
Int J Fract (2017) 205:37–56
DOI 10.1007/s10704-017-0180-8

ORIGINAL PAPER

Investigation of viscoelastic fracture fields in asphalt
mixtures using digital image correlation

Berangere Doll · Hasan Ozer · Jose J. Rivera-Perez ·
Imad L. Al-Qadi · John Lambros

Received: 3 March 2016 / Accepted: 3 January 2017 / Published online: 27 January 2017
© Springer Science+Business Media Dordrecht 2017

Abstract In this work we have studied the fracture
behavior of asphalt mixtures, a heterogeneous mix of
hard aggregates (usually in the formof crushedquarried
rock) with a petroleum based asphalt binder, used in
paving applications. Specifically,we studied the depen-
dence of asphalt mixes’ fracture response on loading
rate, temperature, and recycled content—the latter used
primarily to replace virgin materials like aggregates
and binder. Fracture tests were conducted on semi-
circular bend edge cracked specimens obtained from
mixes with different compositions, and the fracture
event was recorded with a camera to allow for digi-
tal image correlation (DIC) measurements. DIC, with
a spatial resolution of about 40 µm/pixel, measured
the far-field strain and displacement fields develop-
ing around a preexisting notch tip. Our focus here is
on characterizing the material behavior by quantify-
ing its viscoelastic response and fracture properties.
The elastic–viscoelastic correspondence principle was
used to extract viscous and elastic components from
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the full-field DIC-measured strain and displacement
fields. Various energy dissipation mechanisms other
than the fracture itself were evaluated. Stress–strain
response and energy dissipated in the far-field regions
were quantified. The pseudo-elastic stress intensity fac-
tor was then used to study the fracture properties, and
quantify the effects on fracture properties of loading
rate, temperature, and recycled content in the binder.
It was seen that the viscoelastic characteristics of the
material were a dominant factor in the material behav-
ior obtained at room temperature. In general, the elastic
component of the displacement was only up to about
30%of the total displacement, indicating a strong influ-
ence of viscoelasticity in this state. Loading rate, tem-
perature and recycled asphalt shingles (RAS) content
all affected the viscous response by introducing more
elastic response when loading rate or recycled content
increased or when temperature decreased. It became
clear from these macroscopic measurements that the
increase of RAS content considerably embrittles the
material producing less viscous effects and less energy
dissipated in the far-field, almost comparable to reduc-
tions associated with the loading rate increase (from
6.25 to 50 mm/min) or the temperature change (−12 to
25 ◦C).

Keywords Asphalt concrete mixtures · Viscoelastic-
ity · Recycled asphalt shingles (RAS) · Digital image
correlation (DIC) · Fracture · Semi-circular bend
(SCB)
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1 Introduction

Asphalt concrete (AC) mix is a composite material
made of aggregates and binder. Aggregates are usually
a hard phase, like rock quarried from the ground and
processed to specific size and gradations, and amount
to volume fractions of up to 85% of the mix. Asphalt
binder, constituting about 5–10% by volume of the
AC mixes, acts as the binding matrix material. The
pavement industry is currently interested in increas-
ing the amount of recycled content in AC as it both
reduces the material cost and provides an environ-
mentally friendlier product. Note that both elements
of the AC mix can include some recycled material.
Two commonly used recycled materials are reclaimed
asphalt pavement (RAP) or recycled asphalt shingles
(RAS) replacing virgin aggregates and asphalt binder.
Aggregates can also be replaced with steel slag for
example, which is a waste product of the steel indus-
try (Ahmedzade and Sengoz 2009). RAP is obtained
through cold milling or crushing of old AC pavement
while RAS is obtained from the grinding of shingles
(Osman 2014). There are two types of RAS: the first
is manufacturer waste which is made of asphalt roof-
ing shingles that were never used as they were rejected
by the manufacturer, while the second type of RAS is
called tear-off and is obtained from shingles removed
from roofs (Osman 2014) and have thus been exposed
to years of weathering. Formixtures containingRAS or
RAP, someof the binder contained in the recycledmate-
rial may blend with the original binder, but the extent
of blending and stiffness of the recycled binder is vari-
able (GohandYou2011;Zhao et al. 2014). Even though
blending of original virgin binder and recycled binder is
variable and unknown, it is assumed that virgin binder
is fully replaced by recycled binder by weight resulting
in significant cost reductions due to decreased use of
virgin asphalt binder. The ratio of virgin asphalt binder
replaced by recycled binder is known as the asphalt
binder replacement (ABR) percentage.

The primary motivation of using RAS and RAP
in pavement is upfront economic savings because
of reduced material production costs. The inherent
assumption herein is that the performance of AC mix-
tures with addition of RAP and RAS is not compro-
mised. Clearly, this is a valid replacement approach
only if the performance of the AC mixes with recycled
materials is equivalent to that of mixes with a virgin
binder. Investigating this issue is legitimate since the

binder extracted from recycledmaterials is aged,mean-
ing that it is likely stiffer, and the amount of blending
of the recycled binder with virgin binder is not well
known. Studies on ABR have shown that it can reduce
high temperature rutting and plastic permanent defor-
mationwhich are related to the increased stiffness of the
ACmix (Goh andYou2011;Ozer et al. 2012).However
ABR may degrade performance of low temperature
strength and thermal cracking and intermediate fatigue
cracking (Newcomb et al. 1993; Johnson et al. 2010) as
an increased stiffness of the ACmix can also mean that
the material is more brittle thus vulnerable to cracking.
As a result, when a mix contains high amounts of recy-
cled content, often a softer and more flexible binder is
used [represented by a reduction in its binder’s perfor-
mance grade (PG) such as from PG 64-22 to PG 58-
28] to compensate for the stiffening of the aged binder
(Osman 2014). This is commonly done in an ad hoc
manner since the detailed effect of recycled content on
material fracture response remains unknown.

