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Abstract. Fracture properties and crack propagation characteristics of asphalt concrete mixtures were studied by ob-
taining fracture resistance curves using three point single edge SE(B) notched beam specimens. Elastic-plastic approach
is used in the calculation of the J-integral since the fracture process zone size is large enough to not use a linear elas-
tic approach. Crack length measurements were obtained directly from high resolution images taken during the tests. A
rising R-curve was observed in all the specimens which indicates ductility and a toughening mechanism in the ductile
to quasi-brittle fracture of the mixture. Mixtures developed by limestone and siliceous aggregates with 4%, 4.5% and
5% binder contents were tested at temperatures ranging from +5°C to —20°C. Mixtures with 5% binder content showed
greater crack resistant behavior at each temperature. Crack lengths at which crack propagation instability occurred were
decreased by the reduction of temperature. A significant drop of this critical crack length is observed in temperatures
below —15°C. As well, the elastic-plastic fracture toughness is increased by the reduction of temperature up to —15°C

and starts to diminish thereafter.
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Introduction

Low-temperature cracking of Hot Mix Asphalt (HMA)
has been a serious concern for pavement engineers dur-
ing years. Experience has shown that even though the
effect of these non-loading cracks on the transportation
quality may be negligible at the initial stages, but in-
filtration of water into the cracks, as well as reduction
of the structural integrity and the load bearing capacity
of the pavement in the cracked zones which cause the
propagation of the initial cracks and further damage to
the pavement, lead to a considerable deterioration of the
pavement structure during its performance period.
Studying the behavior of HMA at low temperatures
from a fracture mechanics point of view has received
substantial attention in the past decade. Various test
methods have been used by researchers to investigate
fracture properties of asphalt concrete mixtures. Braham
et al. (2007) studied the effect of binder type, aggregate,
and mixture composition on the fracture energy of HMA
at low temperatures by means of disc-shaped compact
tension tests, DC(T). Wagoner et al. (2005) compared
different test methods and developed a fracture test pro-
cedure based on the three point single edge notched bend,
SE(B), configuration. It was concluded in their work that
the SE(B) provides the most promising method for eval-
uating fracture properties of asphalt concrete mixtures

due to its capability for pure mode I loading, test sim-
plicity, and amendable stress states (simple stress fields,
minimal end effects, etc.). Examples of the use of SE(B)
test can also be seen in the works done by Reis et al.
(2011) for studying fracture properties of PET modified
asphalt. Dongre ef al. (1989), implemented low temper-
ature testing on single edge notched bend SE(B) speci-
mens with varying binder properties. Linear elastic frac-
ture mechanics approach (LEFM) was used to obtain the
mode I fracture toughness, K. A procedure to estimate
the approximate elastic-plastic critical strain release rate,
Jc, was also implemented. The two toughness quantities
were compared and it was shown that the J- is a more
realistic fracture characterization approach.

In a research by Kim and El Hussein (1997), low
temperature fracture toughness values were obtained
experimentally for asphalt concrete based on nonlinear
elastic relations using lime and granite aggregates and
different conditioning scenarios. Their results showed
that the fracture toughness variations followed analogous
trends for both aggregate types and conditioning scenar-
ios. K¢ exhibited an increase from —5 °C to —15 °C and
then reduced to —30 °C. Both the increase and the reduc-
tion in Kj- were concluded to be results of mechanical
adhesion variations of the binder and aggregate matrix
in the mixture.
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The unloading compliance approach and the R-curve
concept has been employed (Mobasher, Mamlouk 1997)
based on the non-linear fracture mechanics to evaluate the
crack propagation properties of conventional and asphalt
rubber mixtures. The energy release rate was obtained to
account for the inelastic effects. A total stress intensity
factor was calculated and the crack length at successive
intervals of crack growth was computed by means of an
unloading compliance process which consisted of using
a compliance equation proposed principally for concrete.
Variations of the K;- with percent binder content and
temperature were compared and evaluated. Tests were
conducted at two temperature levels of —1 °C and —7 °C.
It was concluded that the fracture toughness of the mix-
tures increased by increasing the binder content.

