Effect of Different Axle Configurations
on Fatigue Life of Asphalt Concrete Mixture
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Thefatiguelife of an asphalt mixtureunder different truck axle config-
urations was determined directly from the indirect tensile cyclic load
test by using load pulsesthat wer e equivalent to the passage of an entire
axle group or truck. The dissipated energy approach was adopted in
analyzing theresultsand deter mining the number of repetitionsto fail-
urefor each case; a uniquefatigue curvethat can be used for multiaxle
configurations was developed. Trucks consisting of up to 11 axles and
axle groupsof up to 8 axleswere studied. Theresultsindicated that the
normalized damage per load carried decreased with an increasing num-
ber of axles within an axle group. Additionally, the fatigue lives pre-
dicted by using single load pulses were compared with the measured
ones from the different axle groupsand trucks.

Most fatigue tests on asphalt-based mixes are performed under
single pulseloads or continuous sinusoidal loading. However, inthe
field, the pavement is subjected to different axle configurations,
causing multiple pulse loading within a passage of a single axle
group, with the shape of the pulse being a function of axle spacing,
pavement structure, vehicle speed, and so forth. To determine the
fatigue life under multiple axles, Miner’s hypothesis is commonly
applied to accumul ate the damage resulting from the different axles
within an axle group. Thisrelation is given by Equation 1.

i+&+&+...+l+...sl (1)
N1f sz st Nif
where

i = ithleve of applied strain—stressat point under consideration,
n; = actual number of applications at strain level i that is
anticipated, and
Ni¢ = number of applications at strain level i expected to cause
fatigue failure if applied separately.

Typically, the damage is calculated by using either the peak strains
from all pulses or the peak of the first pulse and the intermediate
strains (difference between peaksand valleys) withinamultiplestrain
pulse (1-3).

In this paper, the fatigue response of an asphalt mixture was stud-
ied by using multiple pulse loadings within a cycle, smulating dif-
ferent axle configurations. The dissipated energy approach was used
to analyzethetest results, and aunique fatigue curve was established.
This curvewas shown to describe thefatigue response dueto any axle
configuration regardless of axle spacing, interaction level, and rest
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period. Thefatiguelives, corresponding to various axle configurations
and truck types, determined by using the dissipated energy-based
fatigue curve, were then compared.

RESEARCH OBJECTIVE

The objective of the research described here was to investigate the
effect of different axle configurations and truck types on the fatigue
response of an asphalt mixture by laboratory testing and the dissi pated
energy approach.

INDIRECT TENSILE CYCLIC LOAD TEST

The indirect tensile test is conducted by applying a vertical com-
pressive strip load on acylindrical specimen. Theload isdistributed
over the thickness of the specimen through two loading strips at the
top and bottom, asindicated in Figure 1a. The strips are curved and
have aradius equal to that of the specimen to ensurefull contact over
the entire seating area. All specimens tested were 4 in. in diameter
and 2.5in. thick, with a0.5-in.-wideloading strip. Thiscombination
of specimen geometry and boundary conditionsinducestensile and
compressive stresses along both the vertical and the horizontal
diameters, asindicated in Figure 1b. Thetensile stresses, devel oped
perpendicular to the direction of the load, have arelatively constant
value over alarge portion of thevertical diameter. Thiswould result
in failure of the specimen by splitting along the vertical diameter, as
indicated in Figure 1a. Under high vertical loads, local shear failure
may occur near theloading strips. Inthisresearch, care wastaken to
prevent this mode of failure and to ensure that the specimen failed
in fatigue with cracking initiating at the center.

Fivelinear variabledifferential transformers (LVDTSs) were used
to measure the response of the specimen: four in the horizontal
direction (two along the thickness of the specimen and two along the
diameter of the specimen) and one used to monitor the vertical
deformation, as indicated in Figure 2. The analytical formulations
to calculate the stresses and strains at the center of the specimen are
well known and can be found elsewhere (4-6). The strains at the
center of the specimen can be calculated directly asafunction of the
measured deformations.