Other parameters that are not linked to chemical
composition, such as aging or moisture, are known
to have an impact on the mechanical behavior of the
material (Petersen and Harnsberger 2007; Gorkem and
Sengoz 2009), although they are not directly of inter-
est here. However, as asphalt is a viscoelastic mate-
rial, the response of the material is time dependent and
parameters such as temperature and loading rate affect
its behavior. An increase in temperature or a decrease
in loading rate induces a more compliant response of
the material. These elements show that many factors
influence the characteristics of asphalt, possibly in a
coupled and connected fashion, and continued work is
necessary to understand how each parameter impacts
the material properties—in this particular case fracture
properties are of interest.

The work presented herein aims at improving our
understanding of the fracture behavior of AC in par-
ticular by evaluating the effects of RAS, loading rate
and material temperature on the fracture response of
AC composites. To study these aspects of AC frac-
ture, we will be performing bend fracture tests on AC
mixes containing different levels of RASwhile varying
the loading rate at both low (−12 ◦C) and intermediate
(25 ◦C) temperatures. Studies on AC are usually based
on experiments that measure the global response of a
specimen, for example far-field applied displacement
and load measurements. Here, however, to comple-
ment the data traditionally obtained from far-field load
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Investigation of viscoelastic fracture fields in asphalt mixtures 39

Fig. 1 a Optical
micrograph of asphalt SCB
specimen showing
aggregate particles (white)
and binder matrix (black).
Notch is also visible at the
bottom surface. b Schematic
and dimensions of SCB
3-point bend test. Green
square is used to measure
LLD from DIC

and displacement measurements we will use the dig-
ital image correlation (DIC) technique which enables
full-field measurements by taking successive pictures
of a random speckle pattern on the surface of a spec-
imen while it is deformed and comparing the pictures
before and after deformation to compute in-plane dis-
placements and strains (Sutton et al. 2009). The DIC
technique presents several advantages as it is a non-
contact technique, gives measurements on the entire
surface of the specimen, and has relatively easy prepa-
ration since it only requires a speckle pattern to be
applied on the specimen surface. The method has been
successfully used for a variety of materials including
asphalt (Masad et al. 2001; Seo et al. 2002; Buttlar et al.
2014). The aim of this work is to use the DIC displace-
ment and strainmeasurements to assess the viscoelastic
effects developing in the material during fracture and
how these depend on RAS content, rate and tempera-
ture. The behavior at the far-field will also be analyzed
to understand how it is affected by the propagation of
the crack and its contribution to the overall behavior of
the material (energy dissipation).

2 Experimental techniques

2.1 Material and sample preparation

Asphalt concrete is a viscoelastic and heterogeneous
material made of aggregates (approximately 85% by
volume), asphalt binder (approximately 5–10% by vol-
ume), and air voids. The binder, a compliant product
of petroleum refinery operations containing hydrocar-
bon chains, is also referred to as asphalt. Asphalt binder
behavior is considered viscoelastic (highly temperature
and rate dependent) and is the cementing or binding
agent between the solid aggregates typically considered
(linearly) elastic and brittle and obtained from differ-

ent parent rock materials such as limestone, quartzite,
sandstone, granite, and basalt. The matrix viscoelastic
response, however, translates to a viscoelastic response
of the overall AC mixture as well, although with dif-
ferent viscous characteristics than the asphalt matrix
itself. Figure 1a shows a photograph of the AC surface
clearly illustrating the asphalt matrix (black regions)
and aggregate (white/gray particles).

For this effort several AC mixes were prepared at
the Advanced Transportation Research and Engineer-
ing Laboratory (ATREL) of the University of Illinois at
Urbana-Champaign. Two types of materials were used
in the study. The first type is AC mixes produced in
a real production plant and sampled after production
but before they were laid down in a pavement applica-
tion. These mixes were brought to the lab and speci-
mens were fabricated from them at ATREL. They are
referred to as “Plant Mixes” hereafter. The second type
is AC mixes prepared entirely in a laboratory environ-
ment by mixing aggregates and binder at conditions
simulating plant production. These mixes are referred
to as “Lab Mixes” hereafter. Standard procedures were
followed for preparation of mixture sampling for plant
and lab mixes (AASHTO 2013, 2012, 2014, 2015).
Having mixes made in the laboratory specifically for
this project enabled control of the composition (binder,
aggregates and recycled content). Table 1 presents a
summary of the AC mixes considered in this study. It
presents the identification of the mixes and their major
composition characteristics: binder performance grade
(PG), RAS, recycled content (ABR) and AC.