Marasteanu et al. (2002), assumed the validity of
the LEFM concept for asphalt concrete due to the suffi-
ciently large specimen size they used in the SE(B) spec-
imens and conducted fracture toughness tests based on
ASTM E399-09 (2009) to obtain the linear elastic plane-
strain fracture toughness, K¢, of asphalt mixtures at low
temperatures. They applied the compliance method sug-
gested in ASTM E399-09 (2009) for metallic materials to
calculate the crack length and obtained the K-R curves.
Results showed that the linear elastic fracture toughness
is increased by the crack length and that the mixture ex-
hibited more nonlinear behavior in —18 °C than in —34 °C.

Li and Marasteanu (2010), reported a relatively
large size of the fracture process zone (FPZ) in their
investigations on semi-circular bend (SCB) samples of
asphalt concrete mixtures at low temperatures which fur-
ther necessitates the fracture analysis of asphalt mixture
with elastic-plastic fracture mechanics (EPFM).

The J-integral proposed by Rice (1968), has been a
widely used elastic-plastic fracture parameter for describ-
ing stresses and the intensity of the HRR field around
the crack tip. J-R curves, as the most important material
property in EPFM analysis, is an illustration of the re-
sistance of a material to crack propagation (Zhu, Joyce
2009).

The resistance curve is also used to predict condi-
tions necessary for unstable crack growth through the
material (Anderson 2005). Determination of J-R curves
requires the crack length to be known. Hence, the crack
length must be monitored during the test. The multi-
ple specimen test procedure, in which the crack length
is measured visually on the fracture surface has been a
common test protocol. However, this procedure needs
a considerable number of specimens to be developed
and tested for obtaining a J-R curve. As well, in ASTM
E1820-09 (2009), this method is valid only if the frac-
ture initiation toughness is to be determined. In order
to be able to obtain a full-range J-R curve, two single
specimen techniques were developed in which the crack
lengths are either monitored by the electrical potential
drop or the elastic compliance (Zhu, Joyce 2012). The
latter technique is not applicable to asphalt concrete mix-
tures since the material is not an electrical conductor.

The unloading compliance method is widely used in J-R
curve testing of metals; nevertheless, techniques such
as the normalization method for obtaining crack lengths
have also shown close agreements with the unloading
compliance method (Zhu, Joyce (2007). However, since
the unloading compliance method cannot be used for
materials that do not exhibit a perfectly linear-elastic
behavior in loading (Zhu, Joyce 2012) and due to the
non-homogenous nature of the asphalt mixture as well
as its hysteretic behavior in loading/unloading cycles, ob-
taining crack extensions by the above mentioned method
may not be reliable.

It can be observed from the above that a majority
of fracture mechanics researches on asphalt concrete
mixtures so far have been focusing on obtaining (mostly
elastic) fracture criteria such as toughness values, frac-
ture energy, etc. However, in order to better assess the
low temperature fracture failure mechanisms as well as
the preventive measures in asphalt concrete, a detailed
knowledge of asphalt resistance to crack growth is es-
sential.

Due to lack of available information about the trend
of crack growth in asphalt concrete mixtures and in order
to be able to design mixtures with satisfactory fracture
properties, in this research, mode I elastic-plastic crack
propagation regime of asphalt concrete at low tempera-
tures are studied by means of the resistance curves.

In this research, a single specimen technique is
used for an elastic-plastic fracture resistance analysis
of the asphalt concrete mixtures. The SE(B) test is used
for fracture analysis of asphalt concrete in this research
based on its advantage over other configurations (Wag-
oner et al. 2005). Actual crack extensions during the test
are measured from the images taken by high resolution
digital cameras during the test to assure the accuracy of
the results. This process can be a suitable alternative for
the unloading compliance method and the compliance
equations for obtaining increments of crack extension
since the hysteretic effects and inelasticity of the asphalt
concrete mixture bring about inaccuracies in crack length
calculations. In order to obtain more accurate results,
and due to uncertainties and overestimations resulted in
the load-line displacement based J-integral calculations,
a crack mouth opening displacement (CMOD) based
J-integral is described and used. In addition to the deter-
mination of the values of the elastic plastic fracture initi-
ation toughness (Jic) using the Resistance curves, critical
crack lengths initiating unstable crack propagation are
also obtained along with the corresponding value of the
J-integral at the onset of unstable crack growth.

