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SECTION I
INTRODUCTION

BACKGKOUND

Flexible airfield pavements are constructed of layers of various
materials placed over a natural subgrade. The surface layer, known as the
wearing course, is made up of asphalt cement and aggregates, blended and
compacted to provide a smooth, resilient surface for aircraft operations.
These pavements are designed to flex, and to do so repeatedly. The repeated
flexing ultimately leads to fatigue cracking of the wearing course and thus
accelerates the degradation of the pavement system. Fatigue cracking is
also accelerated by environmental effects that effectively harden the asphalt
cement and reduce the anticipated service 1ife of the pavement.

When asphaltic concrete (AC) airfield pavements are placed in service,
the user generally has 1ittle or no information concerning their potential
service life. Some pavement design procedures are predicated upon a desired
service life of, say, 20 years, or upon a given number of aircraft departures.
Such predictions, however, are not based upon realistic models. For economic
reasons, a method of realistically predicting the service 1ife of both new
and existing aircraft pavements is critically needed. With such a tool,
pavement engineers could determine more accurately how thick the wearing
course for a new pavement should be. In the case of existing pavements,
service life predictions could preclude unnecessary upgrading or the over-
stressing that can lead to extensive premature repairs.

The U.S. Air Force is currently developing a nondestructive airfield
pavement evaluation system that uses the computer code PREDICT to evaluate a
pavement's capability to support specific types of aircraft. The system is
based on field tests from which the elastic values of pavement materials are
determined; a finite-element computer program for predicting stress, strains,
and deflections in the pavement; and an AC fatigue algorithm. The fatigue
criterion used in PREDICT to evaluate AC wearing courses was originally




developed for highway pavements. Because this criterion was considered
the best available (in 1976), it was included in the code in an effort

to determine whether the code was‘capable of predicting AC service life.
However, the fatigue criterion has been found unsatisfactory for aircraft
pavements. This study, which deals solely with the AC material, is a
first step in the development of a criterion more applicable to aircraft

pavements.
OBJECTIVE

The objective of this study is to evaluate current fatigue predic-
tion criteria and determine their applicability to Air Force aircraft
loadings and traffic patterns; to this end, to review fatigue test
methods, use of indicator tests, controlling asphalt cement and AC mix
properties, and environmental factors that influence fatigue and to recom-
mend a fatigue prediction system that includes the use of extracted AC

cores and of procedures that can be used by Air Force personnel.

APPROACH

The study was conducted by means of an extensive literature search,
discussions with consultants, and visits with other researchers concerned
with the fatigue of AC.

REPORT ORGANIZATION

Section I of this report defines the problem and outlines the
approach to the study. Section II provides a discussion of fatigue
failure definitions and test loading variables. Section III presents




a review of fatigue test procedures that have been used to predict per-
formance and of routine design test methods that might be used to
delineate AC fatigue properties. Section IV contains a review of the
effects of mixture and environmental variables on fatigue life. A

summary of the study is provided in Section V.

P




SECTION II
FATIGUE FAILURE DEFINITIONS AND LOADING VARIABLES

INTRODUCTION

A discussion of fatigue failure definitions and load variables is pre-
sented in this section as a preface to the description of test methods in

Section IIl. This background information will help the reader to understand
more fully the test methods described.

FAILURE DEFINITIONS

Fatigue failure in pavements in service is evidenced by cracking, while
laboratory failure is some arbitrarily defined point. Epps and Monismith
(Reference 1) describe laboratory fatigue as a point at which a specimen
can no longer perform as a load-carrying structure under repetitive loading.
Fatigue failure may be assessed by service life, Ns’ and fracture 1life, Nf.
NS is defined as the number of load repetitions required to reduce some
characteristic of a test specimen to a critical level, whereas Nf is the
number of load repetitions required to cause the specimen to fail completely.
Thus, when the service 1ife is defined as complete rupture of the specimen,
the two criteria are equal.

