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ABsTRACT: Current failure criteria of asphalt pavements are either empirical or assume linear elastic material
response and use a single load level to relate the number of load repetitions to fatigue failure. To better understand
the crack propagation properties of asphalt pavements, laboratory tests and nonlinear analysis were performed
to evaluate the low-temperature fracture parameters of conventional asphalt concrete and asphalt-rubber mixture.
Two approaches based on nonlinear fracture mechanics, the compliance approach and the R-Curve approach,
were used. Beam specimens were prepared with different binder contents and tested under three-point bending
flexural conditions at two test temperatures. A closed-loop servohydraulic test system was used with the crack
mouth opening as the control parameter. Nonlinear fracture parameters were obtained at different stages of crack
propagation. Results show that the asphalt-rubber mixture has higher fracture toughness and consequently larger
resistance to cracking than asphalt concrete. Also, the asphalt-rubber mixture is less sensitive to temperature
than asphalt concrete. Increasing the binder content increased the toughness values for both asphalt concrete
and asphalt-rubber mixture in most cases. The R-Curve approach provides a good measure of characterizing the

fracture behavior of asphalt mixtures.

INTRODUCTION

Application of traffic load to the pavement surface generates
tensile stresses at the bottom of the asphait layer. Since the
tensile strength of asphalt concrete is typically larger than the
stress caused by the traffic loading, the material will remain
without cracks for a number of load applications. With the
continuous repetition of load applications, fatigue cracks ini-
tiate at weak spots at the bottom of the asphalt layer. These
cracks will then propagate through the asphalt layer until they
reach the surface. As the intensity of cracking reaches a certain
unacceptable level, rehabilitation becomes necessary.

Failure criteria based on fracture mechanics have been de-
veloped, and ideally the pavement surface layer can be de-
signed to provide sufficient cracking resistance throughout the
design life of the pavement. However, common procedures of
pavement design, such as the American Association of State
Highway and Transportation Officials (AASHTO) method, fail
to use such criteria. This is partly due to the inaccuracy of
such criteria and lack of understanding of the mechanism of
fracture under various conditions. A rational failure criterion
has to consider the process of crack initiation, propagation,
and complete fatigue failure. The process of crack propagation
is studied in this work.

OBJECTIVE

The objective of this study is to evaluate crack propagation
parameters of asphaltic mixtures at two temperature levels.
Two approaches based on nonlinear fracture mechanics, the
compliance approach and the R-Curve approach, are used.
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Laboratory tests are developed to obtain crack propagation
parameters of both conventional asphalt concrete and asphalt-
rubber (AR) mixture. These parameters are used to evaluate
the potential for crack propagation of materials.

FRACTURE MECHANICS

Fracture mechanics discusses the underlying principles that
govern initiation and propagation of cracks in materials. Sharp
internal or surface notches that exist in various materials in-
tensify local stress distribution. If the energy stored at the vi-
cinity of the notch is equal to the energy required for the
formation of new surfaces, then crack growth can take place.
Material at the vicinity of the crack relaxes, the strain energy
is consumed as surface energy, and the crack grows by an
infinitesimal amount. If the rate of release of strain energy is
equal to the fracture toughness, then the crack growth takes
place under steady-state conditions and the failure is unavoid-
able.

The concept of fracture mechanics was first applied to as-
phalt concrete by Majidzadeh (1976). Abdulshafi (1983) has
applied the energy (C*-Line Integral) approach to predicting
the pavement fatigue life using crack initiation, crack propa-
gation, and failure. He concluded that two different tests are
required to first evaluate the fatigue life to crack initiation
(conventional fatigue testing) and to then evaluate the crack
propagation phase using notched specimen testing under re-
peated loading. Abdulshafi and Majidzadeh (1985) used
notched disk specimens to apply the J-integral concept to the
fracture and fatigue of asphalt pavements. Various situations,
such as the effect of load magnitude on fatigue cracking, the
length of rest period, load sequence, support conditions, and
temperature, were included in the testing protocol. Several re-
search studies have also been conducted to apply fracture me-
chanics principles on asphaltic materials (Germann and Lytton
1979; Hoyt et al. 1987).