1. Materials and methods
1.1. Specimen preparation

Mixtures with limestone (A) and siliceous aggregates (B)
having three different binder contents of 4%, 4.5%, and
5% were developed in this research. Physical properties
of the aggregates are summarized in Table 1. The ag-
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gregate gradation used for the mixtures is selected ac-
cording to the local code (Iran highway asphalt paving
code 2011) and depicted in Figure 1. The allowable up-
per and lower bounds are shown as the two thick curves.
AC 85/100 penetration grade (PG 58-22) bitumen was
used in the mixtures. Marshall mix design procedure was
followed and an optimum binder content of 4.5% was
obtained for mixtures with limestone and 5.4% for mix-
tures with siliceous aggregates.

Table 1. Physical properties of the aggregates

Limestone Siliceous
Test Standard aggregates (A) aggregates (B)
Value (%) Value (%)

LA AASHTO
abrasion T96-02 20.5 19
loss (2002)

. ASTM
ggsgec‘i o psgl-13 > 98 > 87

(2013)

. ASTM

tcvxsgi‘is‘“ D5821-13 > 98 93
(2013)
. BS 812-103.1
Flakiness (1985) 5 20
. AASHTO

Coating of  "1.y05 ¢4 98 95
aggregate (2002)
Sodium AASHTO 1.8 (fine) and 2.8 (fine) and
Sulphate T104-99 0.7 (coarse) 0.4 (coarse)
loss (2003) ’ ’

Asphalt beam specimens were obtained from a
beam compactor equipment designed according to ASTM
D3202-2000 (2000). To eliminate the effects such as ag-
gregate segregation, undesirable density distribution, etc.,
the beams were cut using a water cooled automated-saw
to the dimensions of 80 mm tall by 40 mm wide with
a span length of 320 mm. The dimensions are chosen
based on the instructions in ASTM E1820-09 (2009) for
single edge notched beam dimensions for fracture resis-
tance testing. A mechanical notch with an initial length
of 16 mm, resulting in a crack length (@) to width (w)
ratio of 0.2 (a/w = 0.2) was fabricated in the middle of
the beam span.

Half of the notch length was cut using the water
cooled automated saw with a 5 mm-thick blade. The
remaining notch length was then cut by a 1 mm-thick
handsaw to mitigate blunting of the notch at the tip as
suggested by Wagoner et al. (2005).The asphalt beam
and the fabricated mechanical notch are shown schemat-
ically in Figure 2. The two specimen faces were painted
in white using a water based paint to enhance crack
propagation tracking while processing the images taken
continuously during the test. Measurement scales with a
precision of 1 mm were stuck to both faces of the beams
for measuring the crack length.
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Fig. 1. Aggregate Gradation used in the asphalt mixtures
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Fig. 2. Schematic of the asphalt beam and the fabricated
mechanical notch dimensions

1.2. SE(B) test procedure

The test is conducted under a three point bending con-
figuration. The ASTM E1820-09 (2009) specifications
for the loading fixture are used in the test setup. The
fixture was developed with a span length of 320 mm
and a width of 100 mm. The rollers have a diameter of
40 mm and are setup to be free in rotation and moving
apart slightly but are positioned to have the initial span
length of 320 mm using soft springs. The center load
point designed to provide a uniform loading has a radius
of 10 mm which is equal to w/8 (ASTM E1820-09 2009).

The three point bend tests were carried out using
a universal testing machine equipped with an environ-
mental chamber with a total loading capacity of 25 kN.
The load-line displacements and the compressive load on
the beam surface are collected by the LVDT at the load
frame actuator. A clip gauge was developed according to
ASTM E1820-09 (2009) to separately measure the values
of crack mouth opening displacements during the test.
Asphalt beams were placed in the environmental cham-
ber of the testing machine 4 hours before the beginning
of the test to confide the uniformity of temperature dis-
tribution throughout the specimens. Before starting the
test, a preload (0.1 kN in most cases) was applied to
the beam to assure its being seated on the fixture. Two
high resolution digital cameras were mounted focusing
on the two faces of the beam to continuously take pic-
tures during the test with intervals of 5 and 1 seconds. A
computer code was developed to synchronize the images
taken continuously during the test with the corresponding
values of load, load-line displacement and crack mouth
opening displacements. Crack length increments during
the test were measured directly from the high resolution
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images of both specimen faces using the open source
image processing software /magej. Crack length values
used in the J-R curve calculations were average values
taken by the two cameras at specific time steps allowing a
single specimen J-R testing process to be carried out. The
test setup is shown in Figure 3. Mixtures with limestone
and siliceous aggregates having three binder contents of
4%, 4.5%, and 5%, were tested in 6 temperature levels
of +5, 0, -5, —10, —15, and —20 °C. Three test replicates
were made for each experiment. Figure 4 illustrates three
typical stages of captured crack growth in a test.

