The reason for adding one was to
avoid a probability of failure equal to one. The results
of the tests are shown in Figure 2.9 and it was concluded
that, as the stress level and number of load applications
increase, the probability of fatigue failure increases,.

Figure 2,10 presents the effect of applied
stress levels to the chance of survival of the tested

specimens after 20 million applications. The results of
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the analysis showed that the increasing in the stress
level caused the significant drop in the chance of sur-
vival of the specimens after 20 million applications.
From the results of this plot, it may be concluded that
concrete always has a chance to fail, even though the

applied stress is only 0.45 of the flexural strength,

Development of Concrete Fatigue Equation

To develop the theoretical concrete fatigue
equation, the laboratory test performed by Kesler (Ref., 7)
has been selected to model the fatigue life of concrete
because
(1) the tests were conducted up to ten million appli-
cations,
(2) repeated load started from near zero to maximum,
(3) the tests are performed for different types of
concrete,
(4) the specimens were made of plain concrete, and
(5) the tests were performed for various speeds of
testing.
The specimens used were 64 inches long with a

cross section 6-by-6 inches. They were supported on a
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60-inch span loaded at third points to produce flexural
stresses in the middle third. The repeated load is applied
to the specimen through the loading plate. The specimens
were divided into two groups with
(1) an average compressive strength of 3600 psi, and
(2) an average compressive strength of 4600 psi.
The machine was run at different speeds: 70 cpm, 230
cpm, and 440 cpmn.
Figure 2.5 shows the results of the test, To
obtain data for the prediction of the fatigue equation
of concrete, only failed specimens were selected from the
test. Since the average compressive stress (f}) from the
AASHO Road Test was approximately 4000 psi, the data from
both types of concrete from Kesler's test were selected.
To predict the number of applications, an attempt
was made to relate the number of applications to
(1) stress ratic (ratio between induced stress and
flexural strength of concrete), and
(2) speed of testing.
Stepwise regression (STEP 0l1) was selected to
predict the fatigue equation of concrete. This progran
computes a sequence of multiple linear regression equa-

tions in a stepwise manner (Ref. 29). At each step, one
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variable is added to the regression equation. The vari-
able added is the one making the greatest reduction in
error sum of squares. Equivalently, it is the variable
which has the highest partial correlation with the depen-
dent variable partial on the variables which have already
been added; equivalently, it is the variable whiech, if it
were added, would have the highest F-value, In addition,
variables can be forced into the regression equation.
Nonforced variables are automatically removed when their

F-values become too low (Ref. 29).

Transformations., Before performing the regres-

sion analyses, a careful study of the data scatter of each
independent variable versus the dependent variable was
made in order to achieve the best equation. The data for
31 specimens plotted in Figure 2.11 from the laboratory
test were selected.

An attempt was made to relate the log number
of load applications to speed of testing, stress ratio,
and strength of concrete. The following transformations

are the inputs in STEP 01 program:

Variable 1: the number of load applications--Log N
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Variable 2:

Variable 3:

where

analysis for the 31 specimens,

(a/f)

1/2

flexural strength of concrete,

stress level of

speed of testing,

Model Development.

testing, psi;

s (U/f)4, f/o.

the stress ratio--o/f, Log o/f,

the speed of testing--s, 1/s, Log s

psij

cycles per minute.

From the stepwise regression

it was found that the ef-

fect of speed of testing has no effect on predicting the

fatigue equation.

below:

Step Number 1:

Step

Log N 19,292

Standard error

Multiple R

Number 2:
Log N = 15,261
Standard error

Multiple R

0.

0.

The results of STEP

- 20.224 (o/f)

for residuals

9599

-17.497 (o /)"
for residuals

3600

0

+

1 are summarized

(2.1)
0.4186 (in log

term)

1.477 (f£/o) (2.2)

0.4257 (in log term)
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The tolerances for the other transformative

variables are not sufficient enough for further computation

by STEP 0l. From summary results, the recommended equa-
tion is:
Log N = 19.292 - 20.224 (o/f) (2.3)
19,292
N = 10 (2.4)

1020.224(0/f)

where
N = allowable number of load applications;
0 = maximum principal stresses, psi;
f = flexural strength of concrete for third-point
loading, psi.
The reasons for selecting this equafion are as
follows:
(1) minimum in the number of complicated terms,
(2) smallest standard deviation, and
(3) high correlation coefficient.
The standard error of estimate is the best esti-
mate of the standard deviation. This means that the pre-
dicted log number of applications will be within +0,4188.

Figure 2.12 shows the correlation of actual number of
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applications from laboratory tests versus the predicted
number of applications from the model equation, and the

plot exhibits no abnormalities.

Comparison between Field and Laboratory Fatigue

Tests. Pavements in actual service are subjected to mixed
traffie containing different wheel loads and axle load
configurations, thereby producing various stress levels
during the pavement life. The variations of the stresses
in rigid pavement depend on the magnitude of wheel loads,
position of loading, and the environmental effects., To
compare the fatigue property of concrete from laboratory
tests to a field test, the data from the AASHO Road Test
were selected.

The AASHO Road Test presented the fatigue life
of pavement as a function of thickness of the pavement,
magnitude and configuration of the axle load, design vari-
ables (reinforced or nonreinforced section), and the crack-
ing index., Figure 2.13 shows the effect of the magnitude
of the single-axle load on the fatigue life of rigid pave-
ment for reinforced and nonreinforced sections at various
levels of cracking index for a 6.,5-inch pavement thick-
ness. The results obtained from the graphs are presented

below:
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(1) The fatigue life of the nonreinforced sections
are longer than reinforced sections for any
cracking index.

(2) The allowable number of applications increases
as the cracking index increases.

(3) The allowable number of applications decreases
as the magnitude of wheel load increases.

Vesic (Ref. 33) has developed a fatigue equa-
tion for rigid pavements from the AASHO Road Test data
(at a serviceablility index equal to 2.5) as the function
of the strength of concrete and the induced stress in the

pavement slab. The fatigue equation is:

4
N, 5 = 225,000 (£./0) (2.5)
where
fc = flexural strength of concrete, in psij;
0 = induced flexural stress in concrete slab, in psi.

Hudson and Scrivner (Ref. 22) also developed a
fatigue equation from the AASHO Road Test data and pre-
sented the fatigue life of the pavement as a function of
the edge stress where the axle load was applied at 17 to
22 inches from the pavement edge. Their fatigue equation
for single-axle load is:

16.52
0

N =2 4. 34
O'C *

(2.6)



0. = pavement edge stress with load applied 2 ft. from
pavement edge in psi.

The author modified this equation to predict the
fatigue life of the rigid pavement as the function of the
edge stress and strength of concrete. The purpose of this
development is to introduce the strength of concrete into
the original equation, so that the rational comparison can
be made. The modificaticn was achieved by considering the
strength of concrete to be 790 psi; the modified equation

is:

N = 8750 (f, /o )% 3% (2.7)

where
f. = flexural strength of concrete, in psi.

