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In this paper, fatigue and rutting characteristics of various modified and unmodified mixtures
are evaluated using uniaxial tension and triaxial compression cyclic tests, respectively. The
fatigue and healing behavior of the mixes is presented by means of the viscoelastic, contin-
uum damage (VCD) model previously developed by the authors. Since the VCD model takes
the same form as the classical, strain-based fatigue model, the coefficients in the classical
model are described in terms of fundamental material properties and test conditions in the
VCD model. The explicit form of the VCD model and different performance data from all the
mixes are used to investigate the effects of the material properties on the fatigue life and
microdamage healing potential of asphalt concrete. Structural analysis based on the multi-lay-
ered elastic theory is conducted to compare the fatigue lives of the various mixes in pavement
systems.

A simple permanent deformation model that correlates vertical permanent strain and
number of applied loads is used in representing the data from the triaxial compression tests at
different confining pressures. The modified mixtures demonstrate better rutting resistance as
expected, although the ranking among the modified mixtures changes depending on the con-
fining pressure. The role of additive at high temperatures and different gradations and binder
contents used in the modified mixtures seem to explain these observations.
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INTRODUCTION

The Korean Airport Construction Authority plans to
build an international airport at YongJong-Do, Korea.
Pavements in the airport are designed based on the
FAA airport pavement thickness design method even

though the materials and environmental conditions of
Yong Jong-Do pavements are different from those
used in developing the FAA design equations. Dae-
bon Engineering Corp. (DEC) was charged to build
and evaluate test pavement sections to verify the
thickness designs and has developed a comprehensive
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plan to instrument these pavements with sensors to
measure pavement responses (stresses, strains, and
deformations) under simulated loading conditions.

As a part of this work, laboratory fatigue and per-
manent deformation models were applied to the vari-
ous modified and unmodified mixtures used in the
field test pavement project. The principal objectives
of the work conducted at North Carolina State Uni-
versity were: (1) to determine the viscoelastic mate-
rial properties of the asphalt mixtures at varying
loading frequencies; and (2) to evaluate the fatigue
and rutting performance of the different asphalt mix-
tures. Eventually, the laboratory prediction models
were used to provide information on performance
ranking of these mixtures in terms of fatigue and rut-
ting.

There are seven different asphalt mixtures used in
the construction of the test sections, five mixtures for
the surface course and two for the base course. The
materials for the surface course include a conven-
tional dense graded asphalt mixture, Stone Matrix
Asphalt, and asphalt mixtures modified with Latex
(SBR), SBS, and Gilsonite (hereafter called S19,
SMA, SBR, SBS, and GIL mixtures, respectively).
The two materials used for the asphalt concrete base
course are a conventional asphalt base course and
asphalt modified with Chemcrete (hereafter called
B25 and CHE mixtures, respectively).

Uniaxial tensile creep tests were performed to
measure viscoelastic material properties of each mix-
ture. Relaxation modulus and dynamic modulus were
predicted from the creep data using theory of linear
viscoelasticity. Uniaxial tensile fatigue tests were
conducted on the seven asphalt mixtures to evaluate
fatigue performance. A mechanistic fatigue perform-
ance prediction model proposed by Lee and Kim
(1998a, 1998b), and Lee et al. (1998) was used to esti-
mate the fatigue lives of the mixtures. Rutting per-
formance was evaluated for five surface course
materials by performing triaxial compression tests. A
typical permanent deformation model was adopted in
this study to model the permanent deformation of the
mixtures.

PERFORMANCE PREDICTION MODELS

Fatigue Prediction Models

The two main approaches in the fatigue characteriza-
tion of asphalt mixtures are phenomenologically and
mechanistically based approaches. One of the most
commonly used phenomenological fatigue models
relates the initial response (such as tensile strain) of
an asphalt mixture to the fatigue life:

Ny = a(eo)" (1)
where

N¢ = number of cycles to failure,
€ = initial strain response, and

a, b = regression coefficients.

This phenomenological model is simple to use
because only the mixture response at the initial stage
of fatigue testing needs to be measured. This model
does not account for how damage evolves throughout
the fatigue life, and hence it is only valid for a given
set of loading conditions (Dijk and Visser 1997) and
may need additional means to account for complex
damage under realistic loading conditions (e.g.,
multi-level loading, rest periods, etc.).

Recently, a uniaxial constitutive model of nonaging
asphalt-aggregate mixtures has been developed by the
authors (Kim et al. 1997, Lee and Kim 1998a, 1998b).
It employs the elastic-viscoelastic correspondence
principle (Schapery 1984) and Schapery’s work
potential theory (Schapery 1990) to model the
mechanical behavior of asphalt concrete under cyclic
loading with rest periods. It was proven by the labora-
tory experimental study that this model was able to
predict hysteretic stress-strain behavior of asphalt
concrete under different loading histories (monotonic
and cyclic), varying rates of loading, different
modes-of-loading (controlled-stress and control-
led-strain), various stress/strain amplitudes, and ran-
dom rest periods.

Based on the constitutive model described above,
Lee et al. (1999) developed a simplified fatigue per-
formance prediction model as follows:
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=1
where

N Total = number of load repetitions to failure
with multiple rest periods,

N¢ wiorp = number of load repetitions to failure
without any rest,

N¢; = increase in N¢ due to the i rest period, and
M = total number of rest periods.