Witzcak and Bell (Reference 2) define service life, Ns’ as the number
of cycles to structural failure and fracture 1life, Nf, as the functional
failure of the pavement. Figure 1 (Reference 2) illustrates distress-based
(structural) and performance-based (functional) approaches to pavement 1ife.
A specimen undergoing structural distress analysis, as shown in Figure 1-a,
may exhibit no distress until a given number of load repetitions, Nos’
been reached. That number represents the initiation of cracking in the
pavement or incipient structural failure. In contrast, Figure 1-b illustrates
that the performance level of a pavement constructed with an initial
serviceability of Po gradually decreases to a failure level, Pf, after some
number of load repetitions, fo. Thus a given structural failure condition
exists (Df, fo) that may relate to a functional failure condition (P

has

£ Neg)-




(Failure Level)
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(b) Functional Approach
Figure 1. Structural- and Performance-Based Design Approaches

| (after Witczak and Bell, Reference 2)
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It should be noted that crack initiation does not constitute functional
failure of the pavement.

LOAD VARIABLES

The following discussion of load variables is in part a reproduction of
a review presented by Porter and Kennedy in Reference 3.

Laboratory tests from which an attempt is made to obtain information re-
lated to the behavior of AC involve a number of load variables including load
history, type of loading, state of stress, loading waveform, rest period,
load duration, loading frequency, creep, and others.

Load History

Two basic types of fatigue tests based on load history can be per-
formed: simple loading and compound loading. Simple loading involves con-
stant testing conditions; in compound loading, test conditions are changed
during the test. Compound loading has a varied load history that must be
considered when the test results are evaluated. Therefore, when differences
between tests are being compared, only the simple loading cases should be
considered. Further information on compound loading can be located in the
works of Deacon (Reference 4), McElvaney (Reference 5), and Cowher and
Kennedy (Reference 6).

State of Stress

Figure 2 (Reference 3) illustrates the states of stress caused by
the application of a dynamic wheel load to the pavement. The stresses are
triaxial in nature, and the vertical normal stresses are always compressive
while the horizontal normal stresses are either tensile or compressive (a
function of the depth of the element in the pavement). Because most pavement
materials fail in tension, the tensile characteristics of the materials and
their behavior under repeated tensile stresses or strains are critical.

Variations in the state of stress will produce different data for
the same asphaltic mixtures. Raithby and Sterling have demonstrated that
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fatigue life is much longer under direct compression than under direct tension
testing. In addition, rest periods have a greater effect for compressive
loads than for tensile loads (References 7 and 8). Kallas has reported that
the dynamic moduli for tension are different from those for compression (Re-
ference 9). Morris et al. have suggested an explanation for the difference
between tensile and compressive results (References 10 and 11). In tension,
the entire load is carried by the weak asphalt binder; in compression, the
combined asphalt aggregate supports the load and makes for a stronger mixture.

Multiaxial states of stress also produce a fatigue life and behav-
ior different from those produced by uniaxial states of stress. Dehlen and
Monismith (Reference 12), using a compressive triaxial test, and Haas,' using
a triaxial test with a tensile axial load, have found that materials change
under various states of stress. Dehlen and Monismith discovered that in con-
trolled-stress testing, decreasing the deviator stress increased the materi-
al's stiffness and resulted in a longer fatigue life. Haas also found that
decreasing the deviator stress increased the fatigue life.

Deacon (Reference 4) suggests that combined stress theories be used
to analyze fatigue results from complex states of stress. He proposes using
(1) the maximum principal stress theory, (2) the maximum shear stress theory,
and (3) the octahedral shear stress theory. Basically, these theories relate

to the various stresses acting on an element and account for the effects of
all stresses.

1. Maximum Principal Stress. This theory states that failure is
controlled by the maximum principal stress, which in most cases is the tensile
stress. Direct tensile tests, bending tests, and repeated-load indirect
tensile tests all relate fatigue behavior to the maximum principal stress.

2. Maximum Shear Stress Theory. This theory suggests that failure
is controlled by the maximum shear stress developed in the material. A Mohr's
circle representation of stress is used, the maximum shear stress being one-
half of the difference between the maximum and minimum principal stresses.
Thus, this theory considers multiaxial states of stress.

Footnote

'Haas, R. C. G., personal communication of unpublished data to Thomas W.
Kennedy, 1974.




3. Octahedral Shear Stress Theory. Similarly, this theory con-
siders the effects of multiaxial stresses by stating that failure is con-
trolled by the octahedral shear stress T

oct® which is defined as

Eoay * 13 1/?;1 - 02)% + (02 - 03)% + (03 - 0,)?

where 0,, 02, and o3 are the principal stresses. For uniaxial testing, o,
and o; are zero; therefore, Ty = v2]3 o, = 0.4705,. In the indirect tensile

test, 0, = 0y, 02 = 0, and 03 = 0, SO T 4 = v260,/3 = 1.70,.