A comparison between field and laboratory con=-
crete fatigue tests 1s presented in PFigure 2.14., The
curves from the laboratory tests which were performed by
Kesler, Murdock, and Clemmer show straight-line relstions
in fatigue behavior. This characteristic means that con~
crete does not exhibit a fatigue limit in the laboratory
test. The field experiment obtained, PCA method, shows
the tendency for a fatigue limit to develop at some num~

ber of applications, but Vesic's and Hudson's exhibit no
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fatigue 1limit. In general, at the same sftress level, the
laboratory tests show a higher number of applications
than for a fleld test. Explanations for these results
are as follows:

(1) The laboratory test usually has better environ-
mental conditions, such as the control of tem-
perature and molsture, than the field tests.

(2) The number of applications from laboratory tests
are determined at the failure of the speclmens,
whereas the number of applications from the field
tests are determined when the serviceabllity
index drops below a certaln specified minimum
level.

(3) In the field tests, there are many stress levels
produced by the wheel load applications, while

in the laboratory tests, there is only one stress
level.

Summary

From all of the studies, it was found that the
applied stresses are the most significant factor influenc-
ing fatigue 1life of concrete. As the applied stresses
increase, the fatigue 1life always decreases. The interval
of the maximum and minimum applied stresses is also sig-
nificant. The wlder the stress Iintervals, the smaller
the fatigue 1life. Types of concrete and the test speeds

have small effects on fatigue 1life and are consildered
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negligible., The studies of the probability of fatigue
failure confirm that the concrete exhibits no fatigue
limit,

A comparison between the field and laboratory
tests gives the reasonable results. The field tests have
the initial stresses produced by the fluctuation of mois-
ture and temperature. When the loads are applied, the
additional stress due to load stresses and environmental
stresses will result. 1In laboratory tests, the induced
stresses are usually caused by the applied load only.
Therefore, with the specimens subjected to the same load
level, the field tests will allow a smaller number of

load applications than the laboratory test.
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CHAPTEHTR I IT

DATA FROM AASHO ROAD TEST

The principal purpose of presenting the data
collected from the AASHO Road Test is to provide the in-
formation for

(1) 1load transfer study of the jointed pavement at
the AASHO Road Test,

(2) prediction of the maximum principal stresses of
the reinforced and nonreinforced sections during
the test period, and

(3) future criteria for predicting fatigue distress
in rigid pavement design system.

The AASHO Road Test performed the test for the
25 months of regular traffic. There were various types
of axle loads applied to the Jointed pavement but only
singie-axle load applications were selected because of
their relative analysis simplicity. The actual average
wheel path position of the traffic application varied
between 17 and 22 inches from the pavement edge. For the
feasible use of the discrete-element slab program, it was

assumed that the average wheel path position at the AASHO

43
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Road Test was 24 inches from the pavement edge. All the
data below were obtained and analyzed from the AASHO Road
Test (Ref. 26):

(1) concrete slab properties during the test period,

(2) subsurface variation in terms of k-value, and

(3) traffic applications.

In the analysis, these principal variables will

be briefly discussed, Additional information on materials
used in the rigid pavement test sections and the method

of construction may be obtained from Reference 26.

Concrete Slab Properties and Dimensions

The slab thickness for the test sections varied
from 2-1/2 inches to 1l2-1/2 inches. Sections with non-
reinforced slabs had transverse contraction joints spaced
at 15 feet, thus forming 12-by-15-foot slab panels. The
reinforcement of these sections consisted of single-welded
wire fabric placed 1-1/2 inches to 2 inches from the sur-
face in the pavement slabs., The size of dowels in trans-
verse Joints was increased according to the slab thickness
from 3/8-inch in diameter and 12 inches in length to 1-5/8

inches in diameter and 18 inches in length. Longitudinal
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joints were reinforced with tie bars increasing in size
with slab thickness from No. 3, 20 inches long, to No. 5,
30 inches long.

The pavement concrete was made with Type 1 port-
land cement, coarse aggregate, natural sand, water, and
air-entraining agent. Standard procedures were followed
in the mixing and placing of the concrete. The typical
mean strength of concrete for each month during the test
period of loops 4, 5, and 6 1is presented in Table 3.1.
The minimum age of the concrete when the test traffic
started was equal to three months for loops, 4 and 5 and

3-1/2 months for loop 6 (Ref. 26).

Variation of Subsurface Conditions
for AASHO Road Test

During the test period, the subsurface condi-
tions of rigid pavement varied from time to time. Only
the variation of subsurface condition due to seasonal
change of loop 1 was studied and plotted. Since the tests
were performed at the same location for all loops, it was
assumed that the variation of subsurface conditions of
loops 4, 5, and 6 due to seasonal changes is the same

as loop 1. The tests for loops 4, 5, and 6 of the elastic



TABLE 3.1. FLEXURAL STRENGTH OF CONCRETE IN PSI: DURING TRAFFIC TEST
PERIOD AASHO ROAD TEST
Month
Year
Jan.| Feb,| Mar.,) Apr.| May | Jun, | Jul. | Aug. | Sept.|Oct. | Nov. | Dec,
1958 - - - - - - 510 600 650 762 | 770 775
1959 780 782 784 785 786 787 789 789 789 | 789 789 789
1960 789 789 789 789 789 789 789 789 789 789 789 789

Note:

Third point loading

Data from AASHO Road Test

9%




47

modulus of subsurface reaction were performed from April
to May 25, 1960. The variations of elastic modulus of
subbase reaction due to seasonal change during the test
period of all loops are shown in Figure 3.1. The ranges
of k-value for study loops are shown below (Ref. 32):

(1) loop 4 varied from 110 to 155 pci,

(2) loop 5 varied from 103.5 to 148.5 pci, and

(3) loop 6 varied from 117.5 to 162.5 pci.
The average minimum and maximum k-values for all loops
were 108 and 155.5 pci, respectively. The minimum value
of k occurred in the spring, while the maximum usually
occurred in the winter. The highest value of elastic
modulus of subsurface was recorded in September and as-
sumed to be constant through March because of the lack

of test data during this period.

Traffic Distribution and Application

During the 25 months of the regular traffie
test, a total of 556,880 vehicle application trips

(1,113,760 axle applications) were made in each traffic

23

lane. Details of the traffic distribution for each month,

which are used in this chapter for the prediction of fa-

tigue distress, are shown in Table 3.2.
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TABIE 3.2,

LOAD APPLICATIONS FOR EACH MONTH AT AASHO ROAD TEST (In thousands)

Month
Year Loop
Jan. | Feb.| Mar, | Apr. |May Jun.|Jul. |Aug. | Sept{ Oct.| Nov. | Dec
4 - - - - - - - - - 0.8 7.5 (21.7
- - - - - - - - - 0.8 8.3 [30.0
s | - | - | - - - | - - | - - |o.8 | 7.5 |21.7
1958 - - - - - - - - - 0.8 8.3 |30.0
6 - - - - - - - - 0.8 7.5 (21.7
- - - - - - - - 0.8 8.3 |30.0
4 19.8 |20.2 |l6% 16 31 35 37 37 43 35 30 37
49.8 70 86x* 102 133 168 205 242 285 320 350 387
1959 s [19.5 [20.5 | 14 |18 29 | 36 [ 31 |38 | 4s 42 | 30 |37
49,5 70 84 102 131 165 196 234 278 320 350 (387
6 20 20 16 16 .29 37 36 38 43 35 30 37
50 70 86 102 131 168 204 242 285 320 350 |[387
4 70 63 65 78 72 80 67 58 72 71 30 1
457 520 .| 585 663 735 815 882 ]940 1012 1083 |[1113 1114
1960 5 70 60 65 81 64 81 69 63 67 72 34 1
457 517 582 663 727 808 877 940 1007 (1079 |1113 1114
6 70 58 65 85 70 75 67 63 65 72 36 1
457 515 580 665 735 810 877 940 1005 |1077 |1113 1114

*

Load applied during the month

Fk

""" Summation of applied loads from the start

6%
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At the beginning of the test, the drivers were
instructed to follow a programmed placement as follows:
travel one trip (10 percent) with the outside of the dual
tires on the guide lines nearest the edge, seven trips
(70 percent) with the tire edge between the guide lines,
and two trips (20 percent) with the tires on the lines
nearest the center line. However, later the drivers were
instructed to drive between the guide lines at all times
with the expectation that the random driving position of
each different driver would accomplish the programmed

result.