Linear Elastic Fracture Mechanics

Most previous studies assumed a linear elastic material re-
sponse and used a single load level to relate a number of load
repetitions to fatigue failure. The assumption of linearity dur-
ing crack propagation, especially at the crack tip, is question-
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FIG. 1. Brittle and Quasi-Brittle Materials

able. Also, the type of laboratory test used by previous re-
searchers does not allow measurement of the crack length and,
therefore, does not consider the crack propagation. Additional
insight into the laboratory tests and fracture process are still
needed to evaluate the number of load repetitions necessary
for crack initiation and to evaluate the rate of crack propaga-
tion at various stress levels. Once these parameters are deter-
mined, the degree of fatigue failure in the material and the
corresponding remaining fatigue life of a pavement section can
be accurately obtained.

In linear elastic fracture mechanics (LEFM) the intensity of
the stress field in the vicinity of the crack in an opening mode
is measured by means of a parameter known as the ‘‘stress
intensity factor,”” K. The stress intensity factor depends lin-
early on the applied stress and is a function of the geometry
of the structure and the crack length. Fig. 1 illustrates the
process of fracture in different materials. For a perfectly brittle
material such as glass, there is no stable crack growth. The
energy stored in the material in the vicinity of the crack is a
function of the crack length, applied load, and the geometry
of loading. It can be expressed using the stress intensity factor
K, which can also be related to the available energy for the
propagation of the crack by a unit length. When the strain
energy release rate is equal to the fracture toughness of the
material K¢, the material fails by unstable propagation of the
crack (horizontal line in Fig. 1 indicating an unbounded in-
crease in the crack length). Such a failure can be modeled
based on LEFM principles using a single parameter, namely
ch.

Nonlinear Fracture Mechanics

Schapery applied the principles of fracture mechanics to vis-
coelastic materials by considering the kinetics of crack growth
as a function of time (1975). These approaches were applied
to the fracture of asphaltic concrete mixtures by Jenq and
Perng (1992). One of the characteristics of fracture in quasi-
brittle materials is the existence of stable crack growth prior
to the crack reaching its critical length (instability), as shown
in Fig. 1. Such behavior often results in nonlinear effects since
the crack length at the onset of instability is unknown; there-
fore, LEFM is not directly applicable. For a granular-based
material such as asphaltic concrete, crack growth is hetero-
geneous and tortuous; it is accompanied by aggregate inter-
lock, microcracking, and inelastic deformations. Furthermore,
the viscoelastic behavior of the matrix results in the relaxation
of stresses in the vicinity of the crack tip. These mechanisms
give rise to a zone of nonlinear deformations (viscoelastic,
plastic, and microcracking) generally referred to as the fracture
process zone, resulting in the toughening of the material. This
response is depicted as the increasing curve in Fig. 1. This
curve represents the Resistance Curve, or as it is commonly
known, the R-Curve response.
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FIG. 2. Testing Configuration and Geometry of Specimen for
Fracture Test

Since LEFM cannot adequately characterize the cracking
and failure of materials, several nonlinear techniques have
been proposed in which two or more fracture parameters are
used. Two approaches have been used to evaluate the nonlin-
ear response, the compliance approach and the R-Curve ap-
proach. The compliance approach is generally limited to de-
fining the condition of crack instability, while the R-Curve
approach evaluates the fracture toughness of the material at
different crack lengths providing more insight on the crack
propagation phenomenon.

Compliance Approach

Jenq and Shah (1985) developed a nonlinear fracture model
in which the material is characterized by two independent pa-
rameters: the ‘‘critical stress intensity factor’’ (Kjc) (see Fig.
1) and the ““critical crack tip opening displacement’” (CTOD,).
These two parameters can be used as the condition for unstable
crack propagation; the stress intensity factor at the tip of an
elastically equivalent crack has to reach the Kj. value and the
crack opening at the tip of the initial notch has to reach the
CTOD, value (Shah 1990). A large value of K indicates that
the material has a large resistance to crack propagation. On
the other hand, a large value of CTOD, indicates that the crack
can stay stable to a large extent beyond its initiation.