)

Porter and Kennedy (Reference 3) recommend that fatigue results
possibly should be compared in terms of either the maximum shear stress or the
octahedral shear stress theory. They suggest that there is very little dif-
ference between the two theories for the states of stress developed in most
tests. The maximum shear stress theory indicates that the tensile stress in
the indirect tensile test is approximately four times the uniaxial tensile
stress. The octahedral shear stress theory indicates that the indirect ten-
sile stress is approximately 3.6 times the uniaxial tensile stress. The dif-
ference between the two theories is usually less than 15 percent for most
states of stress; in the specific cases of a uniaxial state of stress and the
biaxial state of stress developed in the indirect tensile test, the difference
is approximately 10 percent. This difference is not significant, especially
when the tremendous scatter in fatigue results is considered. Therefore,
either theory could be used, and the choice should be made on the basis of
practicality.

Type of Loading

The type of loading used in laboratory fatigue testing is either
controlled-strain or controlled-stress. The controlled-strain testing mode
applies a constant deformation or strain to the specimen, while the con-
trolled-stress mode applies a constant stress or load. The controlled-strain
and controlled-stress procedures are limiting cases of an infinite spectrum
of modes of loading.

Figure 3-a (Reference 1) shows the relationships between stress and
strain and the number of load applications for the controlled-stress mode. As
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Figure 3. Schematic Representation of Fatigue Behavior of Asphalt
Paving Materials for Various Modes of Loading (after
Epps and Monismith, Reference 1)
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the number of load applications increases, the stress remains constant, and
the strain increases as the specimen is damaged.

. ; The controlled-strain test is illustrated in Figure 3-c (Reference
1). The figure shows that strain is constant and stress decreases as the
number of load applications increases. The decline in stress occurs because
the specimen is damaged with each load application so that less stress is
required to obtain the same amount of strain. Note that for all modes of
loading, the initial stress (oo) and the initial strain (eo) are the same.

v

Controlled-stress and controlled-strain tests produced different
fatigue life results as shown in Figure 4 (Reference 1). The stress- and
strain-fatigue life relationships are schematically illustrated in Figures 4-a’
and 4-b, respectively. If one examines the stress-versus-life relationships
for both modes of loading, a comparison between modes of loading can be ob-
tained. By assuming that the data have been developed for identical specimens
and that the stress and strain levels have been chosen in such a way as to ob-
tain identical values of % and €y> ONe may plot a comparison of controlled
stress and controlled strain as shown in Figure 4-c. The controlled-stress
mode obviously produces the most conservative fatigue life estimates.

The difference in the locations of the fatigue curves in Figure 4-c
may or may not be observed in tests of AC, a variation that is apparently at
least partially related to the stiffness of the mixture. The shape of the
stress- and strain-versus-service life curve may also be influenced by the
mixture's stiffness (Reference 1). (Further discussion of stiffness is
presented in Section IV.)

Controlled-stress and controlled-strain modes of loading represent
two extreme conditions that can occur in pavements (Reference 4): (1) The AC
pavement is generally stiff in the cool spring months, while the subgrade
modulus may be much less stiff because of moisture saturation. Thus, the
stiffness ratio (relationship of surface to subgrade stiffness) would be high,
approaching that of a controlled-stress mode of loading. (2) During the hot
summer months, the AC pavement stiffness is greatly reduced because of the
pavement's higher temperature, and the subgrade is typically drier and gene-
rally stiffer. Therefore, a decrease in stiffness ratio, approximating the
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controlled-strain condition, can be observed. Figure 5 (Reference 4) illus-
trates this concept.

In controlled-stress tests, stiffer mixes exhibit a longer fatigue
life, while in controlled-strain tests, the more flexible mixtures have a
longer fatigue life. Pell (Reference 13) reasons that the difference between
the modes of failure for the two types of tests causes this phenomenon. In
controlled-stress testing, the formation of a crack causes an increase in the

stress at the crack tip due to the effect of stress concentration. The crack
propagates rapidly, causing complete fracture of the specimen and termination
of the test. In the constant-strain test, on the other hand, cracking causes
a decrease in crack-tip stress, and the crack grows at a slow rate. There-
fore, AC at low stiffness (and hence Tow stress) has a longer fatigue 1ife be-
cause of the considerable length of time it takes for a crack to propagate to
a failure condition (Reference 13).