7
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Fig. 4. Three exemplary stages of crack advance during the test

1.3. Dynamic modulus tests

Compressive dynamic modulus testing of the mixtures
was carried out according to ASTM D3497-79(2003)
(2003) with 0.1 Hz to 20 Hz loading frequencies. Cylin-
drical specimens with a height of 150 mm and a diameter
of 100 mm were prepared. LVDT holders were glued to
the specimen and the axial LVDTs were then mounted on
them. Figure 5 shows the dynamic modulus test setup.
Tests were run at six temperature levels of +5, 0, -5, —10,
—15, and 20 °C. A typical loading wave and response
which is based on a maximum axial stress of 241 kPa is
depicted in Figure 6. Elastic moduli obtained from the
dynamic modulus tests explained above are presented in
Table 2 and used in the calculations of the J-integral. Ta-
ble 3 lists a summary of the experiments for the present
research.

Table 2. Elastic moduli (MPa) obtained from the dynamic
modulus tests

Mixture A B
% Binder o450 sy, 4% 45% 5%
Content
5 3065 4743 3383 2186 2241 2810
O 70 4159 5273 4862 2695 2726 4076
£ 5 4817 8131 5430 3155 3611 5010
§ ~10 5712 11108 6956 4159 4557 6579
§ ~15 6814 15740 8384 4945 5503 8022
20 7534 19082 10248 6673 8047 9381

Fig. 5. Dynamic modulus test setup
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Fig. 6. Dynamic modulus loading: a) Haversine loading of the
cylindrical specimen at a frequency of 0.1 Hz and the associated
response; b) Haversine loading of the cylindrical specimen at a
frequency of 20 Hz and the associated response
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Table 3. Scope of the experiments

Mixture A and B A and B A and B
o/
7o Binder 4% 4.5% 5%
ontent
5 5 5
0 0 0
Temperature -5 -5 -5
(°C) -10 -10 -10
-15 -15 -15
=20 -20 -20
—Dynamic —Dynamic —Dynamic
Modulus Modulus Modulus
Tests (3 replicates) (3 replicates) (3 replicates)
—SE(B) —SE(B) —SE(B)

(3 replicates) (3 replicates) (3 replicates)

1.4. J-integral calculation

As pointed out earlier, Rice (1968), proposed the
J-integral for a nonlinear elastic material as a measure
of the crack tip singularity amplitude of the HRR field.
J-integral was for the first time evaluated experimentally
by Begley and Landes (1972) and Landes and Begley
(1972) based on its energy release rate definition, ex-
pressed as in Eqn (1):
du

/ Bda’ M
where U is the strain energy and B is the specimen thick-
ness. The term “rate” addresses the change in the strain
energy by each increment of crack growth, da. Rice
(1968) presented experimentally measurable forms of J
as in Eqn (2):

1 ¢ 0A
J=—[=ap; (2a)
B 0 oa
150P
J=——[Zdn, (2b)
B* Oa

where P is the load and A is the load line displacement
(LLD).

Considering the fact that A is composed of elastic,
A,y and plastic, A, components for an elastic-plastic ma-
terial, J can be written as:

J=Jdy+J 3)

where the elastic J can be computed using the stress in-
tensity factor, K. Hence, for plain strain configurations,
according to ASTM E1820-09 (2009), J,; is calculated
by Eqn (4):
y Eqn (4) K “
el E ’
where: £ — The Young’s modulus, and v — Poisson’s ra-
tio.
The plastic J is then determined by Eqns (2a) and
(2b) as follows in Eqn (5):
P Ay /
10y 1 opP NeoAiLp
J, =——2Zap=—— [ =—agA , = LLDTLLD = (5
7 B'([ oa B'([ﬁa 7 bB ©)

where 47}, is the plastic fraction of the area under the
P — A curve.