Selected Test Sections for Analysis

Three of the main loops, loops 4, 5, and 6, were

selected because of their significant change in performance

histories for the first level of their thickness. For
the prediction of the maximum principal stresses, all
three loops for nonreinforced sections were analyzed, but
only loop U4 was analyzed for reinforced sections because
all reinforced sections can be analyzed by the same pro-
cess. Reinforced and nonreinforced sections were con-

sidered as 40-by-24-foot and 15-by-2U4-foot slab panels,
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respectively. All loops were studied under single load
applications. The details of each loop are:
(1) loop 4--5-inch pavement thickness, 18-kip single-
axle load;
(2) loop 5--6.5-inch pavement thickness, 22.4-kip
single-axle load; and .
(3) loop 6--8-inch pavement thickness, 30-kip single-

axle load,
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CHAPTER IV

EFFECT OF LOAD TRANSFER

The load transfer device is & mechanical means
of carrying the load across the Jjoint and usually utilizes
dowel bars. The results of the AASHO Road Test show a
considerable difference in performance for reinforced and
nonreinforced sections. It is hypothesized that this
difference may be explained by differential values of load
transfer for the two pavement types. Therefore, this
chapter has the objective of developing load transfer
criteria for the slabs at the AASHO Road Test. This, of
course, would provide future design criteria for Jjointed
concrete pavements.

The reinforced sections were 240 feet long with
sawed-doweled transverse contraction Joints spaced at 40
feet. ©Nonreinforced sections were 120 feet long with
sawed-dovweled transferse contraction Jjoints spaced at 15
feet (no expansion Joints were provided). 1In both types,
fhe size of dowels varied with thickness.

Discontinuity in structural members causes

severe localized stress due to reduction in stiffness of

53
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the sections. Previous work by Abou-Ayyash (Ref 23) showed
the effect on deflection of bending stiffness reduction in
cracked slabs for continuously reinforced concrete pavement,
The amount of stiffness reduction depends on the percentage of
longitudinal reinforcement and type of concrete. According
to Ref 23, the range of reduction in bending stiffness for
4000-psi concrete (compressive strength) 1s between 85 and
95 percent. Since Jointed pavement has less load transfer
than continuously reinforced concrete pavement (Ref 35), it
is anticipated that reduction in stiffness will be greater,
The basic background of the assumptions on slabd
stiffness will be briefly discussed. Figure 4.1 1s a
pictorial representation of the finite-element model of
the slab, as suggested by Hudson (Ref 37). The torsion
bars represent the real torsional stiffness of the slab and
are always active in the system. The Poisson's ratio effects
and the bending stiffness of the plate are represented by
elastic blocks at the node points of the slad, The elas-
tic blocks have a stress-strain relationship equivalent
to the real plate and have Poisson'’s ratio equal to that
of the plate. If the beams i1n the x~direction are bent
up, the beams in the orthogonal y-direction bend down due
to Poisson's ratio. More information may be obtained from

Refs 36 and 37,
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Fig 4.1. Finite-element model of a plate or slab (after Ref 36).
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To study the effect of load transfer for Jointed
pavement at the AASHO Road Test, typical loading conditions
for both pavement types shown in Fig 4.2 were selected.

The analysis in the following paragraphs illustrates the
effect of reduction in twisting stiffness and bending
stiffness on the maximum principal flexurael stresses and

deflections.

Effect of Twisting

Stiffness Reduction

To study the effect of reduction in twisting
stiffness, a typical pavement section was selected from
loop 4 and the loads were placed at the anticipated wheel
path positions, i.e., approximately 2 feet from the pave-
ment edge. The first consideration is a pure reduction in
iwisting stiffness, i.e., no reduction in bending stiffness.
SLAB 40 was used to calculate the maximum stresses and
deflection at zero percent, 75 percent, and 100 percent
reduction in twisting stiffness. The results are plotted
in Figs 4.3 and 4.4. As shown by Figs 4.3 and 4.4, the
maximum principal stresses of the slab, as well as the
maximum deflections, usually increase as the percent of

reduction in twisting stiffness increases. Comparing the
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IWP = Inside Wheel Poth
OWP =Qutside Wheel Poth
P = Axle Load Pounds

(a) Nonreinforced section.

A N AN RS R SR>

{WP = |nside Wheel Poth
OWP = Qutside Whee! Path
P =z Axle Load Pounds

(b) Reinforced section,

Fig 4.2. Typical selected sections and loading conditions.
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Fig 4.3. Effect of reduction in twisting stiffness
on maximum principal stress.
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Fig 4.4. Effect of reduction in twisting stiffness
on maximum deflections.
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figures, 1t is apparent that a reduction is twisting stiff-
ness wWith no reduction in bending stiffness has much more
effect on maximum stresses than mesximum deflections,

Effect of Bending
Stiffness Reduction

Previous work by Abou-Ayyash (Ref 23) shows the
effect of a crack in continuocusly reinforced concrete pave-
ments. The result indicates that the percent reduction in
bending stiffness over the most appropriate length ranges
from 80 to 92 percent of the original value (Ref 23).

For jointed pavement, the joint width is usually wider than
the crack width. Theoretically, the Joint width depends on
the spacing of the joint. As the spacing of the Jjoint in-
creases the joint width increases; the joint widths of the
reinforced sections are wider than those of the nonreinforced
sections. In general, the reduction in bending stiffness
depends on the region affected by the joint width., As the
joint width increases, the region affected by the Jjoint
width, as well as the reduction in stiffness of sladb, in-
creases. In fact, when the load passes the Joint, the de-
flection at the Jjoint increases as the joint width incresases.
To appraoch the actual field conditions for reinforced and
nonreinforced sections, the following assumptions were made

based on a limited analysis:
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(1) for nonreinforced sections, reduce bending

stiffness at one station; and

(2) for reinforced sections, reduce bending stiff-

ness at two adjacent stations.

The results of both cases from SLAB 40 are pre-
sented in Table 4,1 and also plotted in Figs 4.5 and 4.6.
The graphs show the bending stiffness has a significant
effect on maximum deflection, The difference in maximum
deflection for a reduction at one station 1s approximately
75 percent, whereas a reduction at two adjacent stations 1s
approximately 140 percent, At the same time, the differ-
ences 1n maximum principal stresses for the reduction at
one station and at two adjacent stations are approximately
10 percent and 8 percent, respectively (Table 4.1).