Monismith and Deacon (Reference 14) propose the use of a mode factor
(MF) to differentiate between controlled-stress and controlled-strain modes of
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Figure 5. Effect of Mode of Loading (after Deacon, Reference 4)
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loading. MF is defined as follows:

mF = LA/ - [B/
/Al + /B/
where
/A/ = percentage change in stress
/B/ = percentage change in strain for some fixed percentage reduction of

stiffness

The mode factor has a value of +1 for controlled-strain testing and
-1 for controlled-stress testing (Reference 14). Figure 6 (Reference 15) il-
lustrates the change in mode factor as a function of surface-course thickness
and stiffness. A controlled-stress condition is approached as the thickness
and stiffness of the AC layer increase. The controlled-stress mode is there-
fore indicated as appropriate for pavement layers that are thick and stiff
because such a layer resists load and influences the magnitude of the strains
that occur (Reference 15).

Thin, flexible pavements are best simulated by the controlled-strain
loading mode. Because a thin layer adds little stiffness to the overall
structure, the layer deformation caused by loading is governed by the entire

1.0
ZContr'olled Strain(:)'
0.8+ '
0.6
. 0.4 Ey = 150,000 1b/in?
8 0.2
<
[T
[ 0.0 b,
2
-0.2— E: = 750,000 1b/in®
-0.4
Ey = 2,500,00 in?
0.5 0 1b/in
Controlled Stress 4 (-1)
0.8} //7
-1.0 | 1 | TW 0 .
1 2 4 6 8 10

Surface Thickness, in

Figure 6. Variation of Mode Factor With Surface Thickness
(after Pell, Reference 15)
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structure; therefore, the stiffness of the entire pavement, rather than just
the stiffness of the thin layer, determines the resultant stress (Reference
16).

Van Dijk et al. (Reference 17) explain the difference between con-
trolled-stress and controlled-strain fatigue life test results in terms of

total energy dissipation. A relationship of the form W = AN? exists, where

wfat is the total dissipated energy per unit volume, N Egtthe number of Toad
applications, and A and z are constants dependent upon mix properties.

Figure 7 (Reference 17) shows total energy dissipation versus the
number of loading cycles for controlled-stress and controlled-strain tests.
The total energy dissipated at failure was found to be essentially identical
for both modes of loading; however, energy was dissipated much more quickly in
the controlled-stress test than in the controlled-strain test. In the con-
trolled-strain mode, the stress on the sample decreases with increasing repe-
titions of load; in the controlled stress mode, however, the strain increases
from its initial level. The product of stress and strain (which represents
work) therefore increases in the controlled-stress test and decreases in
the controlled-strain test. It therefore follows that work (or energy) is
expended more quickly in the controlled-stress test and that fatigue life is
shortened (References 17 and 18).

Figure 8 (Reference 17) illustrates the retained bending strength of
the mixture as a function of the total energy dissipated. As energy dissi-
pates, the bending strength decreases regardless of the mode of loading. At
some point the retained bending strength becomes equal to the applied stress
and fatigue failure occurs.

Loading Waveform

The most commonly used loading waveforms are repeated-block, sinu-
soidal, and haversine patterns. As will be described later in this section,
many types of testing machines are used to generate these waveforms. However,
only Timited data are available for the purpose of comparing the effects of
waveforms for similar AC mixtures (Reference 1).
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Raithby and Sterling (References 7 and 8) performed a series of
tests to determine the effect of loading waveform on fatigue life.
test series, continuous loading was applied to specimens.

In one
Three different

waveforms were used: A summary of the

square, sinusoidal, and triangular.
results is shown in Table 1 (Reference 8). The triangular waveform produced
the longest fatigue life, and the square waveform produced the shortest. This
author could find no documentation to indicate which of these waveforms most

closely simulates field loading conditions.

Rest Period, Load Duration, and Frequency of Loading

The precise effects of rest period, load duration, and frequency of
loading are difficult to determine because these conditions are interdependent
in that the Toad duration plus the rest period defines the loading cycle. Be-
cause the three variables are interdependent, they cannot be varied indepen-
dently; however, it is possible to study the general effects of each.