DISSIPATED ENERGY DENSITY
AND FATIGUE FAILURE CRITERION
Dissipated Energy Density

Several researchers have proposed using dissipated energy to pre-
dict thefatigue life of asphalt mixtures (2, 7-10). Dissipated energy
density is defined as the area within a stress-strain hysteresis loop
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FIGURE 1 Indirect tensile test: (a) indirect tensile loading and
(b) stresses in the indirect tensile test specimen.

under cyclicloading and representsthe energy lost at a specific point
dueto aload application. In thispaper, thetensile stressesand strains
at the center of anindirect tensile specimen are used to calculate the
dissipated energy density.

Fatigue Failure Criterion

It is well known that for portland cement concrete mixes, fatigue
curves are defined in terms of the stressratio, 0/MR, where o isthe
applied cyclic bending stress and MR is the modulus of rupture
determined from aflexura strength test. The main advantage of this
concept isthat it links fatigue testing to a simple strength test.

For flexible pavement design, the strain level and the asphalt mix
stiffness are used instead in the fatigue relationship. The concept
of relating fatigue test results to a simple strength test is appealing
because of the simplicity of such atest and because it characterizes
themixture. Becausethe strain level isimportant in fatigue testing of
asphalt mixtures, agood way to relatefatigue testing to astrength test
would be with energy. The energy density is defined as the product
of stress and strain, so that
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FIGURE 2 LVDT configurations for indirect
tensile cyclic load.

1. Under cyclic loading, a given strain level, e, corresponds to a
dissipated energy density, w, (equal to the areawithinthe stress—strain
hysteresisloop) (Figure 3a) and

2. Under a strength test, the stored energy until cracking (SEC)
isequal to the areaunder the stress—strain curve up to its peak stress
(Figure 3b).

To determine the fatigue life of asphalt mix specimens from lab-
oratory testing, it isnecessary to decide on afatiguefailure criterion.
Different failure criteria result in different numbers of load repeti-
tions until failure. The most common failure criterion is the 50%
reduction in the modulus, where failure is defined as the cycle at
which the modulus value is half the initial value. An aternative
approach is to use the energy concept to link fatigue and strength
testing and to define fatigue failure.

Such a fatigue failure criterion can be defined by equating the
cumulative dissipated energy density under cyclic loading tothe SEC
value obtained from a strength test. This criterion can be applied to
any test type (e.g., flexural, tension, indirect tension tests) provided
the fatigue and strength tests are conducted with the same test setup.
For example, if onewereto extend thiscriterion to flexural beam test-
ing, then the SEC value would be the flexural strength obtained by
loading a beam to failure under a constant rate of deformation.

Typically, the dissipated energy density remains constant and
then starts increasing until the point of failure. The point at which
the dissipated energy density startsincreasing can be interpreted as
the initiation of failure, and the corresponding cycle number could
be the number of load repetitionsto crack initiation.

Figure 4a shows the N; value using the dissipated energy density
per cycle plot. The shaded area bounded by N; corresponds to SEC.
Figure 4b presents the SEC value plotted on the cumulative dissi-
pated energy density curve. Theintersection of the SEC linewith the
cumulative dissipated energy density curve is the fatigue life (Ny).
Thevalidity of thefailure criterion is shown by using thefatigue test
results described in the following section.

LABORATORY FATIGUE TESTING

The asphalt mix used in this study was a4E3 Superpave® mix with
atop aggregate size of % in. and a target asphalt content of 5.9%.
The mix was obtained from an actual batch that was produced in a
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TABLE 1

Volumetric Properties of Mix
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Property Gmm Gmb Gee

Gs VMA | VFA G

Vaue 2.487 2.388 2.731

2.661 15.6% | 74.4% 1.026

NotEe: G, = maximum theoretical specific gravity of the mix, G, = bulk specific gravity of the
mix, G, = effective specific gravity of the aggregate, Gg, = bulk specific gravity of the aggregate,
VMA = voidsin mineral aggregate, VFA = voidsfilled with asphalt, G, = specific gravity of the

binder (asphalt).

mixing plant and used by the Michigan Department of Transporta-
tion on a project in the summer of 2002. The volumetric properties
of the mix are presented in Table 1.