Test specimen preparation was done by compact-
ing both lab and plant AC mixtures at high tempera-
ture [approximately 140 ◦C (Ozer et al. 2012)] with a
superpave gyratory compactor, which produced cylin-
drical samples of 150mm diameter and 180mm height
according to the standard protocols (AASHTO 2015).
Recently developed testing protocols were also fol-
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Table 1 Summary of the asphalt mixes investigated

LAB ID Mix PG Slag (%) RAP (%) RAS (%) ABR∗ (%) AC (%)

Plant P1 N50 SC 52-28 15 50 3.5 60 6.7

P2 N50 SC 58-28 48 27 – 29 5.8

P3 N70 BC 58-28 – 26 – 29 4.8

P4 N30 BC 58-28 – 46.5 – 37 4.8

P5 N70 SC 64-22 – 10 – 6 6.1

P6 N90 SC 76-22 – 10 – 6 5.6

P7 N50 SC 64-22 – 0 – 0 5.9

P8 N50-50 58-28 – 42 4 49 5.5

LAB L1 N90 CM 1 FG 70-22 – – – – 6

L2 N90 CM 2 FG 58-22 – – – – 6

L4 N90 CM 4 CG 64-22 – – – – 6

L6 N90 30 CG 58-28 – – 7 29.8 6

L7 N90 20 CG 58-28 – – 5 21.2 6

L8 N90 10 CG 64-22 – – 2.5 10.5 6

L9 N90-30-2 CG 64-22 – – 7 29.8 6

∗ ABR = Recycledasphaltbinder (RASorRAP)
Totalasphaltbindercontent × 100 (Ozer et al. 2012)

lowed in preparation of bend fracture test specimens
(AASHTOProvisional 2016). Specifically, these cylin-
derswere cut in half perpendicular to the length and two
slices were obtained after removing the top and bottom
partswhichwere discarded as they are known to exhibit
different mix distributions. Finally, each of these two
middle slices was cut perpendicular to the thickness
into two identical semicircular halves and an edgenotch
was made with a saw in the middle of the semi-circle
base. The final specimen geometry tested was a semi-
circular bend (SCB) specimen, shown schematically
in Fig. 1b, with a diameter of 150 mm, thickness of
50 mm, notch length of 15 mm and notch width about
2 mm (the width of the saw).

2.2 Experimental set up

Experiments on AC SCB specimens were conducted at
ATREL using an ITS Interlaken load frame, equipped
with an environmental chamber to performexperiments
at either −12 ◦C or 25 ◦C. All fracture experiments
were displacement controlled with a constant displace-
ment rate for loading from0.1 to 50mm/min depending
on testing temperature. Load-line displacement (LLD)
was the control variable for room temperature tests,
while the crack mouth opening displacement (CMOD)

was used at low temperature because it offers bet-
ter stability for the growing crack: crack opening is
at a constant rate which reduces the risk of having a
crack propagating unstably through the specimen. For
all experiments, the spacing between the two supports
was 120 mm, as shown in Fig. 1b. Load and displace-
ment data were acquired using the software UniTest
(from Interlaken Technology Corporation), while pic-
tures were recorded using the software VicSnap (from
Correlated Solutions Inc.). The data analysis was done
using the DIC software Vic2D (from Correlated Solu-
tions Inc.), described in more detail below.

Digital images of the specimen surface were taken
during every test using a charge couple device (CCD)
camera (a Point Grey Gazelle 4.1 MP Mono, 2048 ×
2048 pixels, 150 frames/s). These pictures were taken
during the test so that the deformation of the speci-
men could be subsequently analyzed using the optical
technique of digital image correlation (see Sect. 2.3
for more details). The experiments were conducted at
several temperatures and loading rates to explore dif-
ferent aspects of the AC viscoelastic effect. Table 2
details the experiments conducted and test conditions
used for each AC mix: temperature, rate, and the num-
ber of replicates tested. As can be seen this is a signifi-
cant testing program over a wide range of material and
conditions, and only a representative set of results will
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Table 2 Summary of the SCB fracture experiments conducted

LAB
ID

Temperature
(◦C)

Rate (mm/min) Replicates

Plant P1 25 (6.25; 25; 50) (3; 3; 3)

P2 25 (6.25; 25; 50) (3; 3; 3)

P3 25 (6.25; 25; 50) (3; 3; 3)

P4 25 (6.25; 25; 50) (3; 3; 3)

P5 25 (6.25; 25; 50) (3; 3; 3)

P6 25 (6.25; 25; 50) (3; 3; 3)

P7 25 (6.25; 25; 50) (3; 3; 3)

P8 25 (6.25; 50) (2; 2)

−12 0.7 2

LAB L1 25 (6.25; 25; 50) (3; 3; 3)

L2 25 (6.25; 25; 50) (2; 2; 2)

L4 25 6.25 3

50 3

−12 (0.1; 0.7) (1; 2)

L6 25 6.25 3

50 3

−12 (0.1; 0.7) (1; 2)

L7 25 (6.25; 50) (3; 3)

L8 25 6.25 3

50 3

−12 (0.1; 0.7) (1; 2)

L9 25 6.25 2

50 2

−12 0.7 2

be reported here in the interest of brevity. The reader is
referred to Doll (2015) for more details on the experi-
mental process and for a complete set of results.

As shown in Table 2, some experiments were done
at (nominally) −12 ◦C. When experiments at this low
temperature were conducted, the specimen had to be
conditioned for several hours (usually overnight before
the day of the experiment) to reach the desired temper-
ature. Unfortunately, the door of the chamber was not
transparent, so it was impossible to take pictures of the
specimenwith the environmental chamber active. Thus
the chamber door had to be open while loading and
consequently the chamber temperature was decreas-
ing throughout the experiment which lasted approx-
imately several minutes. To evaluate the temperature
evolution of a specimen during the test, a dummy spec-
imen which had a thermocouple embedded in it was
used. The initial temperature when loading started was

not −12 ◦C because of the time necessary to adjust the
position and settings of the camera (the camera set-
up could not be kept at the same place between two
tests because it was obstructing the chamber door). The
temperature increased monotonically during the test,
reaching around 0 ◦C in about 17 min. However, most
of our studies focus on the times before and immedi-
ately after peak load, which means that testing takes
less than about 10 s for the low temperature case. Thus
the temperature can be considered effectively constant
in this time duration, however not at a value of−12 ◦C.
Although absolute consistency between experiments
might not be assured, each specimen was effectively
tested at isothermal conditions in the range between
−10 and −7 ◦C depending on the time necessary to
adjust the camera in each case. However, since we only
compared low and elevated temperature experiments,
i.e., −12 (nominally) and 25 ◦C, rather than compare
between experiments at lower temperature, the precise
value of the lower temperature in the range −10 to
−7 ◦C does not affect the comparison. While keeping
all this in mind, in the subsequent all the results from
these experiments will be referred to as nominally at
−12 ◦C.