1. Rest Period. Raithby and Sterling (References 7 and 8) studied
the effects of rest periods on fatigue 1life.
Tables 2 and 3 (References 7 and 8). A rest period added to any sine wave
load pulse was found to increase fatigue life. While rest periods were found
to be beneficial, there was a maximum beyond which an additional increase
in the rest period did not significantly increase fatigue life (Table 3

The results are summarized in

TABLE 1. EFFECT OF SHAPE OF WAVEFORM ON FATIGUE LIFE
Geometric Mean :
Waveform | Tempera- | Stress Amp., Initial i Fatigue Life, RE}::;VE
ture, °C MN/m? Strain Amp. Cycles
% w— 25 1.70 x 107 24,690 0.42
|
+0.33 -y
_%. 25 (48 1b/in?) 1.20 x 10 58,950 1.00
.Av 25 0.67 x 107 85,570 1.45

(Reference 8)

4These represent values after approximately 200 cycles.
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TABLE 2. VARIOUS UNIAXIAL LOADING WAVEFORM SHAPES
USED BY RAITHBY AND STERLING

Waveform Geometric Mean Fagigue
Life, Cycles
————— = Stress ------ = Strain

i "\ /cil

1) r\\’b:r \ 11,190
|\ ‘\/f 6,649
/ &

)

~—

A\
g 196,200
\Vrg \Y)

5 W S R
H 4,690

5)

q
C

|

) l PR
|
|

(Reference 8)
4peak stress = 110 1b/in?; temperature = 25°C

and Figure 9 [Reference 8]). The authors also conclude that the length of the
maximum beneficial rest period is dependent upon the temperature at which the

test is performed. In addition, the direction of the stress imposed prior to

the rest period was found to be important. A rest period following a compres-
sive stress (C) resulted in a fatigue life significantly longer than that ob-

tained when a tensile stress (T) preceded the rest period (Table 2). Thus,

Raithby and Sterling conclude that fatigue 1ife is dependent on tensile
strains.

Monismith and Epps (References 1 and 16) studied the effects of
frequency of loading, including the effect of rest periods, on fatigue life.
The frequency of loading was varied, while the duration of the load was held
constant, causing the length of the rest period to change. Rest periods

18




TABLE 3. RESULTS OF REST-PERIOD TESTS

Alternating
Loading Stress, Rest  Number Geometric Std. Dev. Mean
Period, | Tempera- MN/m? Period, of Mean Life, of Log Lifea
ms ture, °C (1b/in?) ms  Tests cycles Life  Ratio
0 5 6,625 0.192 1.0
1.50 80 6 16,110 0.262 2.4
(217) 400 4 80,870 0.317 12.2
1000 4 100,500 0.346 15.1
40 10
. 34,680 0.551 1.0 f,
1.00 80 6 215,400 0.618 6.2 |
(145) 400 4 896,800 1.015 25.8
1000 b 843,100 0.637 24.3
0 2 4,690 0 1.0
0.76 80 3 11,190 0.287 2.4
(110) 1000 3 111,400 0.396 23.6
40 25
0 6 40,440 0.124 1.0
0.43 40 2 89,130 0.115 2.2
(63) 80 3 158,700 0.042 3.9
1000 1 1,088,510 - 26.9
0 4 10,360 0.282 1.0
40 40 0.20 80 3 34,000 0.052 33
(29) 400 4 68,960 0.257 6.7
1000 4 42,330 0.156 4.1
0.27 0 3 18,600 0.268 1.0
400 25 (39) 800 2 91,580 0.301 4.9

(Reference 7)

dRatio of geometric mean life with rests to geometric mean 1ife under
continuous cycling.

caused by frequency variations of 3 to 30 applications of load per minute had
no effect on fatigue life. Later testing indicated that when the rest period

was decreased by an increase in frequency of from 30 to 100 applications per
minute, fatigue life was also decreased. These results indicate that there
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is a point of diminishing return at which an increase in the rest period will
not significantly increase fatigue life.

Van Dijk et al. have also demonstrated the beneficial effect cf
rest periods. When they added a rest period to the loading pulse (Figure 10
[Reference 17]), the S—Nf curve was shifted to the right; i.e., fatigue life
was increased. The interesting feature of this work is the shape of the load
pulse, which consists of a large tensile pulse between two small compressive
pulses followed by a rest period. This waveform closely simulates the stress
pulse caused by a wheel moving across a pavement. The authors also found
evidence that seems to indicate the existence of some maximum rest period
above which longer rest periods do not increase fatigue 1ife (Reference 17).

2, Load Duration. Deacon studied the effect of load duration by
varying the duration while holding the loading frequency constant; thus the
rest period was also varied. Figure 11 (Reference 4) illustrates that load
duration had a significant effect on fatigue 1ife in that increased load
duration produced shorter fatigue life. However, the length of the rest
period was decreasing as the load duration increased (Reference 4).