These results relnforce previous assumptions on
the best approach to represent the actual condition. 1In
conclusion, it might be valia tc assume that a reduc-
tion in binding stiffness of one station and two adja-
cent statlons represents the regions affected by the Joint

width of nonreinforced and reinforced sections, respective-

ly.



TABLE 4.1,

EFFECT OF REDUCTION IN BENDING STIFFNESS ON MAXIMUM DEFLECTIONS AND
PRINCIPAL STRESSES

Reduced at one station Reduced at two adjacent stations

Reduction in
bending stiff- Corner Maximum Maximum Corner Maximum Maximum
ness (percent) deflection |deflection stress deflection deflection | stress

(in.) (in.) {psi) (in.) (in.) (psi)

0 0.02107 0.02243 551.8 0.02051 0.02197 551.8
90 0.03013 0.03281 500.4 0.02038 0.03290 502.8
100 0.03616 0.03943 495.8 0.02039 0.05276 507.7

29
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Fig 4.5. Effect of reduction in bending stiffness
on maximum deflections.
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Effect of reduction in bending stiffness
on corner deflections.
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Interaction Between Reduction

in Bending Stiffness and

Twisting Stiffness

Since the Joint width of reinforced sections (40-
foot spacing) is large when compared with the crack, it
follows that when the load passes the Joint, the induced
stresses will be higher than interior stresses because of
the discontinuity of the pavement section. To attack this
problem, the interaction problems were analyzed by SLAB 40
and the results are shown in Table 4.2. As shown in Fig

4.7 the variation of corner deflection due to a reduction

>
in bending stiffness at various levels of twisting stiffness
is more or less the same up to 90 percent reduction in
bending stiffness, but the deflections vary tremendously
from 90 percent to 100 percent reduction in bending stiff-
ness, Figure 4.8 shows the effect of reduction in twisting
stiffness on maximum stresses at various percent reductions
in bending stiffness. Apparently the maximum stresses in-
crease with an increase in twisting stiffness reduction

for aeny bending stiffness reduction. The rate of change

in maximum principal stresses due to reduction in twisting

stiffness increases as the percent reduction in bending

stiffness increases.



TABLIE 4.2.

INTERACTION BETWEEN REDUCTION IN BENDING STIFFNESS AND TWISTING STIFFNESS

ON MAXIMUM DEFLECTIONS AND STRESSES

Reduction

in twisting

Reduction in bending stiffness at two adjacent stations

stiffness Results from theorg- (percent)
tical analyses
(percent) 0 90 100
Maximum deflections 0.02197 0.03290 0.05276
0 Corner deflections 0.02051 0.03034 0,05004
Maximum stresses 551.8 502.8 507.7
. Maximum deflections 0.02212 0.03360 0.05735
Corner deflections 0.02038 0.03024 0.Q5395
Maximum stresses 584.8 579.8 612.0
Maximum deflections 0.02219 0.03406 0.05990
100
Corner deflections 0.02029 0.02991 0.05580
Maximum stresses 600.6 630.4 700.2

99
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Fig 4.8.
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Percent Reduction in Twisting Stiffness

Effect of reduction in twisting stiffness on maximum principal
stresses at various percent reduction in bending stiffness.
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Analysis of the Results by
AASHO Road Test Equation

At the AASHO Road Test, static rebound deflections
at the corner were measured by means of a Benkelman bean
(Appendix D, Ref 32). The equation below was obtained from
static rebound corner deflection data from rounds 1 through
3 and 5 through 9, gathered from April to September 1959,
The data from loop 2 are excluded from the analysis because
the data are not consistent with those from the other loops
(Ref 32). Based on these data, for single-axle vehicles

on reinforced sections (Ref 32),

0.0lSLl

det! = (4.1)

0.01 .

10 5TD1 18
2
where

de' = static rebound corner deflection, inches;
Ly = single-axle load, kilps;
D, = pavement thickness, inches;
T = temperature (© F) at a point 1/4-inch below

the top surface of the 6.5-inch slab, minus
the temperature at a point 1/2 inch above
the bottom surface, determined at the time
the deflection was measured,
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Since elastic theory was used in this analysis,
the static rebound deflection is assumed to be comparable
with the static deflection. To analyze using the AASHO
equation for 18 kips, a 5-inch pavement thickness single-
axle load on a reinforced section was used. The corner
deflection at zero temperature is equal to:

de = D0.013 X 18 _ 4 (z5-inech

51.18

This value of corner deflection is entered in
Fig 4.7 (deflection computed for AASHO conditions) to obtain
the percent reduction in bending stiffness for various per-
cent reductions in twisting stiffness and the results are

as follows:

Reduction in Obtained Percent Reduction
Twisting Stiffness in Bending Stiffness
0 95
75 97
100 98

The average value of bending stiffness reduction
for all percent reduction in twisting stiffness is approxi-
mately 97 percent., With 97 percent bending stiffness reduc-
tion, entered on the abscissa of Fig 4.7, corner deflections

are as follows:
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Percent Reduction in Corner Deflection,
Twisting Stiffness inches
0 0.0330
75 0.0355
100 0.0380

The reletion between percent reduction in twist-
Ing stiffness and corner deflection at 97 percent reduction
in bending stiffness (previously obteined) 1s plotted in
Fig 4.9. With the corner deflection from actual field
conditions (equeal to 0.035), the reduction of twisting
stiffness at the corresponding deflection is about 81l per-
cent,

In conclusion, for a reinforced section to repre-
sent the fleld conditions, the results of the analysis are
shown below:

(1) the reduction in bending stiffness at two

adjacent stations 1s 97 percent, and

(2) the reduction in twisting stiffness is 81

percent.

For a nonreinforced section to represent the field
condition, the corner deflections were obtained from the
AASHO Road Test equation for a single-axle nonreinforced

section (Ref 32):
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Fig 4.9. Corner deflection versus percent reduction in twisting

stiffness at 97 percent reduction in bending stiffness.
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0.013L
de = —5 OllT.i 25 (¢.2)
10°° D,

The terms dec , Ll , T , and D2 were previously discussed.
For an 18~kip single-axle and a S5-inch pavement

thickness: -
de = 0.0314 inch

Entering this value in Fig 4.6, the percent reduc-
tion in bending stiffness at one station is approximately
93 percent, whereas the difference in stresses for 93 per-
cent and 100 percent reduction in bending stiffness
is small, It is wvalid to assume that for nonreinforced
sections, 100 percent reduction in bending stiffness at one
station is the beét approach to simulate actual field con-

ditions.

Summary

From Table 4.2, the difference in maximum deflec-
tion at full value of twisting stiffness and zero twisting
stiffness 1s only about 1 percent, whereas the difference
in maximum principal stresses is 10 percent. Both deflec-

tions and stresses increase as reduction in twisting
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stiffness increases, so 1t may be concluded that reduction
in twisting stiffness alone does not have an effect on maxi-
mum deflections but has considerable effect on maximum prin-
cipal stress.

At no reduction in twisting stiffness, the d4if-
ferences in maximum deflection at full wvalue of bending
stiffness at one station and two adjacent stations are 75
percent and 140 percent, respectively., The deflection in-
creases as the reduction in bending stiffness increases. In
contrast, the maximum principal stress usually decreases as
percent reduction of bending stiffness increases. The
difference in maximum prineclpal stress is approximately 10

percent.