Knowing that the J obtained by the expressed
method is for a stationary crack, the J estimations should
be corrected at any increment of crack extension to ac-
count for a growing crack condition. Based on the defor-
mation theory of elasticity, Ernst ef al. (1981) derived the
complete differential of J,,; as in Eqn (6):

dJ

NP Y
ol = LbL;) A, - L;D J ,da, (6)

where n;; 5 and y;; p are geometry factors depending on
the a/w ratio. Integrating Eqn (6) to find J yields:

Ay a
NP YiLp
Jpl = .[ FdApl —J. b Jplda. (7)
0 ag

Applying a numerical method of incremental in-
tegration to compute J,, for a crack extending from g;
to a;;; corresponding to plastic LLDs of A’, and A%}
respectively, the LLD based incremental J-integral equa-

tion will be as follows:

niLLD i YiLD
J i+ :[‘]pl(i)+ b B AA;} 1- b (ai+l_ai) - ®)

i i

Zhu et al. (2008) proposed a CMOD based J-integral
calculation method to enhance the accuracy of J-integral
calculations in comparison with the LLD based J values
especially for shallow-cracked SE(B) specimens which is
the case in the present research. They followed a proce-
dure similar to that of the LLD based J computation and
formulated a CMOD based J estimation scheme.

The total CMOD, denoted by V, is separated into an
elastic component, ¥, that can be calculated at any load
point by load times the elastic CMOD compliance; and
a plastic one, V. Obtaining the plastic J for a station-
ary crack and applying corrections for the growing crack
condition one has:

" newonP Ty

Jpl _ J‘ CMOD del _ J‘ CMOD 5 da, )
0 bB “ b

where M cy0p and ycouop are the CMOD based geometry

factors and b is the remaining ligament.

By means of a numerical integration procedure, the
CMOD based incremental J-integral equation for a grow-
ing crack is obtained as the following:

niCMOD i+1,i “/iCMOD
I piinny = (‘]pl(i) + AV;I J(l - (am -4 )]
bB b,
(10)

Ncwmop 18 updated at every increment of crack length
using equation 11 which is concluded to be the most ac-
curate by Zhu et al. (2008):

Newop = 3-667-2.199(a/ w)+0.437(aw)®.  (11)

Similarly, the incrementally updated Eqn (12) is
used for ycp0p:

Yemop = 0131+ 2.131(a/ w)—1.465(a/w)®.  (12)
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It should be noted that the geometry factors, n and
v, computed by Eqns (11) and (12), are obtained for met-
als. Even though they are used in their current form in
the present research, they can be calibrated using finite
element analyses for asphalt concrete to improve the ac-
curacy of the analysis.

In order to reduce uncertainties of the LLD based
J-integral calculations resulted mainly from slightly in-
accurate LLD readings of the actuator LVDT (the contact
area between the top surface of the asphalt beam and the
loading roller usually undergoes some degree of crush-
ing which can reduce the accuracy of deflection readings
by the LVDT), a CMOD based J-integral calculation de-
scribed above is used in the present research to obtain
more reliable results.

2. Results and discussions
2.1. Temperature

Typical plots of load vs. LLD and load vs. CMOD for
different test temperatures (T) are depicted in Figures 7a
and 7b. It can be seen that by reducing the temperature,
less plastic deformation is encountered in the mixture
and the mixture behaves in a more brittle manner. As
will be pointed out later, a fracture toughness (J;c) tran-

25
a) —T=45C

-

Load (kN)

0 1 2 3 4 5
Load-line Displacement (mm)

-

0 0:5 1' 1:5 2
CMOD (mm)

Fig. 7. Load vs. displacement: a) Variations of load vs. LLD

at different test temperatures (limestone asphalt concrete

with 4.5% binder content); b) Variations of load vs. CMOD

at different test temperatures (limestone asphalt concrete with
4.5% binder content)

sition temperature in which the mixture starts to behave
in an entirely brittle manner is found to be in the range of
—15°C to —20 °C where the ductility of the mixture is sig-
nificantly diminished and therefore, the behavior cannot
be efficiently analyzed by means of the R-curves. This
temperature is different from the glass transition temper-
ature (T,) at which the rate of change of specific volume
with respect to temperature undergoes a discontinuity.
In other words, below the glass transition temperature
asphalt concrete is in a glassy state and above that the
behavior is viscoelastic (University of Wisconsin-Mad-
ison 2010).