3. Frequency of Loading. To determine the effect of loading fre-
quency, Pell and Taylor held the ratio of load duration to rest period con-
stant and varied the frequency of a sinusoidal locad pulse from 80 to 2500
cycles per minute (Reference 19). They discovered that increasing the loading
frequency increased the fatigue 1ife and that the most significant change
occurred at frequencies below 200 cycles per minute. Figure 12 (Reference 19)
shows the relationship between loading frequency and cycles to failure.

For purposes of this report, loading period is defined as the length
of time from the beginning of one load sequence to the beginning of another.
Thus, the loading period includes load duration and rest period. Table 3
summarizes two sets of data, obtained by Raithby and Sterling, from which the
effect of the loading period can be determined. One series of tests involved
a loading period of 40 ms with rest periods of 0 to 1000 ms; the second in-
volved a loading period of 400 ms with rest periods of 0 to 800 ms. The
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specimens subjected to the 400-ms loading period had much shorter fatigue
lives, though they were tested at a lower stress level. Therefore, decreasing
the loading period, which increased the frequency for a given rest period, in-
creased fatigue 1ife (References 7 and 8).

Creep

Creep is defined as the deformation of a material under constant
stress. After studying high-temperature metal fatigue, however, Manson con-
cluded that because failure of a material is the result of the combined ef-
fects of both alternating strain and creep, the time of exposure in relation
to stress, as well as the number of cycles, must enter into the analysis (Ref-
erence 20). For example, Lai and Anderson performed a series of cyclic creep
tests on AC under uniaxial compression. Specimens deformed to various de-
grees depending on the duration of the load, which ranged from 10 to 1000
seconds. While these are long loading periods compared to those used in most
fatique studies, creep deformation did occur in these tests (Reference 21).

Deacon, in designing a cyclic flexural fatigue-testing apparatus,
provided a stress reversal to force the specimen back to its original unde-
flected position (Figure 13 [Reference 4]). This process eliminated creep or
permanent deformation even though the load duration was only 0.1 second (Ref-
erence 4). Raithby and Sterling also recognized the possibility of creep
during testing, and their test procedure prevents the occurrence of permanent
deformations (Reference 8).

Majidzadeh et al. performed fatigue and creep tests on sand asphalt
specimens. Load amplitude versus fatigue life and creep time to failure are
plotted in Figure 14 (Reference 22), which shows a close relationship between
creep and fatigue. Guirguis and Majidzadeh point out that progressive inter- |
nal damage can occur in both fatigue and creep fracture testing, causing ?
fracture of the specimen (Reference 23). |

To combine fatigue and creep damage, Manson suggests that at failure
the percentage of creep-rupture damage plus the percentage of fatigue damage
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should equal 00 percent. On the basis of this concept, Manson predicted
high-temperature fatigue results using high-temperature creep data and normal
temperature fatigue data (Reference 20).

Miscellaneous Variables

Many other load variables affect fatigue results. Some of these are
strain rate, stress path, relaxation, resonance, deformability, homogeneity of
stresses, and permanent deformation. Investigators have not examined these
variables extensively enough to determine their exact influence on fatigue
testing. Yet these factors could be highly significant in some cases, and the
uncertainty caused by their presence greatly increases the difficulty of
evaluating the fatigue results obtained by various investigators (References 1
and 24).

SUMMARY

This discussion of loading variables has been presented to provide per-
spective on test loading variations, which can cause a number of different
fatigue life results to be obtained for a given test method. With this knowl-
edge, one is not surprised to find variations in the test results reported by
researchers employing varied fatigue test methods and 1oading conditions.

The author believes that the particular loading conditions imposed in a
given test are not of ultimate importance. Rather, it is extremely important
to develop a means of correlating laboratory-derived test results with actual
field performance data. Such a correlation, or shift factor, would enable
researchers to estimate actual fatigue 1ife with minimal concern for the type
of laboratory test loading conditions imposed. Under this philosophy, it

would be desirable to use a laboratory fatigue test method that is relatively
routine and requires minimal testing time.
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SECTION III
LITERATURE REVIEW AND ANALYSIS OF TEST METHODS

INTRODUCTION

Researchers have developed many test methods for characterizing the
response of bituminous mixes to both load and deformation. In general, these
methods may be placed in one of two categories: tests used for evaluating
fatigue (fatigue tests), and tests used to measure a single strength param-
eter (nerein called routine design tests).