2.3 Digital image correlation for use on asphalt
material

DIC is an imaging technique that enables measure-
ment of displacements and strains, and determination
of stresses (the latter through appropriate constitutive
equations) on the entire surface of a specimen, for
the time instant corresponding to each picture taken
(Sutton et al. 2009). DIC presents the advantage of
being a non-contact full-field measurement technique
and has been used for fracture or material characteri-
zation in many situations. For example, DIC has been
used to study the mechanical and fracture properties
of composites (Leclerc et al. 2009), metals (Carroll
et al. 2013), functionally graded materials (Abanto-
Bueno and Lambros 2002), concrete (Wu et al. 2011;
Skarżyński et al. 2013) and asphalt (Seo et al. 2002;
Buttlar et al. 2014).

To obtain the displacement field on the surface of a
specimen, a reference picture is taken (usually at the
unloaded state) of a random speckle pattern on the sur-
face, and the pixels in a zone of interest are selected
(Sutton et al. 2009). Then, subsets of pixels are com-
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Fig. 2 Speckle pattern (left), grayscale intensity histogram (middle) and arrow plots denoting noise form correlation of two images
without deformation (right) for the pattern used here

Fig. 3 DIC displacement versus imposed displacement horizontal translation (mm) on the left, rigid rotation (degrees) on the right

pared to a deformed picture (taken at a loaded state)
to find a best match and thus compute the deforma-
tion of the subset, i.e., the displacement and the dis-
placement gradients corresponding to the center of the
subset. The main assumptions of DIC are the follow-
ing: the deformation of each subset is assumed to be a
homogeneous in-plane deformation and the specimen
surface speckle pattern light intensity remains the same
throughout deformation, which implies both light uni-
formity and no speckle deterioration.

For our study a suitable surface pattern was obtained
by first applying a black layer of paint and then creat-
ing the speckle pattern by spraying white paint on top
of it [i.e., in essence reversing the colors in the proce-
dure of (Seo et al. 2002)]. Figure 2 shows a photo of a
sample pattern using this method along with the inten-
sity histogram, showing a unimodal intensity spectrum
appropriate for DIC (Sutton et al. 2009). The noise

level for the pattern obtained by correlating successive
images of the same undeformed surface was: displace-
ments measured around ±0.01 mm and standard devi-
ation around 0.006 mm, and appears random as seen
in the arrow plot also shown in Fig. 2. The accuracy
of resolving rigid body motion measurements was also
investigated for the pattern before fracture experimen-
tation. The results of known translation and rotation
measurements are shown in Fig. 3 as DIC measure-
ments (translation and rotation) versus imposedmotion
plots.

Anothermeans to investigate the accuracy ofDIC on
AC when used in the Interlaken loading frame (which
creates significant vibrations) was to compare the LLD
measurements from the loading machine with the DIC
measurements in the vicinity of load application. To
measure as closely as possible the LLD with DIC, a
“numerical gauge”was definedon the specimen, imme-
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Fig. 4 LLD versus time (left) and load versus displacement
(right) for the mix P7 at 6.25 mm/min. Blue displacements
recorded with the load frame, red displacements measured with

DIC at the subset location denoted by the green box in Fig. 1b.
The small difference is due to the compliance of the loading
fixtures

diately under the loading head (green box in Fig. 1b)
and the evolution of its displacement was recorded.
Figure 4 shows the comparison of the displacement
versus time and the load versus displacement between
the machine LLD measurement from the Interlaken
LVDT and the corresponding “DIC computed LLD”
for a typical AC mix at 6.25 mm/min. A good match
between the two measurements is seen, which gives
confidence in the use of DIC for fracture experiments
with these testing conditions. Figures 5 and 6 show
typical SCB fracture test results at different tempera-
tures (25 and −12 ◦C) and rates (50 and 0.7 mm/min)
respectively.

3 SCB deformation analysis

When measuring fracture energy from far-field load–
displacement data fracture energy results are increas-
ingly inaccurate if additional energy is dissipated in the
specimen in regions far from the crack tip. The goal of
the SCB is to localize most of the damage at the notch
region andminimize othermechanisms of energy dissi-
pation, such as crushing of thematerial near the loading
region, or viscous/plastic bulk material dissipation. To
investigate possible additional sources of energy dissi-
pation, two areas of the SCB specimen geometry were
studiedmore closely with DIC: the region near the load
application point and the region surrounding the notch
tip.