Fifty-seven samples (4 in. in diameter) were compacted in the lab-
oratory with the gyratory compactor. The average air voids content
was 3.9% and the standard deviation was 0.2%. Because specimens
with high or low air voids were not tested, the total number of spec-
imens used in the experiment equaled 47. Thirty-five specimens
weretested for fatigue; three samples were tested under the indirect
tensile strength test to determine the indirect tensile strength, and
three more samplesweretested under theindirect tensile strength test
with horizontal deformation measurementsto determine SEC. Three
samples were tested for resilient modulus; three were tested under
cyclic loading to determine the initial dissipated energy under vari-
ous axle configurations. All testing was done at room temperature,
with the average temperature recorded at about 70°F.

Theaveragetensilestrengthwas 171 psi, with thelowest and high-
est values being 168 and 174 psi, respectively. The average stored
energy density until failure was 1.556 psi with the lowest and highest
values being 1.547 and 1.568 psi, respectively. The average resilient
moduluswas 252,575 psi, and the standard deviation was 18,706 psi.

Thirty-one samples were tested for fatigue according to the test
matrix presented in Table 2. Specimens were tested under different
load pulses corresponding to five axle configurations—single, tan-
dem, tridem, four axles, and eight axles—with each individual axle
carrying anominal load of 13 kips and with spacing between axles
at 3.5 ft. In addition, two specimens were tested under continuous
pulse loading (i.e., with no rest period), and two others were tested
under afull truck with an 11-axle configuration—(one single axle,
two tandem axles, and two tridem axles). Thetotal number of fatigue
tests equaled 35.

Threetensilestresslevelswere used: low, medium, and high. The
medium stress level (8.75 psi) was determined by equating the hor-
izontal (transverse) tensile strain at the bottom of a6-in. asphalt con-
crete (AC) layer subjected to a 13-kip single axle load, as predicted

TABLE 2 Experimental Fatigue Test Matrix

by the SAPSI-M computer program (11), with the tensile strain at
the center of the 4-in. specimen in the laboratory. The low and high
stress levels (4.375 and 17.5 psi) were equal to half and double the
medium stress level, respectively. The shape of the load pulse also
was obtained by matching the tensile strain time histories at the bot-
tom of the AC layer as predicted by SAPSI-M. Figure 5a presents
an example of the strain time histories for atridem axle, and Figure
5b presents a typical stress—strain hysteresis loop under a tridem
load pulse. The ratio of loading—unloading duration to rest period
was held constant at 1:4. For single axles, the loading—unloading
duration wasfound to be 0.1 sby using the response cal cul ated from
SAPSI-M due to aload moving at 40 mph; therefore, arest period
of 0.4 swas used. For multiple axle configurations and trucks, the
loading time was taken as the time from the beginning of the re-
sponse due to the first axle until the time when the response of the
axledies, as calculated by SAPSI-M. Figure 6 presents examples of
loading cyclesused for fatiguetesting. Threeinteraction levelswere
used for multiple axle groups: high, medium, and low. The inter-
action level isdefined as the peak—valley stressratio and represents
different AC layer thicknesses (the thicker the AC, the higher the
interaction level).

EXPERIMENTAL RESULTS

To verify the new failure criterion discussed previously, the number
of cyclesto failure, N;, was determined with the new criterion as
well as from visual inspection of the curve relating the dissipated
energy per cycle to the number of load repetitions (for an example,
see Figure 4). Figure 7a presents the relationship between N; ob-
tained by using SEC and that from visual inspection by using the
dissipated energy density per cycle. The figure indicates that they
are correlated, although there islarge scatter. Thisis due to experi-
mental error that makesit difficult to determine visually the number
of cycles at which the dissipated energy density value starts to

Stress Axle no. L 5 4 g
Level Interaction
Low (25%) X X X X
Low |Medium (50%) X X
High (75%)
Low (25%) X X X X X X X X X
Medium |Medium (50%) XX X X X X
High (75%) X X
Low (25%) X X X X
High  [Medium (50%) X X
High (75%)

No. of X' s represents the number of samples tested.
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FIGURE 5 Example strain and stress—strain response curves from cyclic load
testing: (a) typical strain pulses from SAPSI-M and indirect tensile cyclic load
test (ITCLT) results and (b) typical stress—strain hysteresis loop for tridem axle.

increase. Thisis confirmed by comparing the corresponding fatigue
curves. Figure 7b presents the fatigue curve that is based on visual
inspection; it shows a high degree of scatter. In contrast, Figure 8a
presentsthe dissi pated energy—based fatigue curve by using the new
SEC criterion; the correlation has an R? value of 0.99. Clearly, this
curveisuniqueand represents different axle configurationswith dif-
ferent interaction and stress levels. Thus, using this fatigue curve
would allow for determining the number of repetitions until failure
for any axle configuration in one step without the need to build up
an axle group from its components.
The fatigue model obtained is asfollows:

N, = 2.12 W;°*® 2

where W, isinitia dissipated energy density (psi).