In fatigue testing, a specimen is repetitively loaded, or deformed, until
failure is reached. The magnitude of the applied stress, or deformation, is
such that the specimen does not fail under a single application of stress;
indeed, the objective is to determine the number of cycles required to pro-
duce failure at a given stress level. In routine design testing, however,
the specimen is taken to failure under a single cycle of loading, or is de-
formed to some specified strain level. Both fatigue and routine design tests
are described and reviewed in this section.

FATIGUE TESTS

For purposes of this report, fatigue tests are defined as test proce-
dures in which samples are repetitively loaded to produce a failure that simu-
lates the failure experienced by an in-service pavement. Many approaches
have been taken to fatigue testing. Each method produces unique test results.
Table 4 (Reference 3) lists the various types of fatigue tests, the names of
investigators who have used them, and publication references.

Flexure Test

Because the repeated-flexure apparatus is widely accepted, many re-
searchers have used similar data collection methods and equipment to perform
tests, although control and load systems may be varied. Air or pneumatic
loading or electrohydraulic loading systems can be used for testing beams.
The pneumatic pressure system has been used predominantly for testing in the
controlled-stress mode because it must be monitored constantly when operated
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TABLE 4. SUMMARY OF FATIGUE TESTS, INVESTIGATORS, AND REFERENCES

Test Type Investigators References
Flexure Deacon and Mynismith 25, 26, 27

Epps and Monismith 1

Kallas et al. 28, 29

Kirk 30

Majidzadeh et al. 22

Monismith et al. 14, 31, 32

Santucci and Schmidt 33
Rotating Pell et al. 13, 19, 34
Cantilever McElvaney 5
Uniaxial Kallas 9

Kallas and Riley 29

Howeedy and Herrin 35

Raithby and Sterling 7
Repeated- Moore and Kennedy 36
Load Indirect Navarro and Kennedy 37
Tensile Cowher and Kennedy 6
Cantilever Bazin and Saunier 38

Coffman et al. 39

Freeme and Marais 40

Van Dijk et al. 17

Verstraeten 41, 42
Triaxial Barksdale and Hicks 43

Haas (data unpublished)

Morris et al. 10

Larew and Leonards 44

Kallas and Riley 29
Torsional Pell 34
Diaphragm Jimenez and Gallaway 45, 46
Rolling Wheel Bazin and Saunier 38

Van Dijk et al. 17

Howeedy and Herrin 35
Simulated Monismith 47
Subgrade

30
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in a controlled-strain mode and because it is difficult to vary the load in
order to maintain the constant deflection required for that mode. The pneu-
matic system can apply only a block pattern (waveform) of loading. In the
electrohydraulic loading system, an electronic control system is used to
activate the hydraulic loading mechanism. With this system, either the con-
trolled-stress or the controlled-strain mode of loading can be used, and any
loading waveform can be applied (References 16, 36, and 48).

In flexural fatigue testing a beam specimen mounted in a loading
apparatus is used. Figure 15 (Reference 4) illustrates the controlled-stress
flexure apparatus with two-point symmetrical loading developed by Deacon. The
apparatus can be equipped to operate with air or pneumatic pressure or with an
electrohydraulic system. Adjustments can be made to accommodate specimens of
different sizes up to a 76.2-mm (3-inch)-square cross section usually 381 mm
(15 inches) long. The specimen is permitted to rotate and translate by means
of pinned connections at the ends. The two-point loading results in a pure
bending moment between the Toading points. The loading frequency varies
from 30 to 100 cycles per minute with a common load duration of 0.1 second
(Reference 4).

The Deacon system includes a mechanism that forces the specimen back
to its original undeflected position, creating a stress reversal without
strain reversal. A pneumatic loading system is used, and defliections are
measured at the center of the specimen. Failure is defined as total fracture
of the specimen (Reference 4). This same type of system has been used by Epps
and Monismith in their research investigations (References 26 and 32).

Kallas and Puzinauskas (Reference 28) performed controlled-stress
tests on the same type of apparatus as that used by Deacon, but they increased
the specimen size and used an electrohydraulic loading system. A haversine
waveform load pattern with a 0.1-second load duration and a 0.4-second rest
period was used in these tests.