CHAPTEHR v

MODIFICATION OF ERODED AREA BENEATH

SLAB FROM PUMPING INDEX

Pumping of rigid pavement is a significant factor
in the deterioration of the pavement surface. At the
AASHO Road Test, severe pumping occurred in the first and
second levels of thickness for all loops. When & rigid
pavement with a subbase pumped, the subbase material was
ejected and the result was the loss of support beneath
the pavement slab, Local stresses increase as the eroded
area increases,

To predict the maximum stress of rigid pavement at
the AASHO Road Test, pumping must be taken into consid-:
eration because pumping usually causes loss of support
that leads to increase in maximum stress under loading
applications of rigid pavement, To successfully predict
the maximum stress in the rigid pavement system, the conver-
sion of pumping index to eroded area beneath slab is re-
quired.

The initial step in pumping of the subbase is

the creation of & void space under the pavement where

75
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freewater may accumulate after repeated loads are applied
to the pavement. Generally, the void space may be caused
by plastic deformation of the soill after the more elastic
slab rebounds or by warping of the slab due to tempera-
ture differential, If the soil is free-draining, when
water enters the void space, the water will move through
the soll, But if the water does not drain sufficiently,
deflection of the slab due to load application will cause
the water to be eJected from beneath the pavement slab,
After many load applications, the pumping action will
produce a large voild space beneath the pavement and cause
distress in the pavement,.

It appears that the pavement distress under
moving load is greatest when the load travels close to
the pavement edge (causing edge and corner loading condi-
tions). Whenever the slab produces maximum deflection,
the maximum pumping action wWill occur and whenever loss
of support of rigid pavement begins, stresses in the pave-
ment will change tremendously, depending on the extent of
the area eroded beneath the pavement slab, Since the
rigid pavement system 1s subjected to numerous variables,
it is difficult to formulate a clear-cut loading condi-

tion representative of actual conditions in the field,
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To accommodate the situation of loading in the field, the
average anticipated wheel path position (approximately
2 feet from the pavement edge) is considered.

At the AASHO Road Test, a considerable volume
of the subbase material was ejJected along the edge of
the pavement immediately after a rainfall (Ref 32). The
amount of pumped material was presented in the form of a
pumping index. Based on engineering Judgment and experi-
ence from field tests, the pumping index is converted to
a value for an eroded area beneath the slab by making
certain assumptions and establishing boundary conditions,
The reason for this conversion is for the feasible use
of the SLAB program in the prediction of the maximum
principal stresses during the test period at the AASHO
Road Test., In the first stage of the report, brief re-
view of observations and findings from the AASHO Road

Test are presented.

AASHO Road Test Observations

It was observed that freewater collected under
the slab during rains and did not drain laterally through
the subbase material in the shoulder to the site ditches

at a rate sufficient to prevent pumping action. It was
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also observed that subbase material was apparently removed
by the erosive action of water moving across the top of
the subbase, A pumping index was computed by approxi-
mating the accumulated volume of material ejected per

unit length of pavement and averaging over the length of
the test sectlion. The pumping index is in cubic inches

of pumping material per inch of pavement length.

Pumping is generally noted first at the free
edge of the pavement near a joint and then progresses
along the edge toward the center of the slab., Edge pump-
ing is generally more extensive than joint pumping through-
out the life of the pavement, There was no clear-cut
evidence from the Road Test to associate pumping index
with serviceability of a pavement, since some test sections
which failed had a pumping index less than those of the
surviving sections. Nevertheless, the average pumping in-
dex for failed and surviving sections was 134 and 34,
respectively. A great majority of the failed sections
pumped severely prior to failure, which seems to confirm
the fact that whenever pumping starts, stresses 1in the
pavement increase significantly due to loss of support,
which leads to pavement cracks. There are no consilstent

trends relating the pumping index to subbase thickness
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and pavement types (reinforced or nonreinforced sections),
but there is some correlation for pavement thickness and
load.

Table 5.1 presents the pumping index for loops
4, 5, and 6 under a single load application. Only the
sections where the serviceability index dropped to 1.5
will be analyzed because of their complete histories in
pumping index and performance.

Based on these studies, the following paragraphs
are presented to show the transformation of the pumping

index to values of eroded areas beneath pavement slabs.

Transformation of Pumping Index to Eroded Area.

The computation for the pumping index was as follows:

PI = 144 _Ilj_" in®/in (5.1)

where

PV = pumping value, in cubic feet;
I = length of pavement section, in feet;
PI = pumping index, in cubic inches per inch,

A number of assumed boundary conditions must be
established to convert pumping index to a volume. The more

important are as follows:



TABLE 5.1,

PUMPING INDEX AT PRESENT SERVICEABILITY INDEX = 1.5 OR N = 1,114,000

S
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N % CR ‘66‘
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{o . 7 ()Q@
%, \’0;“@ O Pavement Thickness, in inches Pavement Thickness, in inches
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3 189+ 47 19 13 191+ 48 24 16
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4 18
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3 207 146 27 11 133 33 22 23
6 104 63 20 18 301 47 52 2
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6 237% 45 27 6 159 29 20 20
6 30
9 237% 120 22 1 168 59 12 3
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Present serviceability index equal to 1.5

Number of traffic applications
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1. Relationship between compacted condition of
subbase and loose saturated condition of pumped
material on the surface,

2. Shape of pumped area beneath the pavement,

3., Loss of pumped material due to water, and

4, Human error in estimating the pumped material
volume,

These assumed boundary conditions have a great ef-
fect on the calculation of the volume of the pumped material.
It seems impossible to obtain the exact calculation of
the pumped material. However, based on experience and
engineering judgment, the general shape of pumping is

assumed to be as presented in Fig. S5.1. From mathematics,

the pumping volume beneath the slab is:

1 3
PV, =% dx dy d Tt (5.2)
where
dy = length of pavement in longitudinal direction,
in feet;
d, = length of pavement in transverse direction,
in feet;

dy = depth of pumping at the corner, in feet.

The boundary values of d,, d and d, for rein-

y}

forced and nonreinforced sections are:
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Fig 5.1. Typical shape of eroded area for both reinforced and nonreinforced pavement sections.
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40-by-24-Foot Slab Panel (reinforced section) -

(1) For maximum condition

15 feet’

1
z fOOt,

< 12 feet.

(@]
A

dx

dy

A

o
IA
A

d

(@]
IA

Z

(2) Maximum PI from test data is equal to 237 in®/in.

15-by-24-Foot Slab Panel (nonreinforced section) -

(1) For maximum condition

d < 15 feet,

(@]
IA

1
dy <732 foot,

o
IA

o
IA

d, < 12 feet.
(2) Maximum PI from test data is equal to 301 in®/in,

Recognizing that the pumped volume on top of
the slab may not be equal to the eroded area beneath the

slab, a modified C-factor is introduced as follows:
PV = PV C in®/in (5.3)
where

modified factor,

Q
|

PV, pumping volume beneath pavement,
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Substituting in Eq 5.1, the following equation is obtained:

PV C
PI = 144—T (5.4)

To calculate the C-value, the boundary condi-
tions previously established and the shapes in Fig. 5.2
may be used. Different values of C are obtained for each
slab size.