From the load versus LLD and load versus CMOD
records, it is observed that reduction of temperature leads
to a reduced nonlinear and plastic behavior of the mix-
tures, however, nonlinearity and plastic deformations at
lower temperatures are still encountered close to the peak
load. This greater nonlinear and plastic deformation trend
at higher temperatures causes the greater fracture energy
of the mixtures than that at lower temperatures. At lower
temperatures, fracture occurs in higher amplitudes of
peak load but less displacement (LLD and CMOD). As
an example, for a 4% binder limestone mixture at +5 °C,
the peak load is 0.699 kN and fracture initiates at a load
line displacement of 4.161 mm with a CMOD of 1.907
mm. While for the same mixture tested at —20 °C, the
maximum load at fracture equals 2.020 kN with LLD =
1.163 mm and CMOD = 0.115 mm. This trend is in
agreement with the results of the researches by Kim and
El Hussein (1997), Marasteanu et al. (2002), and Braham
et al. (2007).

Based on the above, at higher temperatures, greater
energy is consumed to form fracture surfaces known as
fracture initiation which is mainly due to greater ductility
of the binder in the mixture while at lower temperatures
and as the ductility of the binder is reduced, less energy
is absorbed by the asphalt mixture to experience fracture.
As will be discussed in Sections 2.2 and 2.3, a similar
trend — i.e. greater susceptibility of the mixtures to unsta-
ble crack growth at lower temperatures — is observed for
the temperature range considered in this research.

It was also observed that, at higher temperatures
(ranging from +5 °C to —10 °C in this research), fracture
initiates and progresses due to the loss of bond between
the binder and the aggregates which occurs in the inter-
face of binder and aggregates. As the temperature is re-
duced and the aggregate-binder bonding is strengthened,
fracture can occur in the aggregates if they are in the
fracture process zone as indicated in Figure 8.

2.2. Resistance curve behavior
2.2.1. Experimental results of the J-R curves

As pointed out earlier, test specimens for both aggregate
types with three different binder contents of 4%, 4.5%,
and 5% were developed in this study. J-Resistance curves
for mixtures with limestone aggregates are shown in Fig-
ures 9 and 10 depicts resistance curves for mixtures with
siliceous aggregates. R-curves are presented based on
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Left: Lower temperatures Right: Higher temperatures

Fractured surface of aggregates in
the process zone

Fig. 8. Fractured aggregates in the specimens tested at lower
temperatures (left) vs. fractured binder in specimens tested at
higher temperatures (above —10°C)
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each test temperature, T, which is captioned on top left of
each figure. It can be seen that for a specific temperature,
increasing the binder content results in a greater fracture
resistance of the mixture which is due to the toughening
of the mixture caused by increased bonding ability. At
lower temperatures, the toughening process persists by
reducing the temperature approximately up to the point
of the Jj¢ transition temperature. By the beginning of the
brittle fracture, the mixture exhibits lower fracture re-
sistance and less crack growth stability which is obvious
from the flatter R-curves occurred immediately after the
vertical state in Figure 9f and Figure 10f.

It should be noted that, since the low temperature
FPZ of the asphalt concrete is reported (Li, Marasteanu
2010) to have a length of 20 mm to 25 mm at a tempera-
ture of —18 °C, crack extension is followed up to a maxi-
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=== 5% Binder (Power Law Regression R-Curve) 4 5% Binder (R-Curve Points)

Fig. 9. J-R curves for different test temperatures and binder contents in limestone asphalt concrete
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mum length of 45 mm at —15 °C and 40 mm at —20 °C in
this research to assure remaining in the J-controlled re-
gion for analysis. However since, to the authors’ knowl-
edge, no FPZ lengths are reported for higher temperatures
and an extrapolation of FPZ lengths for different temper-
ature levels reported in the same research results in an
FPZ length of 15 mm, crack extensions of up to 55 mm
are considered for specimens tested in temperature lev-
els above —15 °C, to remain in the J-controlled region.

As can be seen in Figures 9 and 10, the R-curve at
the initial stages of the crack growth is rising and nearly
vertical which is known as the stable crack growth phe-
nomenon. In this stage, even though no apparent crack
growth is observed, the J-integral is increasing which
is due to the blunting at the crack tip caused by plastic
deformations. Later, as the CMOD is increased by fur-
ther loading the beam specimen, greater apparent crack

1000

a)T=1+5°C

800 -

Jr (kI/m?)