Two samples were tested under a continuous (i.e., without rest
period) haversineload at amedium stress|evel. Two more samples
were tested under aload pulse simulating awhole truck. The truck
used was an 11-axle Michigan truck (Truck 13 in Table 3). The
wholetruck wastreated as oneload cycle, and the dissipated energy
density was calculated for passage of the whole truck. The rest
period was determined on the basis of the sameratio used for theaxle

groups (1 loading to 4 rest periods). Theloading duration wastaken
from the point when the influence of the steering axle startsuntil the
response dueto thefinal axle dies. Theresultsfrom continuoussin-
gle pulse loading and truck loading were plotted on the same graph
with the dissipated energy fatigue curve and are presented in Fig-
ure 8b. The points lie on top of the master dissipated energy—based
fatigue curve and thus confirm its uniqueness. Therefore, no further
fatiguetesting was performed for other trucks or axle groups because
the dissipated energy fatigue curve was found to be unique regard-
less of the load pulse. The procedure used to determine the damage
factorsfor axle groups and trucks is presented next.

FATIGUE DAMAGE FACTORS FOR DIFFERENT
AXLE GROUPS AND TRUCKS

In this section, the values of |oad equivalency factors (LEFS), truck
factors (TFs), and axle factors (AFSs) were determined by using the
fatigue curve described previously. For a given axle group or truck
configuration, LEF, TF, or AF was cal cul ated from thefatigue curve
by using the initial value of dissipated energy density correspond-
ing to the passage of the entire axle group or truck. Some of the
termsused in thisanalysis are defined next. LEF and TF are defined
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FIGURE 6 Examples of load cycles used in fatigue testing: (a) single axle,
(b) tandem axle, and (c) Truck 10 (t is the duration of loading pulse and 4t is

the rest period).

as the relative damage of an axle group or atruck to that of a stan-
dard axle, where damage is the inverse of the number of repetitions
until failure.

damage (axle configuration)
damage (18kip standard axle)

_ N;(18kip standard axle)
N; (axle configuration)

LEFor TF =

©)

AF isdefined here asthe rel ative damage of an axle group to that
of asingle axle carrying the sameload as any of the axle group com-
ponents. For example, the AF of a 39-kip tridem is determined as
follows:

_ damage (3%kip tridem) _ N; (I3kip single)
damage (13kip single) N; (39kip tridem)

AF 4

LEF, AF, and TF per tonnage can be determined by dividing their
respective values with the total load carried by the axle configura-

tion. Using the per tonnage values allows for determining the most
efficient axle configuration to carry a given payload.

The same specimen was used to determine the initial dissipated
energy density for al axle groupsand trucks studied, by using alim-
ited number of load cyclesand thus eliminating the variability of air
voids content and the AC internal structure. Additionally, perform-
ing al the tests while the specimen was still in the same position in
the loading frame decreased any errors due to specimen misalign-
ment with the loading strips. Because the specimen was at the ini-
tial stage of the test, there was a negligible accumulated strain from
subsequent load cycles. To verify this, the first axle configuration
tested for initial dissipated energy on the specimen was again tested
at the end of the test, and the corresponding dissipated energy was
calculated to make sure it matched with the first value calculated at
the beginning of the test. Trucks consisting of up to 11 axles and
axle groups of up to 8 axles were studied. Ten trucks were selected
for laboratory testing. The trucks were chosen to cover al axle con-
figurations used in Michigan. Table 3 presents the truck configura-
tions used. Three triplicates were used, and each load combination
was applied for 15 cyclesto determine the initial dissipated energy
density. The results are presented in the following paragraphs.
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(DE = dissipated energy).