For the 40-by-24-foot panel, using the boundary
conditions and maximum pumping index of 237 in®/in, the

C-value 1s computed as follows from Fig. 5.2:
PV =V, + V_ = z(l d a,) f£t3
o~ A B 6 X dY z
1
PV =% dy d

PV_ =< X 15 X 12 X % £t (5.5)

i

Substituting PV0 and maximum PI into Eq 5.4,

C
= = X X =
PI 237 144 15 20

C = 4,39

Substituting C and PVO into Eq 5.4,
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Fig 5.2. Shape of eroded area beneath slab at maximum pumping condition.
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d, d, d
PT = 144 X 4,39 x-% EHZ 4n3/in
d_d_d,
PI = 210 ——L—=% in3®/in (5.8)
Eroded area = % 4, d, ft= (5.7)

For the 15-by-24~foot panel, the maximum PI is equal to

301 in3/in.

- 3
PV, = V, + Vg ft
- X dy 4y d, + L x i§ X dy d ft3
"“6 X y Zz & o y Z
PV =L 4, dy dy f£t3 (5.8)
o 4 X 7Y 72 :
_ 1 1 3
=3 X 12 X4 X 15 ft
= 11.25 ft2

Substituting PVO and maximum PI into Eq 5.4,

11.25

301 15

144 X C X

it

C = 2.8

Substituting C and PVO into Eq 5,4,
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d, d. d
PI = 144 X 2.8 x% =

d_ d_ d
PI = 100 —= LL——Z in®/in (5.9)
Eroded area = 2dy d, ft2 (5.10)

Figures 5.3 and 5.4 present the relation between
the pumping index and the eroded area for both 24-by-40-
foot and 24-~Dby-15-foot slab panels. The calculations of

the plots are presented in Appendix 2.

Summary

From this analysis, the eroded area of reinforced,
and nonreinforced sections at the AASHO Road Test can be

predicted from the pumping index. The analyses were based

on data and observations obtained from the AASHO Road Test.
The maximum pumping index for reinforced sections is 237
ins/in. The maximum eroded area obtained from Fig. 5.3

is 87 ft2., The wmaximum pumping index for nonreinforced
sections is 301 in®/in. The maximum eroded area obtained

from equation 5.10 is 90 ft?., (See Appendix 2)
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Fig 5.3. Relationship between pumping index and
eroded area of reinforced section.



Eroded Area (ft.2)

89

50 100 150 200 250
Pumping Index (in.3/in.)

Fig 5.4. Relationship between pumping index and
eroded area of nonreinforced section.
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CHAPTEHR VI

STRESS ANALYSIS FOR REINFORCED AND

NONREINFORCED SECTIONS

The analysis of stresses in rigid pavements
involves many factors, such as magnitude of load, load
placement, temperature changes, pavement stiffness, pave-
ment properties, and support properties, The amount of
induced stress that the pavement can sustain is directly
related to the concrete strength, based on a hypothesis
that when the induced stress exceeds the concrete strength,
a crack will occur.

Stress conditions in rigid pavement may be af-
fected by repeated stress due to variation of temperature
and moisture during the day, as well as repeated loading
conditions, The critical stresses occur when the stresses
due to loading condition and climatic conditions are addi-
tive. This mechanism of critical stress usually occurs
when the temperature on the surface is higher than the
temperature at the bottom; then the slab tries to warp
downward, but because of restraint forces due to the

weight of the slab between surface and subbase, the

91
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initial tensile stress occurs at the bottom of the slab
and compressive stress on the top. According to the slab's
characteristics, when the load is applied at the interior
of the slab, tensile stress occurs at the bottom of the
slab, Critical stress occurs when these two conditions
are additive. By contrast, when the surface is cooler
than the bottom, the slab tries to warp upward, but be-
cause of the restraining force between the surface and
the subbase, the initial tensile stress occurs on top of
the slab. In addition, according to the slab character-
istics, when the load is applied at the corner of the
slab, tensile stress will occur on the top of the slab.
The critical stress of the slab occurs on top of the

slab when these two conditions are additive. It may be
concluded that critical stress occurs when the slab is
warped downward and the load is applied at the interior
or when the slab is warped upward and the load is applied
at the corner of the slab.

The repeated stress usually leads to the mani-
festation of cracking. As soon as cracks develop on the
surface, the stiffness of the concrete slab decreases
and the continued repeated stress applications lead to the

damage of the pavement, The amount of reduction in
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stiffness depends on the characteristics of the créck,
such as degree of cracking, spacing, and crack width.
Reduction in stiffness causes a reduction of the load-
carrying capacity of the pavement structure., In general,
for the first period of traffic applications, few or no
cracks will occur. After numerous applications, cracks

will develop on the surface due to the following:

1. Fatigue of concrete pavement,
2. Excessive loading,

3. Loss of support caused by high stress concentra-
tion, and

4, Additive stresses due to variation of subsurface
condition,
From the discussion of stress produced in a
concrete slab, it is seen that the effect of variation
of subsurface conditions tause increasing stress, and .load
transfer causes the difference in stresses for reinforced
and nonreinforced sections. Since the flexural stresses
of concrete are the criterion of the fatigue equation,
the best solution of flexural stresses is required.
For this report, the effect of variation of
subsurface condition and the loss of support due to pump-

ing are considered in the analysis.
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Effect of Variation
of Subsurface Condition

The variation of elastic modulus of the subbase
(k-value) affects pavement performance, since the stresses
in the pavement vary with the k-value of the subbase. In
the SLAB program, the elastic modulus of the subbase and
Poisson's ratio for the subbase represent the subsurface
condition of the pavement. ©Poisson's ratio for the sub-
surface condition may vary during the 1ife of a pavement,
but its influence is small when compared with other vari-
ables and therefore it will be eliminated from further
consideration.

In the following paragraphs, the effects of
variation of the k-value of the subbase on maximum princi-
pal stresses of rigid pavement at the AASHO Road Test
will be analyzed on the basis of previous studies (Ref
30).

The effect of wvariation of the k-value on the
maximum principal stress and consequently performance
for full support and partial loss of support was indicated
by a previous study of the erodability factor (Ref 30).
The erodability factors were specified by 0, 1, 2, and

3, which represented the eroded areas beneath the slab of
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0, 9,05, 20.25, and 38.90 square feet, respectively. The
eroded area was assumed to occur at the corner of the slab
and eroded equally in the transverse and longitudinal di-
rections of the pavement slab., A 24-kip single axle with
dual tires was placed 1 foot from the pavement edge of

the slab which was 24 by 40 feet and 8 inches thick. The
results of previous studies are presented in Fig 6.1.

The corner condition was selected because it is symmetrical
and occurred at the AASHO Road Test.

Figure 6.1 shows the effect of loss of support
on maximum principal stresses for various k-values. The
average minimum and maximum k-values of loops 4, 5, and
6 at the AASHO Road Test are equal to 108 pci and 155.5
pci, respectively (Chapter III). These two k-values were
entered on the abscissa of Fig 6.1 to obtain the values
of maximum principal stresses at various erodability
factors on the ordinate.

The maximum principal stresses at an eroda-
bility factor equal to O, 1, 2, and 3 for the average
minimum k-value are 237.5, 346, 447, and 550 psi, and
for the average maximum k-value are 225, 335, 437.5, and
545 psi, respectively. These maximum principal stresses

versus eroded area in square feet were plotted in Fig 6.2
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to illustrate the effect of variation of k-value at the
AASHO Road Test. The maximum difference in principal
stress was found at full support condition and was ap-
proximately equal to 4 percent. From this result, it may
be concluded that the effect of variation of k-value dur-
ing the test period at the AASHO Road Test had little ef-
fect on changing maximum principal stress and is con-

sidered negligible.