To determine the explicit form of Ny equation in
(2), the following damage evolution law applicable to
viscoelastic media (Schapery 1990, Park et al. 1996)
was used:

aWﬁ ) QXm

dS,
iN (‘ 55, 3)

where

S, = internal state variables (ISVs) representing
any structural changes in the system,

N = number of applied loads,

WJ{? = maximum value of pseudo strain energy
density function in the N cycle,

O, = material constants, and

m=1,23,..., M.
Equation (3) is similar in form to a crack growth
law in fracture mechanics for viscoelastic materials.
For a cyclic loading condition under the control-
led-strain mode, the maximum pseudo strain energy
density function was proposed to be a function of the

peak pseudo strain and an ISV as follows (Lee and
Kim 1998b, Lee et al. 1999):

Wl = LeusER)? @

where

I = initial pseudo stiffness,
C1 = Cyo + C11(S1)¢*2 = damage function,

a1
(1+eaq) 1
(ti—ti—1) 0D

N
1—2 2(5N,i) (S;21=5;)
i=1

en = peak pseudo strain in the N cycle,

1 [ de
R_ _— | Bt-n)=
€ Fn /0 (t—1) T dr
= uniaxial pseudo strain (5)

Figure 1 shows a typical stress-pseudo strain curve
under a cyclic load. As shown in this figure, the
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pseudo stiffness, denoted by SR, is defined as the
slope of the stress-pseudo strain loop (i.e., op /gﬁ ).
The pseudo stiffness decreases as cyclic loading con-
tinues due to fatigue damage in the system, which is
represented by the function C;. The S; in Equation
(4) is the first ISV representing the fatigue damage
growth in the system.

The N¢ equation without rest periods may be
obtained by integrating Equation (3) after the substi-
tuting in Equations (4) and (5):

Ny wjorP = Agy? (6)
where
f(slf)p1 —2
A= Ex|—em
p1(0.125IC’11012)°‘1 ' ,
oy = 1+1/n,

n =slope of the creep compliance versus time
curve in log-log scales,

P = 1+(1—C12)(11,

Cy1, Cjp =damage coefficients to be determined
from experiments,

S+ = the value of damage parameter at failure,
£g = tensile strain amplitude,
f = loading frequency, and

IE"| = dynamic modulus.

The Ngyopp is a function of damage evolution
characteristics of the material (C,; and C,,), viscoe-
lastic material properties (n and | E" ), fatigue test
conditions (g; and f), and a failure criterion (Sy¢).

The major difference between the fatigue model in
Equation (6) and the phenomenological fatigue model
in Equation (1) is that all the coefficients in the
fatigue model in Equation (6) are represented by engi-
neering parameters except the coefficients Cy; and
Cy,. These regression coefficients are necessary to
model the nonlinear behavior of the material as it is
undergoing damage. Pavement engineers may be able
to use the fatigue model in Equation (6) as a tool to
select or design more fatigue resistant asphalt mix-
tures by investigating ways of changing the parame-

ters in ways that improve the fatigue life of the
mixture.

Similarly, Lee et al. (1999) proposed the following
equation for determining the increase in fatigue life
due to a rest period:

ANy = (7)

f(S3e)p3

E* —2x3 —2a3
2 [01351(Co + SE)CanCagles = | (80

where

p3= 1+(1-C32)(X3,
Co =Co + 021(52)022 =increase in pseudo
stiffness during the rest period,

Cz1, C3, = damage coefficients after rest periods
to be obtained from experiments,

I ez 1
522 el st - 5B T tarm,

0.y, 0z = material constants to be obtained from
experiments,

L[ ISEA(SR/SE)  p] T
S3 ——/0 [_TT(EN) } dt,

Sse =a value of damage parameter S; when
SE =Sk,

S3 =pseudo stiffness immediately before the
rest period, and

Sf = pseudo stiffness immediately after the rest
period.

Detailed steps involved in the development of the
fatigue models in Equations (6) and (7) can be found
in Lee et al. (1999). Substituting Equations (6) and (7)
into Equation (2) gives the final equation:

f(S1p)P

N . — *|—2a1 ~—201
f,Total 3 (0.1251—011012)01 I I )
M 3
+Z f(S3e) |E*l—2cx3£(—)—2cx3

p3[0.125I(C’2+S§)C'31 Csz]os

i=1
(8)

In this study, both phenomenological and viscoe-
lastic continuum damage models are applied to the
fatigue characterization of asphalt mixtures.
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Permanent Deformation Model

In the last two decades, permanent deformation (rut-
ting) has been one of the major traffic associated fail-
ure modes in asphalt concrete pavements. Especially
with increases in axle load, load repetition, tire pres-
sure, and asphalt concrete thickness, a methodology
to predict permanent deformation and mitigate poten-
tial safety problems associated with this distress is
needed (Sousa et al. 1990).

The layer-strain predictive methodology and vis-
coelastic procedure have commonly been used to pre-
dict the amount of rutting in a multi-layered asphalt
pavement system (Sousa et al. 1990). The layer-strain
method consists of predicting rut depths using perma-
nent deformation characteristics determined from lab-
oratory tests together with an analysis procedure for
the pavement structure using either linear or nonlinear
elastic theory. The general principle of this method
was first proposed by Barksdale (1972) and Romain
(1972). One of the major advantages of the viscoelas-
tic approach is that moving wheel loads can be con-
sidered in conjunction with time-dependent material
properties to define the state of stress and strain at
particular points in the pavement structure. Material
properties can be defined either in terms of models
consisting of finite numbers of Maxwell and/or Kel-
vin elements in various arrangements. Detailed infor-
mation on the layer-strain and viscoelastic methods is
well reviewed by Sousa et al. (1990).