3.1 Investigation of possible load point damage

This part of the investigation was done on the seven
plant AC mixes loaded at 6.25 and 50 mm/min. The
progressive evolution of the horizontal strain, εyy , mea-
sured in the zone directly under the loading head is
shown in Fig. 7. The load–displacement curve for the
experiment is also shown, with the load level corre-
sponding to the five strain plots indicated as a red dot
on the load–displacement curve. To illustrate possible
crushing under the loading head, the strain contours
plotted are the negative ones (i.e., compressive) and
all the positive strains are plotted in the same dark red
color. The results did not show a strain field that could
be interpreted as a crushing of the material. The area of
the compressive zone was seen to develop as the load
increased, reach amaximumafter peak load and shrink,
though still remaining larger than at peak load, as the
crack propagated. (The crack location as a function of
time in each image is shown by the blue dots in Fig. 7.)
However, the magnitude of the strains kept increasing
(in absolute value) all along the experiment. Our study
did not observe any noticeable impact of the mixture or
the loading rate (6.25 vs. 50mm/min) on this effect. Pri-
marily the development of the compressive region at the
load point appears to be a specimen geometry effect: as
the specimen bends, the lower part experienced tension
while the top was compressed. When the crack prop-
agated, the neutral axis for the bending strains moved
further toward the top of the specimen and the compres-
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Fig. 5 Typical SCB
fracture test images with
corresponding
load–displacement curve
(mix L6 50 mm/min and
25 ◦C)

sive zonebecame smaller in extent although it increased
in magnitude. Although no crushing was seen and the
maximum strains recorded were less than the material
failure strain, a large strain region could produce energy
dissipation. However, the physical area over which the

strains are large is confined to very near the loading pin,
making the contribution to the global energy expended
during the experiment a second order effect compared
to fracture and bulk dissipation, discussed in the next
section.
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Fig. 6 Typical SCB
fracture test images with
corresponding
load–displacement curve
(N90-0 mix at 0.7 mm/min
and −12 ◦C)

3.2 Bulk viscous dissipation

Asphalt concrete is a viscoelastic material, meaning
that it exhibits some elastic characteristics, such as an
instantaneous deformation behavior, and some viscous
characteristics, such as a flow or time dependent behav-
ior. This implies that there could be some bulk energy
dissipation in thematerial when it is loadedwhichmust
be distinguished from the energy dissipated by fracture

itself (i.e., the material inherent toughness). In addi-
tion, the material modulus cannot be considered a con-
stant, which complicates the computation of a stress
field from the DIC-measured strain field. As has been
well developed in viscoelasticity theory, an integral rep-
resentation for the constitutive response of viscoelas-
tic media can be made using the following convolu-
tion equation (summation implied when indices are
repeated):
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Fig. 7 Mix P6, 25 ◦C, 50mm/min—evolution of compressive zone during a test. The scale shows only the compressive horizontal
strains (tensile strains are in dark red). Blue dots successive locations of the notch or crack tip

σi j (ξ) =
ξ∫

0

Ei jkl
(
ξ − ξ ′) ∂εkl

(
ξ ′)

∂ξ ′ dξ ′, (1)
where σi j and εi j are the stress and strain tensor com-
ponents, Ei jkl are the time and temperature depen-
dent stiffness modulus components, and ξ is a reduced
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time defined for thermo-rheologically simple materials
Christensen and Bonaquist (2012) as ξ = t

aT
, where

aT is a shift factor as defined by the Williams–Landel–
Ferry (WLF) equation (Williams et al. 1955).

In our experiments where strain was measured as
a function of load directly through DIC, stress history
was calculated by computing the convolution integral
in Eq. (1) at each load increment. In order to use Eq. (1),
it is still necessary to explicitly know the temperature
and time dependent modulus E, often represented in
terms of a Prony series fit to experimental data as:

E (t) = Ee +
N∑

n=1

Ene
−t/ρn , (2)

where Ee is the equilibrium modulus, the En are the
Prony coefficients and the ρn are the relaxation times.
In our work we compute the Prony series from separate
relaxation experiments performed for each mix. With
these equations, it is then possible to compute stresses
in the asphalt mix from measured strains.

In a fracture test, as the crack is propagating, the
material is unloading behind it and strains decrease in
the far-field (defined as the region outside any process
zone). For an elastic material, the strains should return
to their original unloaded state, except if some per-
manent deformation occurred such as in the process
zone or a zone of (small scale) yielding. In viscoelastic
materials, the far-field strains should recover also, but
a complete recovery does not always happen, or may
take a significant amount of time rather than happen-
ing instantaneously. This may provide another source
of energy dissipation in the viscoelastic material that is
not related to the fracture process itself.

To determine whether the contribution of such far-
field bulk energy dissipation is significant in the AC
case studies here we estimate local dissipation at spe-
cific locations in the bulk (i.e., away from the fracture
process zone) we compute the area inside the stress–
strain path experienced in a given region throughout
the entire experiment, i.e., starting from the loading
path as the crack approached the regions of interest
and ending with the unloading and subsequent long
term relaxation. As we neither have DIC strain mea-
surements over the entire sample, which in any case
would only provide in-plane not three dimensional
strain information, nor do we know the precise extent
of the fracture process zone near the tip, we cannot

compute the actual total energy dissipated everywhere
in the bulk. However calculating the area inside the
stress–strain path at certain locations can provide an
estimate of whether bulk dissipation need separately be
considered or whether the “fracture” energy computed
from far-field load–displacement calculations can rea-
sonably be considered as entirely dissipated in the frac-
ture process zone (as would be the case for a nominally
brittle viscoelastic polymer for example). For an elas-
tic response in the far-field, the area contained in the
stress–strain hysteresis loop would be zero. The larger
the area contained in a far-field stress–strain hystere-
sis loop, the more significant bulk dissipation. Since
we cannot compute a total energy dissipated in each
case, the results are subsequently used for a compari-
son between different mixes and/or loading conditions,
rather than an absolute measure of bulk energy dissi-
pated.