Stress Analysis for Reinforced
and Nonreinforced Sections

From previous chapters, the effect of load trans-
fer on pavement stress and the transformation of pumping
index to eroded area of reinforced and nonreinforced sec-
tions were obtained. At the AASHO Road Test, pumping
was generally noted first at the free edge of the pave-
ment and then it progressed along the joint toward the
centerline of the pavement. Edge pumping was generally
more extensive than Jjoint pumping throughout the 1ife of
the pavement. Based on experience and field observation,
it is believed that pumping usually starts at the joint
of one slab and then moves progressively along the slab.

The volume of material pumped by two adjacent slabs is
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generally not equal. In analyzing the effect of pumping
on maximum principal stresses, it is difficult to make a
clear~-cut statement about the shape and amount of pumping
beneath two adjacent slabs.

Based on previous assumptions about the eroded
area beneath pavement slabs, the pumping action at the
AASHO Road Test was divided into three parts for this
analyéis:

1. When the pumping action produced an erocded area
beneath the pavement equal to 80 sqguare feet,
assume EF = L;

2. When the pumping action produced an eroded area
beneath the pavement equal to 40 square feet,
assume EF = M; and

3. When the pumping action produced an eroded area
beneath the pavement slab egual to 10 square
feet, assume EF = S

where EF is defined as the erodability factor.

The facts seem to indicate that no exact solu-
tion was available to predict the shape of eroded area
beneath two adjacent slabs, Therefore, an attempt was
made to simulate the eroded area beneath two adjacent
slabs in the field for this analysis.

Based on observations from the AASHO Road Test,

it was found that whenever one slab pumps for a period
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of time, the adjacent slab will start to pump, but the
amount of pumped material for each slab will not be equal.
To represent this pumping condition in the field, Fig 6.3
was assumed to be the typical shape of eroded area be-
neath two adjacent slabs. The slab with the larger
eroded area is called the main slab and the slab with the
smaller eroded area is called the adjacent slab., The
analyses for predicting the maximum stresses and deflec-
tions of the two adjacent slabs based on the three pump-
ing conditions are as follows:

1. The main slab and the adjacent slab have the EF

equal to L and M, respectively.

2. The main slab and the adjacent slab have the EF
equal to M and S, respectively.

3. The main slab and the adjacent slab have the EF
equal to S and 3 ft®, respectively.

Effect of Position of
Loading After Pumping

In order to illustrate the effect of position
of loading after pumping on maximum principal stresses
and deflections, & nonreinforced section from loop 4 of
the AASHO Road Test was selected. Since the maximum

principal stresses are usually the criterion in rigid
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pavement systems, the analysis will be concentrated on
the maximum principal stresses versus eroded area beneath
pavement slab, Based on AASHO Road Test data, the typical

conditions of the selected section were:

Pavement thickness 5 inches

Joint spacing 15 feet

Design condition nonreinforced

E concrete 4,5 X 10° psi
9 0.2

Axle 1load single, 18 kips

Reduction in bending
stiffness at the
joint (one station) 100 percent

Load position at joint

g%; 1 foot from Jjoint
SLAB 40 was used to predict the maximum stresses
and deflections and the results are shown in Table 6.1
for maximum principal stresses and maximum deflections
for loading conditions at the joint and 1 foot from the
Joint. The results are also plotted in Figs 6.4 and
6.5.
As shown by Fig 6.4, the loading condition at
1 foot from the Jjoint produced higher stresses before

and at the beginning of pumping action. Joint loading



TABLE 6.1.

LOSS OF SUPPORT STUDIES OF NONREINFORCED SECTIONS AT AASHO ROAD TEST

Erodability|Eroded Area |[Eroded Area Loop 4 Loop 5 Loop 6
Factor n Main Slabjin Adjacent Load 1 ft Load Load
ft2 Slab, ft2 at Joint from Joint at Joint at Joint

73
8 L 90 40 852.2 756.6 609.0 540.3
9 q
...{g
] M 40 10 583.9 549.0 431.8 375.5
i O
8« S 10 3 476.8 491.0 368.2 335.3
A
L L 90 40 0.40700 0.36750 0.29820 0.26120
&
o
%_é M 40 10 0.16570 0.14240 0.13420 0.12000
u
A
v S 10 3 0.08390 0.06546 0.07368 0.06928
3

€01
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Fig 6.4, Effect of position of loading on maximum
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condition seems to be more critical since it caused in-
creased pumping and produced higher stresses than the
load at 1 foot from the joint when the eroded area due to
pumping beneath the slab was greater than 18 ftZ (PI =
30 in3/in). Reinforcing this result by Fig 6.5, it can
be seen that the maximum deflections when loading at the
joint were higher than those for interior loading condi-
tions at any eroded area.

For reinforced sections, based on previous
analysis, the joint loading condition was accepted as
the critical loading condition. The maximum principal
stress at 97 percent reduction in bending stiffness at
two adjacent stations and 81 percent reduction in twist-
ing at one station was 605 psi (extrapolated from Fig
4.8). In comparison with the interior stress (551.8 psi),
joint loading condition is approximately 10 percent higher
than interior loading condition,

According to these results, it is evident that
for loss of support, studies show that in reinforced and
nonreinforced sections, tﬁe joint loading condition seems

to be the best method of approach at the present time.
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Effects of Pumping on Maximum
Principal Stresses and Maximum
Deflections

The purpose of this study was to predict the
critical stresses and deflections of rigid pavement for
any pumping index. For this analysis, the shapes of
eroded areas for reinforced and nonreinforced sections

are illustrated in Fig 6.3 and classified below:

Eroded Area Eroded Area in
EF in Main Slab, ft® Adjacent Slab, ftZ
L 90 40
M 40 10
S 10 3

For nonreinforced sections, the maximum princi-
pal stresses and deflections of loops 4, 5, and 6 were
calculated by using SLAB 40. Details on design variables
for each loop were presented in Chapter III, The results
of the analysis for each loop for a joint loading condi-
~tion are shown in Table 6.1 and are also plotted in Figs
6.6 and 6.7 to illustrate the effect of eroded area be-
neath pavement slabs on maximum principal stresses and
maximum deflections, respectively.

For reinforced sections, only loop 4 will be

analyzed because of the symmetrical characteristics of
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the stress and deflection analyses of the pavement under
pumping conditions. The results of the analysis by SLAB

40 for loop 4 are as follows:

Eroded Area Eroded Area Maximum Maximum
in Main in Adjacent .Deflec- Stress,
Slab, ft2 Slab, ft° tion, in. psi
90 40 0.3701 708.1
40 10 0.1727 622.2
1C 3 0.09199 603.0

TQ illustrate the effect of pumping on maximum
principal stfesses and maximum deflections of reinforced
sections, these results were plotted in Fig 6.8.