Since rutting in typical asphalt pavements has been
found to primarily be a result of the permanent defor-
mation in the asphalt layer (Sousa et al. 1990), this

study focuses on the permanent deformation that

occurs in the asphalt surface course only.

There are numerous types of permanent deformation
models of asphalt concrete available. One of the most
common permanent deformation models to correlate
the plastic strain with number of cycles is as follows:

loge, = k1 + k2 log(N) (9)
where

€p = permanent strain,
N = number of applied loads, and
k;, ky = regression constants.

The permanent deformation is composed of two
different mechanisms: densification (volume change)
and repetitive shear deformation (plastic flow with no
volume changes). In general, the densification occurs
at the early stage of cyclic loading while the shear
deformation (plastic flow) is a long-term process.
Thus, the coefficient k; may represent the densifica-
tion of the specimen. The slope of the plastic
strain-number of cycle curve k, may be more related
to the characteristics of plastic flow. The coefficients
k; and k, depend mainly on the material types and
state of stress, and can be determined from the labora-
tory tests.

Stress states in a pavement section under the traffic
loading vary from location to location. Brown and
Bell (1977) proposed the use of stress invariants as
the most appropriate method of representing the cor-
rect stress state for material characterization. The use
of stress invariants is particularly advantageous in the
tension zone at the bottom of asphalt layers and also
in predicting rutting away from the axis of symmetry
of loading. Wijeratne and Sergious (1987) success-
fully used two stress invariants, mean normal stress
(p) and shear stress (q), to characterize the model
coefficients k; and k; in Equation (9).

Celard (1977) emphasized, based on the dynamic
creep tests, the important effect of shear stress on the
rate of permanent deformation. For example, in
Celard’s tests, increasing the shear stress from 0.1 to
0.25 MPa increased the rate of permanent deforma-
tion from 0.1 to 10. On the other hand, varying the
normal stress from 0.1 to 0.25 MPa did not signifi-
cantly change the rate of permanent deformation.
Similar conclusions can be derived from the work of
Brown and Bell (1977).

MATERIALS AND TESTING PROGRAM

Materials

The asphalt cement used in this study was penetration
grade 60-70 and the optimum binder content was
determined by DEC using Marshall mix design
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FIGURE 2 Aggregate Gradations

method. Four different types of aggregate gradations SMA mixture has a 12.5 mm NMSA gradation and
were used in this study as shown in Figure 2. As can the SBS mixture a different 19 mm gradation. For the
be seen in this figure, the S19, SBR, and GIL mix- asphalt treated base courses, B25 and CHE mixtures
tures have a typical dense gradation with nominal  have the same gradation with a 25 mm NMSA.
maximum size of aggregate (NMSA) of 19 mm. The

TABLE I Mixture Information

Mixture Type Asphalt Content®  Modifier Content? Aggregate Temp.  Asphalt Temp.  Mixing Temp.  Compact. Temp.

(%) (%) °0 °0 °0 °C)

S19 5.8 - 160 150 150 150

SBR 5.5 0.440 180 160 170 160
GIL 5.6 0.672 180 160 170 170
SBS 5.3 Premixed 180 160 180 160
SMA 6.7 0.482 180 150 160 150
B25 4.9 - 160 150 150 150
CHE 44 0.098 180 150 150 150

a. Optimum asphalt content is by weight of dry aggregate.
b. Modifier content is by weight of dry aggregate.
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The general information on component materials,
mixing and compaction temperatures, and mixing
procedures was provided by DEC and summarized in
Table I. Two different types of cylindrical specimens,
100 mm diameter by 150 mm tall specimens for
fatigue testing and 150 mm diameter by 150 mm tall
specimens for rut testing, were fabricated by using a
gyratory compactor. Superpave Level 1 Mix Design
(1995) was used to determine the appropriate com-
paction parameters. Trial specimens for each mixture
were compacted to determine the effort required to
obtain the desired air void content of 4 + 0.5 %. Once
this was done, the test specimens were fabricated with
the correct air voids.

Testing Program

Uniaxial Tension Test

All tests were conducted at 25°C in a uniaxial tension
mode using a servo-hydraulic closed-loop testing
machine. Creep tests were performed for the charac-
terization of viscoelastic material properties. Load
levels used in the creep tests were between 267 N and
400 N. Displacements were measured between the top
and bottom loading plates, which resulted in a
150 mm gage length. Stresses and strains used in the
analysis were nominal (average) values. '

A haversine wave with 0.2-second loading time
was used in fatigue tests. Two loading histories in the
fatigue tests were used for different purposes. These
loading histories were:

1) Constant strain amplitude cyclic loading histo-
ries without rest periods to characterize the fatigue
performance of the materials, and

2) Constant strain amplitude cyclic loading histo-
ries with rest periods to characterize microdamage
healing of the materials.

The first loading history was used to model the
damage growth in asphalt concrete. In order to char-
acterize the short, intermediate, and long term fatigue
damage of asphalt concrete, four different strain
amplitudes were experimentally determined to pro-
duce failure at approximately 3,000, 10,000, 50,000,
and 300,000 cycles.

The second loading history was designed to evalu-
ate and model the microdamage healing that occurs
during rest periods. Three different strain amplitudes
were used in these tests. Five different rest durations
(20, 40, 80, 320, and 1280 seconds) were introduced
between repetitive loading groups. The number of
cycles in a loading group between two rest periods
was large enough to eliminate the effects of the previ-
ous rest period on the current one, and to create some
additional damage in the specimen. With these issues
in mind, two sequences of loading and rest periods
were carefully designed. The first sequence was com-
posed of five loading blocks separated by five rest
periods in increasing duration. In the second
sequence, the order of the rest periods was reversed
(i.e., decreasing duration). Upon completion of the
second sequence, the specimens were subject to con-
tinuous cyclic loading until failure occurred.