The local regions selected to illustrate such far-field
dissipation calculations are shown in Fig. 8a as squares.
This choicewasmade so that they represent areas larger
than the aggregate size (to avoid local effects), but are
sufficiently far away from the crack to be (mostly) out-
side the fracture process zone. As the DIC technique
only provides measurement of in-plane displacement
and strain components on the surfacewe assumed plane
stress conditions on the surface in order to complete
the three-dimensional picture of surface strain. Stresses
were then computed from theDICmeasurements using
the viscoelastic constitutive Eq. (1). Note that this com-
putation has to be done with the appropriate material
Prony series properties, Eq. (2), for each specific mix.
Therefore extensive constitutive testing had to be done
to obtain relaxation moduli for each mix for which
this viscoelastic computation is to be employed and the
appropriate properties have to be used on a case by case
basis (Al-Qadi et al. 2015). Typical local stress–strain
paths obtained in this way for one mix, averaged over
both regions of interest in Fig. 8a, from the three in-
plane components (xx, yy and xy) are shown in Fig. 8b.
The figure shows that the area enclosed in the opening
component (yy) is the dominant one, so this compo-
nent is the one used for the remaining results shown in
this section. Far-field regions experience loading while
the crack approaches them and unloading as the crack
propagates beyond. During the loading and unloading
cycle, some of the energy may be dissipated depending
on the material properties. Although the curves shown
in Fig. 8b are over the entire experiments, i.e., from ini-
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Fig. 8 a Areas over which far-field viscoelastic energy dissipa-
tion was computed. b Stress–strain path experienced in the areas
shown in (a) shown individually for each in-plane component

as labeled. Note that the total energy dissipated would be the
summed area within each loop with the xy area multiplied by 2.
Loading begins at the point (0, 0)

tial loading to complete sample failure, we have seen
similar response in a series of experiments of partial
unloading before crack initiation occurs, thus confirm-
ing bulk dissipation without the presence of fracture
energy dissipation.

Several experiments were conducted at different
rates with varying material viscoelastic characteris-
tics. The average opening stresses–strain paths in these
regions were computed for the mixes L4 (0% RAS),
L7 (5% RAS) and L6 (7% RAS) (L7 and L6 have
the same binder). For reference with the subsequent
results, Fig. 9 shows the applied force–displacement
results for each experiment at 6.25 and 50mm/min at
room temperature, illustrating good repeatability and
good separation between cases. Figure 10a shows the
effect of loading rate by comparing of the “loops” gen-
erated in the same mix (LABmix L4) at 25 ◦C for 6.25
and 50mm/min. The rate dependency is clearly high-
lighted here: at a higher rate, the strains decrease but
the stresses increase.

To have a better understanding of the energy dis-
sipated in the bulk of the material, the strain energy
density W was computed as:

W =
ε∫

0

σi j dεi j . (3)

This energy is computed from all three strain compo-
nents measured on the specimen surface, assuming a
plane stress assumption on the surface, and the corre-
sponding stresses competed form Eqs. (1–2), and the
results are shown in Table 3 for the three mixes. The
comparison of the average values for different loadin-
grates shows that there is a small increase of the energy
dissipated as the loading rate increases, which is not
obvious in Fig. 10a. This shows that the increase of the
stresses with loading rate was more significant that the
change in strains and was the reason for equivalent or
more energy dissipation with increasing loading rate.

The samemethodologywas also used to compare the
bulk energy dissipation with increasing RAS content.
Figure 10b shows the stress–strain paths for the three
mixes, two replicates each, at 6.25mm/min. The curves
corresponding to the same mix have a similar behav-
ior, however the comparison between mixes shows a
decrease of the area under the curve for increasing
RAS content (see also same trend in dissipated energy
in Table 3). This difference is particularly noticeable
for mix L6 while the difference between mix L4 and
L7 is smaller. This is due to the modification of the
binder as a more compliant one was used for mixes
L6 and L7 to compensate for the a priori expected
embrittlement that would be introduced by RAS. It is
still interesting to notice that the effects of increasing
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Fig. 9 Applied load–displacement plots for mixes L4 (0%
RAS), L7 (5% RAS) and L6 (7% RAS) loaded at (top) 6.25
and (bottom) 50mm/min. Two replicates of each shown

RAS content are counterbalanced by the composition
of the binder when comparing mixes L4 and L7. How-
ever, the decrease of energy dissipation with increasing
RAS still shows a loss of material viscosity. Figure 10b
shows another interesting phenomenon: the difference
betweenmixes is mostly due to differences in the strain
levels.

Fig. 10 a Stress versus strain for mix L4 at 25 ◦C and different
rate comparison for two replicates at 50 and 6.25 mm/min. b
Stress versus strain at 25 ◦C and 6.25 mm/min two replicates
showing the effect of varying RAS content: L4 (0% RAS), L7
(5% RAS), L6 (7% RAS)

4 Viscoelastic fracture analysis

Early works to describe fracture mechanisms for vis-
coelastic materials were primarily focused on the pre-
diction of fracture toughness in polymers with vary-
ing crack speed and temperature. A comprehensive
review of viscoelastic creep crack growth for poly-

Table 3 Strain energy density W for mixes L4, L7 and L6 at 6.25 and 50mm/min (25 ◦C)