In Reference 33, Santucci and Schmidt report on the controlled-
strain tests they conducted with equipment similar to Deacon's. A 0.05-second
lToad followed by a 0.55-second rest period was used to load the specimen.
Failure was defined as the number of load repetitions required to reduce the
specimen to 60 percent of its initial stiffness. Kirk reports on similar
controlled-strain test procedures in Reference 30.
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Figure 15. Repeated Flexure Apparatus (after Deacon, Reference 4)
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The procedures described in the preceding paragraphs are categorized
as the phenomenological approach to fatigue analysis. The data obtained are
analyzed by developing a relationship between an applied stress or strain
Tevel and an cbserved number of repetitions to failure (Reference 49). The
stress-fatigue life relationship determined from the tests is correlated
using a least squares regression analysis to develop a log-log plot of o
versus Nf in the following form:

NORpPv——

Ne = Ko (1/0)"2
where
Nf = number of load applications to failure

K, = constant dependent on material characteristics
o = initial extreme fiber bending stress
n, = constant (slope of regression line)

Thus, in controlled stress, equations of the above form can be used to esti-
mate the fatigue life of an AC mix (Reference 28).

Similarly, a strain-fatique life relationship can be developed from
controlled-strain data. The log-log plots of o versus Nf are of the following

form: "
Nf: = Ky (]/E) ’

where
Nf = number of load repetitions to failure
K1 = constant dependent on material characteristics
e = initial bending strain based on center point deflection
of specimen
n, = constant (slope of regression line) (Reference 28)

Figure 4 (in Section II) illustrates typical fatigue curves for both stress-
and strain-controlled testing.

Majidzadeh et al. have studied the flexural fatigue 1ife of AC in a
controlled-stress mode using the concept of an elastic foundation (Reference
50). The beam specimens rested on a gum rubber block, and a cyclic load was
applied by an electrohydraulic test machine, which generated a dynamic haver-
sine Toad function at a frequency of 5 Hz. The load, applied at the rate of
one to two repetitions per second, was transmitted to the test specimen
through a loading head that rested on a hard rubber cushion on top of the
beam. Figure 16 is a schematic illustration of the test apparatus.
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| Figure 16. Flexure Apparatus




Although the test equipment used by Majidzadeh is similar to that
used in other flexure tests, the data analysis is based upon continuum frac-
ture mechanics. This mechanistic approach to the fatigue life of AC is based )
on a theory that describes the process of crack initiation and propagation
and the specimen's ultimate failure (Reference 51). The crack propagation
model, dc/dN = AK" (Paris equation), can be simply expressed as

c
. g cf Qgh
0 AK

]

where
Nf = number of cycles of load required to produce failure
Cp = critical crack depth
Co = depth of starter flaw from which the crack propagates
dc = rate of crack propagation
K = stress intensity factor
A and n = material constants associated with crack growth

The rate of crack propagation is dependent on A, K, and n. The variables A
and n are affected by such parameters as load frequency, external boundary
conditions, temperature, dimensions of the test specimen, and statistical
distribution of flaws in the material. A is most strongly affected by
asphalt content and temperature; typical values wouid range from 0.40 x 107°
to 3.0 x 107%. The constant n has a value less than 4. K, the stress-
intensity factor, is a measure of the magnjtude of the stress field in the
vicinity of the crack as a function of load, size of crack, and geometrical
and boundary conditions. The K-value is also proportional to the force that
produces the crack extension. The critical value of the stress-intensity
factor, KIC’ is a material constant that is the failure criterion for both
fatigue and fracture. The parameter KIC’ also called fracture toughness,
describes the final stages of crack propagation. Thus, failure by cracking
is defined in terms of the stress-intensity factor and catastrophic failure
in terms of fracture toughness (References 51 and 52).

Beam specimens are difficult to obtain from an in-service pavement
because of their size. Large sections of pavement, perhaps three feet
square, must be removed, transported to a laboratory, and cut to the desired
size. Although nothing could be found in the literature to verify or dis-
claim his opinion, this author believes that the transportation of large
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samples from field to laboratory may alter stress conditions in the material.
Thus, the sample tested in the laboratory may not truly represent the condi-
tion of the AC pavement in place. An additional disadvantage in the use of
beam specimens is the length of time required to perform the test.

In summary, the flexural beam fatigue test is a versatile method of
determining fatigue life. The experimentor can program variations in the mode
of loading (controlled stress or strain), the type of loading (simple or com- ‘
pound), and the frequency of loading. Two m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>