Triaxial Test

The five surface course materials evaluated in this
portion of the study included S19, SBR, GIL, SMA,
and SBS. Recognizing the fact that fairly thick sur-
face courses are to be used in the Inchon airport pave-
ment and based on published report (Sousa et al.
1990), it was decided that the evaluation of the sur-
face materials was sufficient.

To characterize the rutting performance of the
materials, triaxial tests were conducted at 60°C under
different stress states using a servo-controlled pneu-
matic machine in the “Texas” triaxial mode. This
machine has an actuator loading capacity of 5 kN on
the vertical axis, and a confining pressure capacity of
400 kPa. The triaxial test method employed in this
study applies the confining pressure to the perimeter
of the cylindrical specimen without applying the same
stress to the ends of the specimen, by exposing the
ends out of the triaxial cell. Therefore, it is not neces-
sary to start from a state of stress that is virtually
hydrostatic, nor is it necessary to make corrections for
loading shaft and platen areas in the computation of
stress. Also, the radial pressure applied to the speci-
men is controlled separately from that provided by the
axial actuator. Two LVDTs were used for the meas-
urements of vertical deformations. In addition, two
radial deformations were measured. An environmen-
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FIGURE 3 Dynamic Modulus versus Frequency: (a) Surface Mixes; (b) Base Mixes

tal chamber that accommodates the triaxial testing conditions that occur in the field. Therefore, the load-

machine was used to maintain the test temperature. ing and environmental conditions for this testing were

The objective of the triaxial testing was to develop  chosen to achieve a reasonable number of cycles to
an accelerated test method by which the relative per-  failure while providing a clear distinction in rutting
formances of the five mixtures could be determined.  performance among the five mixtures.

By definition, an accelerated test can not simulate the
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TABLE II Stress States Used in Triaxial Compression Tests

Stress Amplitude of Axial Loading

Confining Pressure

Max. Mean Normal Stress, Max. Shear Stress,

Identification (kPa) (kPa) p (kPa) q (kPa)
cc1 275 405 118 235
cc2 275 20 105 255
cc3 275 10 98 265

A haversine loading with 0.5 s of loading time and
1.5 s of rest period was used in the axial direction.
The 0.5 s of loading time was selected because it
approximately corresponds to 15 kim/hr (Kim 1994),
which simulates a slowly moving aircraft on the taxi-
way (which is a more critical condition for rutting).
The 1.5 s of rest period was selected to give the speci-
men enough time to recover more than 95% of recov-
erable deformation.

Static confining pressures instead of dynamic con-
fining pressures were used in the tests due to the con-
straint of the triaxial testing machine. The static
confining pressures included 10, 20, and 40 kPa and
the resulting stress states are summarized in Table II.
The reader is reminded that shear stress q is identical
to the deviator stress in the triaxial loading condition.
The p and q values in Table II reduced (p) and
increased (q) from those that would have been experi-
enced in a test in which the confining stress was
cycled about its mean value. Such modified values
may be more representative for comparison with
other studies (Wijeratne and Sargious 1987).

CHARACTERIZATION OF FATIGUE
PERFORMANCE

Viscoelastic Material Properties

Creep compliance, relaxation modulus, and dynamic
modulus are essential material properties in viscoelas-
tic analysis. These viscoelastic material properties can
be measured directly from laboratory tests, or can be
obtained from the creep compliance through applica-
tion of theory of linear viscoelasticity. In this study,
only creep tests were conducted and the relaxation
and dynamic moduli values of each specimen were

predicted from the creep data based on the procedure
proposed by Kim et al. (1997).

Figures 3(a) and 3(b) show the typical behaviors of
dynamic moduli for surface and base materials,
respectively. As shown in Figure 3(a), GIL has the
highest and SMA has the lowest modulus values at
low frequencies (equivalent to a slow loading rate or
high temperature). In the high frequency range
(equivalent to a fast loading rate or low temperature),
GIL has the highest modulus values while SBR has
the lowest modulus values. For the base course mate-
rials, CHE has higher dynamic modulus values than
B25 as shown in Figure 3(b).

Structural Analysis of the Pavement Sections

To accurately and fairly evaluate the fatigue perform-
ances of different mixtures, it is essential to perform a
structural analysis of the asphalt pavements to be con-
structed in the field because each mixture has a differ-
ent stiffness value that results in a different structural
response. There are three different pavement sections
(shown in Figure 4) considered in the structural anal-
ysis. As can be seen in Figure 4(a), Section 1 is the
same as Section 2 except CHE was used in the asphalt
concrete base layer in Section 2 instead of conven-
tional asphalt concrete (i.e., B25). These two pave-
ment sections were used to evaluate the fatigue
performance of the B25 and CHE mixtures.
Figure 4(b) shows Section 3 that was built in the test
track to evaluate the performance of the five different
surface course materials.

Structural analysis was performed using the load-
ing configuration for a special vehicle developed to
apply the design loading to the test pavements in this
project. The loading configuration consists of dual
wheels that each carry a load of 206 kN with a tire
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FIGURE 4 Pavement Sections Used in the Structural Analysis

pressure of 1379 kPa (200 psi). The distance between
the centers of these two wheels is 112 cm.