W (J/m3) 6.25mm/min 50mm/min

Replicate 1 2 Average 1 2 Average

L4 (0% RAS) 3.69E+04 3.42E+04 3.56E+04 2.80E+04 4.70E+04 3.75E+04

L7 (5% RAS) 2.04E+04 2.01E+04 2.03E+04 2.65E+04 2.24E+04 2.45E+04

L6 (7% RAS) 5.25E+03 5.9E+03 5.58E+03 9.33E+03 7.79E+03 8.56E+03
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mers can be found in the work of Bradley et al. (1997)
and in a recent review by Knauss (2015). A review of
fracture theories and experiments was presented there
to describe temperature and rate effects on the pro-
cess zone. Initial attempts to understand experimental
observations and formulate a valid theoretical frame-
work centered around Griffith’s surface energy con-
cept. Knauss (1970) introduced the concept of delayed
failure for linearly viscoelastic materials referring to
the time effect on crack growth in polymeric mate-
rials. Knauss (1970, 1989) also showed that fracture
and tensile failure behavior of some of the polymers
obeys thermo-rheologically simple behavior, in which
time and temperature effects can be superimposed with
each other. Schapery in his early works also used a sim-
ilar approach emanating fromviscoelastic crack tip dis-
placement fields and containment of failure to a very
small crack tip region (Schapery 1975a, b, c). Singu-
lar crack tip equations were adopted for viscoelastic
materials using convolution integrals and a compliance
function. Christensen (1979) approached the viscoelas-
tic crack growth problem using a different methodol-
ogy: instead of imposing a particular crack tip failure
criterion, this work attempted to generalize Griffith’s
energy balance method from global energy conserva-
tion laws and predicted motion of high and low speed
velocity cracks in viscoelastic materials.

A common objective of the aforementioned works
was to find a simple crack growth equation to describe
rate and temperature dependent fracture for poly-
meric materials. However, these formulae containing
the prediction of crack propagation speed were dif-
ficult to integrate into a numerical framework such
as the finite element method. When compatibility of
numerical and theoreticalmethodologywas considered
together, Schapery’s generalized J -integral approach
and pseudo variable concept for linear and nonlinear
viscoelastic materials has been used extensively due
to its practicality and similarity to Rice’s J-integral
approach (Schapery 1984, 1990; Rice 1968). Among
the available models in the literature, Schapery’s
viscoelastic fracture model along with the elastic–
viscoelastic correspondence principle provides an effi-
cient platform to implement a viscoelastic fracture
model that can be inserted into a finite element algo-
rithm or post-process the displacement field obtained
at a grid obtained from theDIC experiment. Schapery’s
model benefits from the framework of the classical J -
integral and arrives at a work of fracture parameter

to compute total work input to the crack tip consider-
ing viscoelastic effects. This approach was adopted in
many applications to describe viscoelasticmechanisms
for asphalt materials (Kim and Little 1990; Chehab
et al. 2003, 2007; Underwood et al. 2012). Therefore,
the approach outlined by Schapery and co-workers for
viscoelastic fracture was also chosen in this paper.

Elastic–viscoelastic correspondence principles have
been used to transform crack front parameters calcu-
lated in the corresponding elastic state to the viscoelas-
tic domain (Ozer et al. 2011; Garzon 2013). The cor-
respondence principle for viscoelastic materials states
that viscoelastic problems can be decomposed into a
reference linear elastic solution and a viscous solution,
assuming that the elastic and viscoelastic bodies are
geometrically identical (Schapery 1984) and assuming
that they undergo the same stress,

σ R
i j = σ V

i j = σi j , (4)

where the superscript “R” denotes the reference elastic
solution, the superscript “V” denotes the viscous solu-
tion, and no superscript is the total state. The reference
(elastic) variables, sometimes called pseudo-variables,
are denoted as σ R

i j , ε
R
i j and uR

i . The pseudo elastic
state satisfies the usual equations of elasticity. The total
and pseudo strains and displacements are related by
(Schapery 1989):

εi j = ER

t∫

0

D
(
t − t ′

) ∂εRi j

∂t ′
dt ′, (5)

εRi j = 1

ER

t∫

0

E
(
t − t ′

) ∂εi j

∂t ′
dt ′, (6)

ui = ER

t∫

0

D
(
t − t ′

) ∂uR
i

∂t ′
dt ′, (7)

uR
i = 1

ER

t∫

0

E
(
t − t ′

) ∂ui
∂t ′

dt ′, (8)

The viscous part of the problem is then found easily
assuming an additive decomposition of total strains and
displacements:

εi j = εRi j + εVi j , (9)

ui = uR
i + uVi . (10)

ER in Eqs. (5)–(10), the reference modulus, is an arbi-
trary value often chosen as the instantaneous modulus
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Fig. 11 Mix P1 at 25◦C, 6.25mm/min, horizontal displacement decomposition. a Viscous, b pseudo, c total, d load–displacement, the
red dot indicates the load for this picture. Note the contour scales in each plot

E0

(
= ∑N

n=1 En + Ee

)
(Ozer et al. 2011; Tabatabaee

and Bahia 2014).
The correspondence principle enables decomposing

displacements or strains into their viscous and elastic
parts, making possible the comparison of the contri-
bution of each component to the material behavior for
different loading conditions. Using this approach, the
pseudo and viscous displacement or strains were com-
puted on the surface of the specimens based on the DIC
measurements performed and the appropriate material
properties for each mix. Figure 11 shows one example
result at peak load for mix P1 loaded at 25 ◦C and at
6.25mm/min. The horizontal displacements (viscous,
pseudo and total) are plotted in the three contour plots

shown in Fig. 11. It should be noted that the rigid body
motions were not removed from the displacement field.
However, those contour plots generally correspond to
the expected opening field for mode I crack opening.
The three contour plots present a similar distribution of
the displacements; the major difference between them
is in the displacement scale. The elastic part represents
a small fraction of the total displacements: the contribu-
tion of the elastic components (strain anddisplacement)
is between 20 and 10% of the total amount, decreas-
ing along the duration of the experiment as the viscous
effects develop in the material over time. This could
perhaps be expected from the viscoelastic characteris-
tic of AC material at intermediate temperatures for this
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particular mix. According to the viscoelastic character-
ization of this particular mix and similar ones, themod-
ulus of the mix [not shown here but available in Doll
(2015)] decreases by a factor of ten in about one sec-
ond indicating the relaxation potential of the material.
It is worth pointing out that when the same decompo-
sition is made for the low temperature experiments (at
−12 ◦C) the opposite result is obtained (not shown): the
elastic content dominates the displacement and strain
and the viscous portion is less than 10% of the total.
Thus we would expect more of an elastic behavior in
the low temperature experiments, as is usually the case
for viscoelastic materials.