0 10 20 30 40 50 60
Crack Extension (mm)

900 ©)T=-5°C

0 10 20 30 40 50 60
Crack Extension (mm)

0] © T=-15°C

0 10 20 30 40 50 60
Crack Extension (mm)

growth is observed (e.g. Figs 4b and 4¢) and the R-curve
tends to become less steep which indicates unstable crack
growth. This in fact means that further crack propagation
in the mixture does not necessarily require an increase in
the external load.

R-curves at lower temperatures tend to be steeper or
approximately vertical in the initial deformations phase,
which is indicative of further brittle behavior of the mix-
ture by reduction of temperature. In the present research,
samples tested at —20 °C exhibited a dominating brittle
behavior and the crack growth was substantially unsta-
ble. Figure 9f indicates a distinct crack growth behavior
in comparison with the R-curves obtained for higher test
temperatures. At T = -20 °C, in less than 3 mm of crack
extension, the R-curve starts to become less steep in such
a way that in crack extensions greater than 10 mm, an
entirely flat R-curve is encountered. In fact, for a tem-
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Fig. 10. J-R curves for different test temperatures and binder contents in siliceous asphalt concrete
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perature level of —20 °C and below, instability is seen to
initiate from very small values of crack extension. The
lowest temperature in which the behavior can properly
be described and analyzed by the R-curve approach was
revealed to lie between —15 °C to —20 °C in this research
that is in close agreement with the findings of Kim and
El Hossein (1997) in their non-linear elastic analysis.

2.2.2. Determination of fracture instability
toughness (J;,5,)

All the mixtures tested up to a temperature level of
—15 °C in this research, have shown an entirely rising
R-curve which is a desirable material behavior. However,
mixtures with siliceous aggregates have exhibited lower
fracture resistance. This is due to the less bond ability
between the binder and the aggregates that are a result of
less binder coating of siliceous aggregates as presented
earlier in Table 1.

J-integral at the onset of instability as well as the
crack length required for the initiation of unstable crack
growth is measured for the beam specimens. A common
methodology which is also used in this study to assess
the crack growth instability is generating crack driving
force diagrams which is a plot of the applied J and the
R-curve versus crack length.

Figure 11 shows the driving force diagrams for the
type A specimens tested at +5 °C. Instability occurs when
the driving force exceeds the resistance of the HMA as
indicated in Eqn (11):

i, dJ
TR (11)
da da
where J,,, is the rate of change in potential energy with

the crack area.

Tables 4 and 5, summarize the values of crack
lengths initiating unstable crack growth (a,) as well as
the corresponding value of the J-integral (J;,,,) for each
mixture. It is evident from the tables that for a specific test
temperature, greater fracture energy is required to initiate
unstable crack growth as the binder content is increased.
The corresponding values of J-integral at the onset of
instability confirm this conclusion. In test temperatures
above —10 °C, as is pointed out earlier, the main reason of
failure and instability is the interfacial failure and debond-
ing of aggregates and asphalt binder. Thus, the crack ad-
vances through the binder for the most part (referring
to Tables 4 and 5, it can be seen that the difference be-
tween critical crack lengths for the three binder contents
at temperatures above —10 °C is considerable). It can be
concluded that increasing the binder content leads to a re-
duction of the critical crack length in the HMA mixtures.

2.2.3. Determination of fracture initiation
toughness (Jyc)

The elastic-plastic fracture toughness (J;.) defined as the
point of the initiation of stable crack growth, is deter-
mined by means of the R-curves in this research. Codes
such as ASTM E 1820 (2009) and ISO International
Standard 12135:2002 (2002) have presented methodolo-
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Fig. 11. Driving force vs. the R-curve

gies for the calculation of the J;- in which the fracture
initiation toughness is at the point of intersection of the
R-curve and the 0.2 mm offset of the blunting line. In the
present research, in order to refrain from the issues in de-
termining a yield strength for asphalt concrete mixtures,
the blunting line is constructed based on the ISO method-
ology in which it is directly related to the ultimate tensile
strength (o,,,,) and crack extension, Aa, (ISO 12135:2002
2002; Landes 2007): J =3.750,,,Aa . Therefore, for a type
A mixture with an ultimate tensile strength of 7.52 MPa,
a binder content of 4%, tested at +5 °C, the blunting line
is expressed as: J = 28.125Aa. Hence, the 0.2 mm offset
line will be expressed as J =28.125(Aa —0.2). Figure 12
depicts the determination of the J;- for the abovemen-
tioned mixture.
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Table 4. Fracture toughness and instability initiation J-integral
values at six tested temperatures and three binder contents for
limestone asphalt concrete