For the structural analysis, the multi-layered elastic
program ELSYMS5 was used. Typical values of elastic
modulus and Poisson’s ratio for aggregate and cement

treated base layers and subgrade were assumed as
shown in Figure 4. The values of elastic modulus for
the five surface course materials and two base course
materials were determined from the dynamic modulus
curves in Figure 3 at a frequency of 5 Hz.
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TABLE III Results of Fatigue Characterization (f = 5Hz)

Mixture 19 GIL SBR SMA SBS B25 CHE
oy 2.92 327 3.08 272 350 3.08 322
IE*l, MPa 1,435 1,665 1,364 1,420 1,369 1,418 1,795
Coeff. Cn 0.00196  0.00497 00152 000445  0.00370 000384 0.00118
in Eq (6) Cr2 0.53 0.43 0.55 0.47 0.46 0.47 0.53
' 2372 2.864 2386 2442 2.890 2611 2513
Sy 33,000 53,000 34,000 22,800 45000 16270 18,200
_ Tensile Strain (x 10~%) 3.90 3.61 4.042 3.952 4.03 5509  4.992
FI"};'egd‘fe N, w/oRP 222x10° 192x107 3.26x10° 553x10° 222x107 67,860 201,920
Rank 4 2 3 5 1 2 1

For fatigue performance characterization, the maxi-
mum tensile strains developed at the bottoms of the
conventional AC base layer (i.e., 35 cm below sur-
face) and CHE layer under the dual wheel loads were
analyzed by using ELSYMS and are provided in
Table III. The tensile strains at the bottom of the five
surface course materials (i.e., 5 cm below surface) are
also provided in this table.

Characterization of Fatigue Prediction Models

Controlled-strain uniaxial cyclic tests under four dif-
ferent strain amplitudes were performed to evaluate
the fatigue performance of the five surface course and
two base course materials. Using the experimental
data obtained from the cyclic tests, fatigue lives (Ny)
were calculated. It is important to note that the fatigue
life is defined as the number of cycles at which
pseudo stiffness reaches 50% of the initial value. The
choice of pseudo stiffness instead of stiffness is based
on the fact that the stiffness reduction during fatigue
cycles is due to both damage growth and viscoelastic-
ity (i.e., the time dependence of the relaxation modu-
lus). Working with the pseudo stiffness removes the
relaxation effect in fatigue cycles from the overall
reduction of stiffness, and therefore yields a failure
criterion more directly related to cracking.

The average N; values at different strain levels for
the surface course and base course mixtures are plot-
ted in Figures 5(a) and 5(b), respectively. Of the five
surface course mixtures, it appears that SBS has the
best and SMA has the worst fatigue performance. It is

more difficult to compare the base course mixtures,
but it appears that at higher strain amplitudes, CHE
has better fatigue performance than B25.

From regression analysis of this data, the phenome-
nological model coefficients in Equation (1) were
determined for each mixture and are presented in
Table IV. The model coefficient “b” describes the
slope of the log-log relationship between strain ampli-
tude and Ny. A greater value of “b” indicates that the
fatigue performance of the mixture is more sensitive
to strain amplitude. This means that a mixture such as
SBR (b=-4.84) will perform better than S19
(b=-6.054) at high strain amplitudes but will
approach and eventually fall below the performance
of S19 as the strain amplitude becomes smaller. Care-
ful examination of Figure 5(a) shows this occurring,
Of course the coefficient “a” is needed for a complete
description of the fatigue performance.

Another fatigue model employed in this study is
the one proposed by Lee et al. (1999) as shown in
Equation (8). The coefficients in the fatigue predic-
tion model without rest periods in Equation (6) are
presented in Table III. In the calculation of the model
coefficients for each mixture, two sets of test data
with different amplitudes were used to reduce the
sample-to-sample variability in the analysis. The pro-
cedure for calculating these model coefficients is as
follows:

1) Determine an average value of [E"] for a mix-
ture at the frequency of 5 Hz (Figure 3).

2) Determine an average value of “n” from the
creep compliance data.
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FIGURE 5 Fatigue Lives at Various Strain Amplitudes: (a) Surface Mixes; (b) Base Mixes (Data Points from the Regression Analysis)
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3) Calculate the values of pseudo stiffness and S;
at each cycle collected during the test. Plot pseudo
stiffness versus S; using all available data and
obtain the regression coefficients of the function

Cl (i.e., Cll and C12)‘

4) Calculate o/; and p;.

5) Back calculate an average value of S;; from
Equation (6) using measured Ny values and the
coefficients obtained from steps 1)~4).

1.E+07

1.E+07
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TABLE IV Comparison of Fatigue Model Coefficients

Mixture S19 GIL SBR SMA SBS B25 CHE
Eq (1) “a” 551071 38x1072  s53x107! 96x10B 68x1077 1.7x107% 37x10712
Eq (6) “A” 27x1071%  59x107¢ 33x10718 17x1073  38x1077  4a1x1071% g9x107V
Eq (1) “b” -6.05 -5.33 —4.84 -5.21 —6.93 -5.70 -5.01
Eq (6) “-204” -5.84 -6.54 -6.16 —5.44 -1.0 -6.16 -6.44
Using Equation (6) with the coefficients and tensile
strain values shown in Table III, the values of Ng 1.E+06
without rest periods are predicted and compared with .
the measured values in Figure 6. The data shown in 1.E+05 | , ) >
. . . . 3 Line of Equality
this figure include the fatigue test data not used in the =
determination of the model coefficients. In general, a 3 I > o
good agreement is found between the measured and é 1_'E+04 ] o os¥e
the predicted fatigue lives, which demonstrates the = o S *
validity of the fatigue prediction model in Equation 1.E+03 |
(6). A similar verification result was observed in pre-
vious works (Lee et al. 1999) for two conventional 1 E+02 ) )
asphalt mixtures. The verification result shown in 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Figure 6 implies that the fatigue model in Equation Measured N,

(6) can be applied to both conventional and modified
asphalt mixtures.