As illustrated by Figs 6.6, Fig 6.7, and 6.8
for both types of pavement, the maximum principal stresses
and maximum deflections usually increase as the pumping

index increases.
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CHAPTER VITI

CONCLUSIONS AND RECOMMENDATIONS

The study reported herein was conducted for the
purpose of modeling the concrete fatigue equation and pre-
dicting the maximum principal stress in pavement slabs of
reinforced and nonreinforced sections under traffic appli-
cations at the AASHO Road Test. This analysis was con-
ducted by use of the discrete-element slab model to deter-
mine the sensitivity of pavement stress and deflection to
change of slab size and support property. The analysis
provides the reasonable predictions on concrete fatigue
life from laboratory tests and the maximum principal stress
in the slab after any pumping index at the AASHO Road Test.

The following analyses were conslidered in stress
analysés:

(1) The effect of load transfer ~ This analysis
was based on»the corner deflection values
which were obtained from the AASHO Road Test
equation and the theoretical analysis.

(2) The correlation between pumping index and the

eroded area - This analysis was based on

113
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(3)

The

engineering Jjudgment and observations from
the AASHO Road Test.

The load locations at the Jolnt and 2 feet
from the pavement edge.

following conclusions and recommendations are

made on the basis of the results and observations of this

analysis,

Conclusions

The

ables studied

(1)

(2)

(3)

(4)

conclusions are limlited to the range of vari-
in this report and listed as follows:

The effect of applied flexural stress on
fatigue life of concrete 1s highly important,
The effects of concrete properties and speed
of test on fatigue life of concrete are
negligible.

The probabllity of failure of concrete 1in-
creases with an 1ncrease in applied flexural
stress.

Concrete exhibits no fatigue limit up to ten

million applications.



(6)

(10)

(11)
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Observations showed that the traffic,
material properties, and environmental con-
ditions at the AASHO Road Test varied during
the test period.

The effect of Joint spacing for reinforced
and nonreinforced sections was studied and
based on reduction in bending and twisting
stiffness.

For nonreinforced sections, a reduction in
bending stiffness of 100 percent is required
to simulate the AASHO pavements.

For reinforced sections, a reduction in bend-
ing and twisting stiffness of 97 and 81 per-
cent, respectively, i s required to simulate
the AASHO pavements,

A reduction in bending stiffness has a large
effect on maximum deflection but only a small
effect on maximum principal stress.

A reduction in twisting stiffness has a large
effect on maximum principal stress but only

a small effect on maximum deflection.

The highest maximum principal stress and
deflection are produced when loads are

located at the Joint.
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(12)

(13)

Recommendations

Variation of elastic modulus of support has
a small effect in stress analysis and is
negligible.

The maximum principal stress was predicted
at fu;l support and at various stages of

support losses at two adjacent slabs.

In long-range terms, to develop the more exact and

reliable design method for rigid pavement requires the follow-

ing studies:

(1)

(2)

(3)

(4)

Development of a fatigue failure model of
rigid pavement, |
Understanding the logical mechanism after the
first crack has developed. This mechanism
seems to be logical at the present time.

The difficult problem is what happens to the
pavement behavior after the first crack and
an increasing number of cracks develop.
Temperature effects should be téken into
consideration,

Mode of loading. The AASHO Road Test proce-

dure permitted the performance of each test



(5)

117

section for the repetition of a specific
load. In fact, pavement in-service 1life
carries a wide variety of single and tandem-
axle loads. Thils mixed traffic causes more
variation in stress level, which definitely
influences fatigue lifé.

Usé of stochastic concepts. The variabllity
of all the 1nputs in the system along with
sensitivity analysis might be helpful to
approach the more exact and reliable design

me thod,
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APPENDIX 1

SOLUTION FOR CODED DATA INPUT
LOOPS 4, 5, AND 6

Loop 4
Pavement thickness = 5 inches

Single load = 18 inches

Elastic modulus of concrete 4.5 X 10°% psi

k from spring trend program = 112 pci

Solution

Increment in x,y-direction = 12 inches

' 3
Slab bending stiffness per unit length D = IET%%EET

D - p o 4:5X%10°% X 52
x "y 12(1 - 0.2°)

= 4,88 X 107 inch-

pounds.

>

D
= 21 = 1,22E + 07 = joint's slab bending

stiffness

Support spring S elastic modulus of support X

1]

area of Joint

112 X 12 X 12 = 16.13 X 10°

inch-pounds,

125
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% = support spring for each Jjoint

Joint's twisting stiffness:

S - S
T o12(1 + )

_ 4.5 x 108 x 5°
- 12(1 + 0.2)

3.9 X 107 inch-pounds

it

For 15-foot spacing, for any 24-by-40-foot section at the

joint (in x-direction), Dy should be reduced o4 100 per-

cent,

Reduction in Dy at joint

for 15-foot spacing = -1,0D
¥y

-4.,88 X 107 inch-pounds

For 40-foot spacing, for any 24-by-40-foot section, as-
sume reduction of 90 percent at two adjacent joints.

Therefore, reduction in Dy at the joint for 40-foot spac-

ing = -O.9Dy.
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Dy at joint = 0,9 X 4,88 X 107

-4,4 X 107 inch-pounds

D
EX = -2.20E + 07 inch-pounds
Loop 5
Pavement thickness = 6.5 inches

Single load = 22,4 kips

k = 103.5 pci

Dy = Dy = 1.07 X 10® inch-pounds
Dy D
T - Zx = 2,675E + 07 inch-pounds

S = 14,90 X 10® inch-pounds

N

3.720E + 03 inch-pounds

w [t

C = 8.55E + 07 inch-pounds

Loop 6

Pavement thickness = 8 inches
Single load = 30 kips

k = 117.5 peil
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w>fen

"
(=]
i

20 X 107 inch-pounds

hLF

5.00E + O7 inch-pounds

= 1.70 X 10* inch-pounds

4,250E + 03 inch-pounds

1.600E + 08 inch-pounds
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APPENDIX 2

ANALYSIS OF THE RELATIONSHIP OF PUMPING

INDEX AND ERODED AREA

General Equation

50

100

150

200

250

&
>
It
[
o
»
o
N
]
™ [~

X 48 X 60 X dy2 = 1440 X dy®

(1) For a 40-foot slab, substitute dx and dz in

terms of dy where dy : dz

dy X 48dy X 60dy

PI = 210 X 40
= 15100dy°

dy® dy
50/15100 = 1/302 1/6.7
100/15100 = 1/151 1/5.32
150/15100 = 1/101 1/4.65
200/15100 = 1/75.5 1/4.27
250/15100 = 1/60.4 1/3.92

dz = 1 : 48

60,

Eroded Area, ft2
1440/6.702 = 32,10
1440/5.322 = 51.00
1440/4.652 = 66.70
1440/4.272 = 79.00
1440/3.922 = 93,50

(2) For a 15-foot slab, substitute dx and dz in

terms of dy where dy : dz

131

dx = 1 : 48

60.
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PI = 100 X 48dy x 224 1: d

= 19200dy°>
PI dy® dy Eroded Area, ftZ
50 50/19200 = 1/384 1/7.26 1440/7.262 = 27,40
100 100/19200 = 1/192 1/5.77 1440/5.772 = 43.20
150 150/19200 = 1/128 1/5.03 1440/5.032 = 56,80
200 200/19200 = 1/96 1/4.57 1440/4,57% = 69,00
250 250/19200 = 1/77 1/4.25 1440/4.25% = 80,00
300 300/19200 = 1/64 1/4,00 1440/4.002 = 90.00
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