Axle Fatigue Damage Factors

Table 4 presents the LEF and LEF per tonnage values for al axle
groups studied, while Figure 9 presents the AF values per tonnage.
The results confirm that using multiaxles to carry the same payload
increasesthefatiguelife of an asphalt mix. Theincreaseinfatiguelife
is much more significant when one goes from asingle to tandem and
tridem axles; the damage values per tonnage start to even out as the
number of axles exceeds five. Thisimplies that from a fatigue dam-
age perspective, using an eight-axle configuration to carry 104 kipsis
much morebeneficia than using eight separate axlescarrying 13 kips
each. The results also show that the effect of interaction level on the
equivalent damage factorsis not significant.

Truck Fatigue Damage Factors

The fatigue life corresponding to each truck was determined by
using the dissipated energy fatigue curve, and the corresponding TF
and TF per tonnage were calculated. Figure 10 presents the TFs per
tonnage. The results show that Truck 1 is the most damaging per
tonnage. Truck 1 is atwo-axle single-body truck that consists of a
15.4-kip front steering axle and asingle 18-kip standard axlein the

rear. Trucks 13, 14, 17, 19, and 20 have the lowest TFs per tonnage
because their payload is distributed over larger axle groups. The
decreasein TF per tonnage from Truck 1 to Truck 4 emphasizesthe
same finding mentioned previously that multiaxle groups are less
damaging than individual axles when one considers the load they
carry. Truck 20, which has the most axles and least axle groups, is
the most efficient of all trucks investigated.

CONCLUSION

On the basis of experimental results from fatigue testing of an AC
mix under multiple axle configurationswith theindirect tensile cyclic
load test, the following conclusions are drawn:

1. The SEC failure criterion, developed in this study, was found
to be agood failure criterion for fatigue life of AC mixes when the
dissipated energy approach is used. This failure criterion indicates
crack initiation in the specimen.

2. A unique energy-based fatigue curve developed for different
axle and truck configurationsisuseful for predicting thefatiguelife
of an axlegroup or atruck at once without the need for summing up
the damage from individual axles.
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TABLE 3 Truck Axle Configurations

TABLE 4 Summary of Results in Terms of Axle Load

Equivalency Factors

AF/Tonnage
o o o
5 8 8

1 1 1

0.20

0.00

© 25% Interaction

o0 50% Interaction

FIGURE 9 Axle factors per tonnage for different interaction levels.

A 75% Interaction

No. of Axle] No. of ) )
Truck No. Truck Configuration
Groups | Axles N; N; LEF |LEF/Tonnage

Truck 0 3 5 =) I Taxie 18Kip 5388 | 100 .00
1axle 13-kip 7,750 | 0.70 0.96
Truck 1 9 9 @_ i 2axles | 4889 | 110 0.76
o0 3axles | 3876 | 1.39 0.64
250 |4axles | 2,889 | 1.87 0.65
Truck 2 2 3 Interaction [Baxies | 2,377 | 227 0.63
0 7axles | 1,893 | 2.85 0.56
Truck 3 2 4 o —o00 8axles | 1,707 | 3.16 055
2axles | 5987 | 0.90 0.62
Truck 4 2 5 @_,_W 3axles | 4592 | 117 054
50% |4axles | 3577 | 151 0.52
Truck 10 6 7 Interaction |5 axles 2,992 1.80 0.50
7 axles 2,477 2.18 0.43
8axles | 2,289 | 235 0.41
Truck 13 5 1 2axles | 5644 | 095 0.66
3axles | 4,155 | 1.30 0.60
Truck 14 6 11 75%  |4axles | 3431 | 157 0.54
Interaction |5 axles 3,058 1.76 0.49
8axles | 2439 | 221 0.38

Truck 19 3 10

Truck 20 3 11

1.20
1.00 - y = 1.0043x 33
R®=0.89
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FIGURE 10 Truck factors per tonnage (Std = standard).

3. Multiple-axle groups werefound to be less damaging per ton-
nage than single axles. Increasing the number of axles carrying the
same load resulted in less damage. This decrease in damage was
found to be more significant for single, tandem, and tridem axles,
while it started to level off at higher axle numbers. Similar results
were obtained for trucks, where trucks with more axles and axle
groups had lower TFs per tonnage than those with single axles.
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