Examining the predicted fatigue lives of the mix-
tures shown in Table III, SBS has the best and SMA
the worst performance of the surface course mixtures
and the CHE base course performs better than the
B25 mixture. Examination of the base courses at a
lower strain amplitude (0.0003) will show that the
performance of B25 is better. It is noted from this
table that the fatigue lives of the base course materials
are much shorter than the fatigue lives of the surface
materials. This implies that, for fatigue cracks origi-
nating at the bottom of the asphalt layer, the fatigue
performance of the whole pavements is dominated by
the fatigue life of base course material. That is, once
the fatigue cracks begin to propagate from the bottom
of the base layer, fatigue cracks may be observed on
the surface of the pavement long before the fatigue
life of the surface material is reached.

The weakening of the base course due to fatigue
damage increases the tensile strain in the surface
course, accelerating damage accumulation and has-
tening failure. However, for the fatigue cracks starting
from the surface of the asphalt layer, the fatigue

FIGURE 6 Validation Results of Fatigue Prediction Model in Equa-
tion (6)

resistance of the surface mixtures is still important. In
this case, cracks may be developed due to a combina-
tion of complex fracture modes (e.g., crack opening
mode, shearing mode, and tearing mode etc.). The
uniaxial tension fatigue test may not be sufficient to
consider all these mechanisms.

A comparison of the strain amplitude exponents in
the phenomenological (“b” in Equation 1) and contin-
uum damage (-2¢; in Equation 6) models shows that
the values are similar. However, one needs to be care-
ful in comparing “a” from the phenomenological
model with “A” in Equation (6). The coefficients that
determine the value of “A” are all linear viscoelastic
parameters, and are therefore strain independent. It
must also be remembered that the phenomenological
coefficients are determined from a direct regression-of
the strain amplitude versus N relationship. The con-
tinuum damage coefficients o, IE*I, and p, are deter-
mined from an independent creep test while C;;, Cy»,
and S,; are determined from the cyclic loading test.
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The two models take completely different approaches
to modeling the fatigue behavior, but result in similar
values for the coefficients, as shown in Table IV. For
the GIL, SBR, and CHE mixtures, the difference
between “a” and “A” seems fairly large compared to
the other mixtures. However, these mixtures also
show a greater difference between “b” and —2¢;, and
it is the two coefficients together that describe the
fatigue behavior of the mixture.

Combining the above observations with the discus-
sion at the beginning of this section, one may begin to
see how the material characteristics, properties, test
conditions, and failure criterion affect the fatigue per-
formance. The similarity between “b” and “-20(;”
suggests that the slope of the creep compliance curve
(from which ois calculated) determines how sensi-
tive the fatigue performance is to the applied strain
amplitude. For instance, a lower value of “n” results
in a lower value of “-20(;” and a mixture less sensitive
to the strain level. This makes sense in respect to the
creep compliance; that is, a flatter slope in a creep
curve indicates that the material is more elastic and
hence one would expect the response to be less sensi-
tive to strain level.

It is difficult to examine the individual effects of
the parameters in Equation (6) on the fatigue life
because they are interdependent, meaning that
changes in one parameter are associated with changes
in another parameter. As an example, consider a mix-
ture that is subject to aging. As the mixture ages, the
viscoelastic properties change, affecting the damage
evolution characteristics and ultimately, the Sy value.
Thus, accurate prediction of the fatigue life of this
asphalt mixture would require not only loading condi-
tions (e.g., tensile strain in the phenomenological
model) and linear viscoelastic material properties
(e.g., the slope of creep compliance versus time rela-
tionship in a logarithmic scale in more recent fatigue
models), but also the determination of damage and
microdamage healing characteristics.

It may not be possible to select a single parameter
that governs the fatigue lives of asphalt mixtures
because of the above reasons. However, it is still
desirable to select one or two governing material
properties to allow identification of better fatigue

resistant mixtures for design purposes. Thus, a careful
investigation of the fatigue model in Equation (6) was
performed. As can be seen in Equation (6), a higher
value of Sif and a lower value of IE"| extend the
fatigue life. Equation (4) shows that S; is propor-
tional to the value of (¢f)2e1/(+e1)  For the
strain-controlled continuous cyclic loading, 51}\3, is
equal to o[ E(t)+ IE*I]/2 (Lee et al. 1999) and thus, a
higher value of IE"lis required to have a higher value
of Syt This complicated interdependency implies that
it may not be possible to identify a better fatigue
resistant mixture only using IE™I. It is clearly seen in
Table IV that a significant relationship does not exist
between the IE"| values and the fatigue performance
ranking.

Another important parameter affecting the fatigue
life is o;. The o value affects Sy, €, IE'l, Cy;, and
C,. If the o) value increases, Sq¢and €5 2** increase
(increase in Ny), but (Cy,Ci2)~ % and |E*|72
decrease (decrease in Ny). It is seen from this observa-
tion that identifying the effects of o; on the N is very
difficult without utilizing actual experiment data. It
can be seen in Table III that ¢, is very well correlated
with the fatigue performance ranking. That is, the
higher the o} value (i.e., the lower the slope of creep
compliance curve, n), the longer the fatigue life for
surface and base mixtures, respectively.