Following this approach, laboratory tests have been devel-
oped in which a notch with known dimensions is cut in the
bottom surface of a beam. The beam is subjected to loading-
unloading cycles under three-point bending action as illus-
trated in Fig. 2. The crack mouth opening displacement
(CMOD) is measured using a linear variable differential trans-
former (LVDT) mounted at the crack tip. The load applied to
the specimen is controlled to obtain a constant rate of CMOD
rather than obtaining a constant stress or deflection. Such an
approach allows us to estimate the effective crack length at
any failure level using the LEFM equations, which cannot be
easily measured otherwise. As shown in Fig. 2, the unloading
compliance of the specimen at various loading points can be
used to calculate the effective crack length. Results of this
analysis can be used to compute properties such as the effec-
tive Young’s modulus, critical stress intensity factor, critical
crack tip opening displacement, and fracture toughness.

R-Curve Approach

The compliance approach discussed earlier can be further
expanded to calculate the increase in the fracture toughness of
quasi-brittle materials as a function of crack length due to the
nonlinear effects. The concept of R-Curves has been used to
study the behavior of quasi-brittle materials. Lenain and Bun-
sell (1979) used R-Curves for asbestos-cement mixtures. Mai
(1979) obtained R-Curves using experiments on three-point
bend and grooved double-cantilever beams. Foote et al. (1986)
studied R-Curves in strain softening materials. Sakai et al.
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(1986) and Hsueh and Becher (1988) used R-Curves in the
study of fracture in ceramics.

There are no standardized procedures to determine the R-
Curves for bituminous materials. Procedures that are based on
the energy principle and the unloading-reloading (compliance
calibration) methods have been quite convenient for evaluating
R-Curves and nonlinear fracture-toughness parameters as func-
tions of crack length. These procedures integrate the tough-
ening mechanisms into the energy required for the propagation
of a traction free equivalent crack. The energy dissipation in
the process zone is related to an effective elastic crack length.

Theoretical Formulations

The strain energy release rate G is the source of total energy
available for crack extension. Once it reaches a critical value
Gyc, an instability condition is reached and crack propagation
occurs. This is shown as the horizontal line in Fig. 1 for brittle
materials. To characterize fracture toughness using a single
parameter Gc, only the peak load of a notched specimen tested
under mode I condition is required. Quasi-brittle materials dis-
sipate energy due to frictional sliding, aggregate interlock, and
crack surface tortuosity. After an initiated crack begins to
propagate, the dissipating mechanisms evolve. The increase in
the apparent toughness can be related to the stable crack
growth by means of an R-Curve as shown in Fig. 1 for quasi-
brittle materials. The following equation defines the energy
balance at any given point during the stable crack growth path.
The inequality condition ensures that for the incremental crack
growth, toughening of the material exceeds in the energy be-
coming available due to the crack growth. The condition for
stable crack growth is

3G(a) < dR(a) @a

G(a) = R(a), a ry

<a 0}
where G = energy; R = resistance to crack propagation; and a
= crack length. The condition for crack instability at an un-
known critical crack length a, can be defined as

G(ac) = R(a.), '_a =— @a-= a. (2)

A formulation by Ouyang et al. (1990) suggests that R-Aa
curves are an extension of the elastically equivalent fictitious
crack models (linear elastic materials) to the actual specimen
with a cohesive zone. Incorporating the cohesive zone into the
R-Curves enables one to apply linear elastic approaches to
materials with an effective fracture toughness, K}, or K.
Since the R-Curve is material, geometrical, and size depen-
dent, it can conveniently be used to study stable crack growth
and toughening. The equivalent elastic approach proposed here
allows one to use a linear analysis instead of a nonlinear struc-
tural analysis. It can also predict the load displacement and
toughness effects of various materials.