Table 5. Fracture toughness and instability initiation J-integral
values at six tested temperatures and three binder contents for
siliceous asphalt concrete

. % Temp. Jic a Jinstability . % Temp. Jic a Jinstabili
Mixture  piider  (°C)  (/m2)  (mm)  (k)/m?) Mixture  piider  (°C)  (W/m2)  (mm)  (kbm?)
5 56 30 171 5 34 24 114
0 134 24 225 0 77 22 145
-5 181 22 254 -5 113 21 208
< 4% — 4%
> -10 223 20 301 [ -10 154 20 232
g -15 256 19 367 g 15 202 18 244
g 20 M3 185 356 e 220 194 17 271
:G:D 5 103 26 263 = 5 103 23 156
§ 0 285 22 352 § 0 174 20 233
QE’ -5 332 20 391 ;:) -5 216 20 335
= 4.5% 2 4.5%
< -10 357 19 377 = -10 227 18.5 308
i -15 420 19 441 i -15 263 19 375
2 20 382 18 433 & 20 255 18 373
=}
g 5 186 24 312 3 5 133 22 235
E 0 331 21 391 S 0 207 19 262
& -5 361 19 446 ) -5 236 20 353
< 5% 5%
-10 367 19 453 -10 254 18.5 376
-15 432 19 573 -15 285 17 435
20 375 17 554 20 263 17 412
A comparison between the values of the fracture
100 toughness for different test temperatures and different
90 binder contents are presented in Figures 13 and 14. It
_80 can be seen that the fracture toughness for each binder
‘i& 70 content increases by reducing the temperature which is
2 60 due to the rise in the binder toughness by the reduction
£ of temperature and the strengthening of the bonds be-
E o tween the aggregates surface and the bitumen. The rise
i ¢ Points Usedfor can be seen from +5 °C to —15 °C. In this study, the frac-
:g - ng;::‘(‘:’l“!ef ture toughqqss is redgced below —15 °C for both lime-
G Law Regression) stone and siliceous mixtures as a result of the weakened

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Crack Extension (mm)

Fig. 12. Determination of the elastic-plastic fracture initiation
toughness (J;c) for a type A mixture at T =+5 °C, and a
binder content of 4%
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Fig. 13. Comparison histograms of fracture toughness values
at six test temperatures and three binder contents for limestone
asphalt concrete

bonding caused by pronounced difference between the
coefficients of contraction between aggregates and the
bitumen. The trend is also seen in the research by Kim
and El Hussein (1997). Values of fracture toughness can
be seen in Tables 4 and 5.

5% Binder
4.5% Binder
4% Binder

Temperature (°C) = -20
Fig. 14. Comparison histograms of fracture toughness values
at six test temperatures and three binder contents for limestone
asphalt concrete
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Conclusions

In this research, mode I low temperature fracture resist-
ance of the HMA mixtures were investigated in terms of
the R-curve behavior. A single specimen technique was
implemented as detailed in the paper. The following con-
clusions can be made:

- Fracture resistance of the HMA increases with the
increase in critical crack length — known as the
length up to which crack growth is stable. The in-
crease is temperature and binder content dependent.
This can be assessed in terms of the R-curves.

— The critical crack length varies to a greater extent
with temperature than with binder content. This
crack length is decreased as the temperature is
dropped.

- Reduction of temperature results in a further ten-
dency of the mixture for unstable crack growth. This
can be of serious concern in cracked pavement sys-
tems at temperatures below —15 °C.

- Even though the modulus of the asphalt concrete
is increased by reducing the temperature which is
indicative of higher stiffness and better load bear-
ing capacity, the crack growth resistance trend is
not consistent. The mixture exhibits an improving
crack growth resistance and fracture toughness up
to —15 °C and starts to degrade thereafter in terms
of fracture resistance.

- Loss of bond strength between the binder and the
aggregate surface due to the embrittlement of the
bitumen and the difference in the coefficients of
thermal contraction of the two materials at lower
temperatures causes a drop in fracture toughness.
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