It is noted in Table III that the SBR and B25, and
GIL and CHE have similar o values, but the fatigue
lives of the surface versus base courses are signifi-
cantly different. This is partially due to the fact that
the levels of tensile strains between surface and base
courses are quite different resulting in different
fatigue lives. Therefore, it is unfair to compare fatigue
lives of surface mixtures with those of base mixtures
directly. However, if the base courses are evaluated at
a strain level closer to those found in the surface
courses (€=0.0004), the fatigue lives of B25 (3.5 X
10%) and CHE (6.8 x 10°) are similar to those of SBR
(3.26 % 106) and GIL (1.92 % 107), respectively.

The value of S;; also correlates well with the
fatigue ranking because an increase in the o results
in an increase in the Sy The rank reversal of SBS and
GIL mixtures is not unexpected due to the difference
in [E"I values and recalling that both [E"| and o, affect



EVALUATION OF MODIFIED ASPHALTS 165

the value of Sy;. Other parameters in Table III, py,
Cy1» and Cy, do not correlate well with the fatigue
performance ranking.

Several parameters (0t; and S;¢) appear to govern
the fatigue behavior of these mixtures. However, it is
not advisable to only consider these parameters when
evaluating the fatigue behavior because even though
they are highly influential, all of the parameters play a
role in the fatigue performance. It is conceivable that
a situation could occur where an unfavorable combi-
nation of other parameters could prevail over a rank-
ing determined by just looking at one or two
parameters. It must also be noted that these findings
are a result of testing seven mixtures that have vary-
ing binder content and gradation, which will influence
the fatigue performance as well.

Effect of Rest Periods on Fatigue Life

To evaluate the effect of rest periods on fatigue life,
controlled-strain cyclic loading tests with multiple
rest periods were conducted at three different strain
amplitudes for five surface course mixtures. In order
to compare the healing potentials of the mixtures, the
increase in pseudo stiffness (i.e., C,) during multiple
rest periods was calculated for the five surface course
mixtures and is presented in Figure 7. The figure
shows that the model is able to distinguish between
the healing performance of the different mixtures.

0.3

——519
~a—GIL
—o—SBR

0 L L L L n L

0 200 400 600 800 1000 1200 1400
Rest Periods (sec)

FIGURE 7 Increase in Pseudo Stiffness C, During Rest Periods

The values of C, in Figure 7 increase as the dura-
tion of rest increases. That is, the longer the rest
period, the more the recovery of the damage. It is
observed from this figure that the SBS shows the
highest increase in pseudo stiffness during rest peri-
ods among five mixtures while the unmodified mix-
ture S19 shows the lowest increase in pseudo
stiffness. All four modified mixtures (GIL, SBR,
SMA, and SBS) showed a better potential for healing
than the S19 mixture.

The GIL mixture shows a large gain in C, in the
short term (quick healing), but levels out and longer
rest periods have little beneficial effect. The SBS
mixture, on the other hand, has a slower initial rate of
healing, but continues to gain strength with time, indi-
cating a better healing potential over time.

The amount of binder in the mixture will also affect
the healing performance. Although the effect of
binder content was not examined in this project, the
relatively high binder content in the SMA mixture is
probably the main reason for the good healing per-
formance that was observed.

CHARACTERIZATION OF RUTTING
PERFORMANCE

Test Results and Discussions

The rutting performance of a mixture can be affected
by several factors such as aggregate gradation, angu-
larity and texture of aggregate, asphalt content, and
asphalt stiffness, etc. Of the mixtures tested during
this study, S19, SBR, and GIL used the same grada-
tion while SBS and SMA each used a different grada-
tion. One type of asphalt binder was used in the
mixtures but the stiffness of binder in each mixture
was likely different due to the presence of modifier,
and each mixture had its own binder content. For
these reasons, it was not possible to evaluate the
effect of modifiers on rutting performance in this
study. However, it was possible to rank the mixtures
in regards to their rutting performance, which was
done by examining the vertical permanent deforma-
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tion. The reader is reminded that the objective of this
testing was a comparative analysis and therefore the
reported values are not those that would be observed
in the field under actual conditions.

Using the data obtained from triaxial tests, all the
values of vertical permanent strain were calculated
and are presented in Figures 8(a), 8(b), and 8(c) for
40, 20, and 10 kPa of confining pressures, respec-
tively. It is clearly shown in these figures that the rut-
ting performance of the modified mixtures including
SBR, GIL, SMA, and SBS were better than the con-
ventional S19 mixture. The SBS mixture shows the
best rutting performance at confining pressures of 10
and 20 kPa while the SMA mixture shows the best
performance at a confining pressure of 40 kPa. It is
seen from these figures that more permanent strain
occurs at lower confining pressures when the axial
stress is constant. Also, it may be observed that the
performance of SBS is less sensitive to confining
pressure than SMA.

There are several reasons whis the SBS may have
showed good rutting performance. First could be the
difference in grading; the SBS binder is graded (PG
76-22) and the ordinary binder (PG 64-16) is accord-
ing to the Superpave binder specification. The differ-
ence in the PG grades clearly indicates that the SBS
mixture will perform better at high temperatures and
will be more resistant to rutting.