In the compliance approach, the R-Curve is determined
through the use of the strain energy release rate G. When a
notched specimen exhibits infinitesimal crack growth under
constant load or displacement conditions, changes in the load-
deformation response before and after the crack propagation
are observed. The compliance C, defined by the inverse of the
slope of the load-CMOD curve is shown in Fig. 2. In this
approach, the CMOD is used as displacement component of
the compliance.

Using the LEFM formulas, the CMOD can be calculated as
a function of the applied load, the specimen geometry, and the
elastic properties of the material (Shah 1990). The CMOD is
given as

6Sa, PV(ct)
Eb*t

C= CMOD

MOD = R
CMO 7 )]

0.66 _a
a-o *Tp
@

where S = span; ¢ = thickness; b = width; and a4 is the initial
crack length. Based on this response, the relationship between
the compliance and the crack length is defined and the initial
compliance of the specimen is used to calculate the Young's
modulus. For subsequent loading-unloading cycles, the un-
loading compliance at a given crack length Cgy is used in a
nonlinear equation to solve for an effective crack length a
according to the following equation:

V(o) = 0,76 — 2.28a + 3.870% — 2.040° +

__ 65 + Aa)V(a) _ Gy + Aa
f(a) - E Ceubzt = U o= b (5)

The stress intensity factor at the tip of the effective crack
may be obtained using the following equation and reported as
the R-Curve, K*. This definition of the R-Curve is based on
a modified LEFM approach, since only the elastic component
of the compliance change is considered

3PSV w(a, + Aa)
3 F(o)

K'a) = ——F7—— 6

2b*t

To incorporate the inelastic effect, an energy approach is
considered (the R-Curve approach). By assuming crack growth
under constant load, the energy release rate due to the incre-
mental crack growth can be obtained as

14C _,
C@ =% " »
For specimens that exhibit residual displacements, addi-
tional terms are needed to account for the rate of change of
inelastic displacement with respect to crack growth. Several
researchers including Sakai and Bradt (1986), Wecharatana
and Shah (1983), and Mai and Hakeem (1984) have proposed
this additional term as
P2aC P23,

Ga) = 2t da * t da ®)
This expression can be computed from the experimental
data. By measuring the load (P) and the crack length (a = a,
+ Aa) values at successive intervals of crack growth, the com-
pliance-crack length relationship can be constructed. For every
loading unloading-cycle four parameters are recorded. These
parameters include the effective crack length obtained from
the previous procedure, compliance, load at the initiation of
unloading, and the total inelastic CMOD, which is the residual
displacement as the sample is completely unloaded. The first
step involves plotting both the compliance and inelastic dis-
placement as a function of the effective crack length. These
two curves are subjected to a third-order polynomial curve fit.
The coefficients of the polynomial are used to obtain the rate
of change of compliance and the rate of change of inelastic
CMOD as a function of crack length. Differentiation can also
be achieved using a local algorithm such as the cubic spline
method. Eq. (8) is calculated at every incremental crack length
and used in the following equation to define an elastically

equivalent effective toughness, K*

K*a) = VE'G@) )

where E’ = E/(1 — v?) for plane strain and E for plane stress.
E and v represent the elastic modulus and the Poisson’s ratio
of the material, respectively.

Both the stress intensity approach shown in (6) and the en-
ergy release rate approach shown in (8) can be used to obtain
the R-Curve. The first method provides a local measurement
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of the energy release rate and the second provides an averaged
value. Both methods are theoretically equivalent under LEFM
assumptions with the compliance approach underestimating
the R-Curve due to the averaging effect.

In comparison to other methods, the present approach uses
the entire loading history as opposed to only the peak load
and the effective compliance at that point. The R-Curve is
dependent on the size and geometry of the specimen and rep-
resents materials’ resistance to initiation and propagation of
cracks.

EXPERIMENTAL TESTING
Materials

Both conventional asphalt concrete and asphalt-rubber (AR)
mixture were used in this study. The AR mixture consisted of
an AR binder and aggregate. A crushed river deposit aggregate
was used for both asphalt concrete and asphalt-rubber mixture.
Aggregate gradations used for asphalt concrete and AR mix-
ture are shown in Table 1. The gradation for asphalt concrete
followed the midpoint of the Maricopa Association of Gov-
ernments (MAG) D12.5 mm (1/2 in.) gradation band, while
the gradation used for AR mixture followed the midpoint of
the city of Phoenix asphalt-rubber hot mix gradation band.