The second reason for the good performance of
SBS could be the aggregate gradation. The aggregate
gradation for the SBS mixture follows the recommen-
dation in the Superpave mix design method (Asphalt
Institute 1995) and passes below the restricted zone as
shown in Figure 9(a). The S19 gradation passes above
and through a portion of the Superpave restricted
zone (Figure 9(b)). This could be another reason that
the rutting performance of S19 mixture was the poor-
est, and the SBS among the best of the five surface
course mixtures tested.

Characterization of Permanent Deformation
Model

The nature of Equation (9) requires that k; and k,be
determined for each test. Therefore, the values of the
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FIGURE 9 Comparison of Target Aggregate Gradations with
Superpave Specification: (a) SBS Mixture; (b) S19 Mixture

coefficients vary with the applied stress level for a
particular mixture. The permanent deformation model
coefficients k; and k, in Equation (9) were first deter-
mined from a regression analysis of the triaxial test
data shown in Figure 8. A relationship between the
applied stress condition and the regression coeffi-
cients k; and k, was then developed.

 First, k; and k, were separately regressed with
respect to the p and q values of each stress condition.
In general, the q values were better correlated with the
coefficients k; and k,. The regression analysis con-
ducted with respect to q resulted in an equation of the
form:

ki = a1 +a2(q) (10)
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TABLE V Regression Coefficients for k| and kjin Equations (10) and (11)

Mixtures Coefficients for k; Coefficients for k,
a; ay : b, by :
519 0.000446 2.5% 1077 - 0.03793 0.00219 91.1
GIL 0.00418 -1.23%107° 99.8 -0.30941 0.00262 94.8
SBR 0.000398 1.50x 1075 - -0.0262 0.00205 66.4
SMA —0.0137 7.52x1075 68.5 0.15441 0.00018 83.3
SBS 0.0201 -5.83x 1073 99.8 —0.15928 0.00117 85.2

where a; and a, are regression coefficients and are
summarized in Table V. An average R? value for all
the mixtures was 89.4 percent. A similar relationship
was developed for kj:

ky = b1 + ba(q) (11)

where by and b, are regression coefficients and pro-
vided in Table V. An average R? value for all the mix-
tures was 84.2 percent.

To estimate the permanent deformation in an
asphalt layer of any thickness after the material has
been characterized, the following layer-strain proce-
dure (Barksdale 1972, Romain 1972) is suggested:

1) Depending on the thickness of the asphalt layer,
it may be divided into several sublayers or remain
as a single layer.

2) ELSYMS is used to determine the stresses at
the mid-depth of each sublayer.

3) The permanent deformation caused in each sub-
layer can be determined from Equations (9), (10),
and (11) using the stress values determined in step
2).

4) The total permanent deformation in the asphalt
concrete layer is then obtained by summing the
contributions of all sublayers.

CONCLUSIONS

In this study, rutting and fatigue performances of five
surface and two base materials were characterized by
performing uniaxial tension fatigue tests and triaxial
compression tests, respectively. It was found that the
simplified viscoelastic continuum damage mechan-
ics-based fatigue prediction model proposed by Lee et

al. (1999) can be successfully applied to both conven-
tional and modified asphalt mixtures.

The exponent of strain amplitude “b” in the phe-
nomenological fatigue model in Equation (1) can be
represented by the exponent of creep compliance
curve “n” through “-204” [ie., —2(1+1/n)]. This
implies that “n” is an indicator for the strain level sen-
sitivity of the mixture. The parameter “n” is also an
indicator for fatigue life at a particular strain level,
meaning that “n” can be used to rank the performance
of mixtures subject to the same, or similar strain level.
A lower value of “n” indicates the mixture will have a
longer fatigue life. Particular care must be taken how-
ever, because the strain level that a mixture will be
subject to in the field is a function of both geometry
(layer thickness) and the stiffness of the mixture
itself. For this reason, using a single strain level to
compare the fatigue performance of two mixtures
with different stiffnesses placed in a similar pavement
system is not recommended.

The damage parameter value at failure (S;5) was
also strongly correlated with the fatigue life of the
mixture. However, the material properties IE"| and oy
affect the damage parameter and must be considered
when using S to rank fatigue performance. Strictly
based on the laboratory observations and considering
the induced strain levels in the field, the SBS mixture
has the best and the SMA mixture has the worst
fatigue performance of the surface courses, while the
CHE base course mixture performed better than B25.

The effect of rest periods on the fatigue lives of
these mixtures was also evaluated in this study. Using
the microdamage healing function, C,, the model is
able to distinguish healing performance among the
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five surface course mixtures. The four modified mix-
tures display better healing potentials than the
unmodified S19 mixture, with SBS showing the
greatest increase in pseudo stiffness during rest peri-
ods.

Regarding the rutting performance of the mixtures,
it was found that a linear relationship exists between
the vertical permanent deformation and number of
applied loads in a logarithmic scale and the vertical
permanent deformation increases with an increase in
q (shear stress invariant). The four modified mixtures
performed better than the conventional S19 mixture,
with the SBS mixture performing the best at the two
lower confining pressures and the SMA mixture per-
forming the best at high confining pressure. However,
the differences in gradation and binder content among
the different mixtures must be considered as they also
affect rutting potential of a mixture.

Based on the comparison study of the performance
of five surface mixtures, overall, the SBS mixture
showed the best performance with regard to fatigue,
healing, and rutting. It is also worth noting that all of
the modified mixtures performed better than the sin-
gle conventional mixture. Only the fatigue perform-
ance of the base course mixtures was investigated,
and the CHE mixture displayed a greater fatigue
resistance than the B25 mixture.
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