An AC-20 asphalt cement was used for asphalt concrete.
The AR binder was manufactured by International Surfacing
Inc. in Chandler, Ariz., and consisted of 80% AC-20 asphalt
cement and 20% reclaimed rubber by weight. The penetration
of the AC binder was 42 (ASTM D5), while its softening point
was 66°C (150°F) according to ASTM D36.

Specimen Preparation

Beam specimens were fabricated in a steel mold with inside
dimensions of 406 X 89 X 89 mm (16 X 3.5 X 3.5 in.). For
each specimen, aggregate and binder were heated and mixed
at a temperature of 149°C (300°F) for asphalt concrete and
163°C (325°F) for AR mixture. A known weight of the hot
mixture was placed in a prismatic steel mold in four layers.
Each layer was tamped with a tamping rod and then reheated.
The mold was connected to a hydraulic press, and a flat steel
plate 25 mm in thickness was placed on top of the mixture.
An initial static load followed by a series of sinusoidal vibra-
tions were applied to provide compaction. This was followed
by a quasi-static load to compress the specimen to a desired
height. This procedure produced a consistent specimen with
the desired dimensions and density.

A notch was cut at the centerline of the beam using a water-
cooled circular saw with a diamond blade. The crack depth
and width were 20 and 5 mm (0.8 and 0.2 in.), respectively.
Specimen dimensions, notch depth, weight, maximum theo-
retical specific gravity (ASTM D2041), bulk specific gravity,
and air voids were determined for each specimen.

TABLE 1. Aggregate Gradation of Asphalt Concrete and As-
phalt-Rubber Mixtures

Passing

For asphalt For

Sieve size concrete asphalt-rubber mix
(mm) (%) (%)
(1) (2) (3)
25.5 100 —
19.0 98 —_
12.5 93 100
9.5 80 85
4.75 63 35
2.36 50 20
0.600 30 10
0.075 5 5

Laboratory Tests

The fracture test was performed on a closed-loop controlled
servohydraulic MTS 810 material test system equipped with
an environmental chamber. A loading fixture was developed
to eliminate extraneous deformations such as support settle-
ments and specimen rotations. Development of the fixtures and
test procedures are discussed in detail in an earlier work (Beaty
1993). Fig. 3 shows the schematics of the closed-loop system
and testing configuration.

Independent Variables

Due to the differences in aggregate gradation and binder
contents in the asphalt and AR mixtures, it was not possible
to use the same factors in all cases. Independent variables with
the two types of binders were selected to match the perfor-
mance as closely as possible. A complete factorial experi-
mental design was used with the following three independent
variables:

1. Binder type: Two binder types, asphalt cement and as-
phalt-rubber, were used.

2. Binder content: Three levels of binder contents were
used (4, 5, and 6% for the asphalt concrete, and 7, 8,
and 9% for the AR mixture). All percentages were cal-
culated by total weight of the mix and represented binder
contents close to the optimum values for both types
based on Marshall mix design.

3. Test temperature: Two test temperatures were used— —7
and —1°C (20 and 30°F).

Three replicate specimens were fabricated and tested for
each factor combination. A total of 36 specimens were tested.
Table 2 shows the independent variables and levels used in
the study. The test was performed by applying a series of load-
ing-unloading cycles to the notched specimen to obtain a load-
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FIG. 3. Schematics of Closed-Loop System

TABLE 2. Scope of Materials and Experimental Variables

Test Binder Binder Type
temperature content Asphalt Asphalt-rubber
(°C) (%) concrete mixture
{1 (2) (3) “)
-1 4 3® 3®

5 3 3
6 3 3
-7 7 3 3
8 3 3
9 3 3

*Number of replicate specimens.

408 / JOURNAL OF TRANSPORTATION ENGINEERING / SEPTEMBER/OCTOBER 1997