This study ultimately focuses on the fracture prop-
erties of AC, using both virgin binder and binder with
recycled content. The (mode I) stress intensity fac-
tor KI has been introduced in linear elastic fracture
mechanics (LEFM) to characterize the stress, strain
and displacement fields surrounding an opening crack
in a linearly elastic material. For mode I opening, the
asymptotic (i.e., near the tip) elastic displacement field
is described to first order by the following equations
(Williams 1957){
ux
uy

}
= KI

2μ

√
r

2π

{
cos

(
θ
2

) [
κ − 1 + 2sin2

(
θ
2

)]
sin

(
θ
2

) [
κ + 1 − 2cos2

(
θ
2

)]
}

+
{
ux0 − θ0y
uy0 + θ0x

}
, (11)

where κ = 3−4ν for plane strain or κ = 3−ν
1+ν

for plane
stress, ν is the Poisson ratio, μ the shear modulus, ux0
and uy0 correspond to the rigid translation and θ0 is the
rigid translation.

The DIC analysis extracts the displacement field
from the pictures taken during the experiments and,
for the elastic case, it is then possible to do a least
squares regression of the DIC-measured displacements
on Eq. (11) to compute KI . In the viscoelastic case, the
same method cannot be used directly on the DIC mea-
surements but requires using the pseudo displacements
in Eq. (11). Then, if required, viscoelastic crack front
parameters can be found using Laplace transforma-
tions. It is important to note this transformation is essen-
tial as the stress intensity factor extraction methods are
developed for linear elasticity and time independent
materials and cannot be used directly for viscoelastic
materials. Therefore, we will compute what is denoted
as K R

I , the “pseudo” stress intensity factor, which cor-
responds to the stress intensity factor for an equivalent
elastic problemwith amodulus ER (Schapery 1989). In

essence this approach extracts the elastic portion of the
measured displacement field and uses that in the com-
putation of the pseudo stress intensity factor. The pro-
cedure in this case, therefore, is tomeasure theDIC dis-
placements from the pictures using the softwareVic2D,
then use these DIC displacements, the Prony series of
the material, and the time step between each picture to
compute the pseudo displacements from Eq. (8), and
then do a least squares regression on the pseudo dis-
placements using Eq. (11), which then produces K R

I
and the rigid body motion amount. This procedure is
done for a number of different mixes tested at room
temperature and low temperature, over various loading
rates, and with varying amounts of recycled content.

Figure 12 shows the comparison between K R
I , mea-

sured as discussed above, and the theoretical KI , which
is calculated for the SCB geometry as discussed in the
work of Lim et al. (1993), for varying AC mixes with
RAS contents at loading rates of 6.25 and 50mm/min.
Figure 12a shows the load–displacement curves of the
SCB AC samples used in this part of the study—each
case showing very good agreement between two repli-
cates. Figure 12b, c shows the pseudo stress intensity
factor comparison with the purely elastic predictions
for a loading rate of 6.25 and 50mm/min, respectively.
The experimental results shown in Fig. 12a, b are only
up to the time of crack initiation in each case, which
is why the data points end at different load levels in
each case. The first observation is that the pseudo stress
intensity factor, K R

I , diverges from the theoretical one
as the loading increases for all materials. In both rate
cases for AC with virgin binder (denoted 0% in the
figure), the measured results do not agree well with
the 2D elastic result even when the loads are small
at the beginning of the experiment. However, agree-
ment is improved as RAS content is added, which is
a result of the embrittlement of the material, or reduc-
ing viscous components, with increasing RAS addi-
tions. (This embrittlement is also seen directly in the
load–displacement curves of Fig. 12a which show an
increased peak load butmuch less ductility asRAScon-
tent increases). For higher RAS content the stress inten-
sity factor comparison is favorable until about 800N in
the 6.25mm/min case and 1200N in the 50mm/min
one. The results of comparing the measured pseudo
stress intensity factor and the theoretical one indicate
a combination of a strong influence of viscoelasticity
at the intermediate temperatures and the potential for
a distributed damage process at the crack front which
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Fig. 12 a Typical load versus displacement curves for load-
ing at 6.25 (left) and 50mm/min (right) at room temperature,
b extracted pseudo stress intensity factor versus load for differ-

ent RAS contentmixes at 6.25mm/min and 25 ◦C and c extracted
pseudo stress intensity factor versus load for different RAS con-
tent mixes at 50mm/min and 25 ◦C

cannot be explained or accounted for by the LEFM
stress intensity factor concept alone.

The values obtained are also consistent with values
of room temperature fracture toughness measured pre-
viously for AC: around 0.5–1.5 MPa

√
m (Kim and El

Hussein 1997;Marasteanu et al. 2002). After these lim-
its the results start diverging, denoting a nonlinear con-
tribution to the pseudo-elastic part, and also a collapse
of any region of K-dominance around the notch tip,
both of which are expected to occur as load is increased
and/or the crack grows. In fact the point at which the
results diverge from the 2D theoretical result is in all
cases when the crack has grown a substantial amount
through the specimen and the remaining ligament is
then fully damaged.

Figure 13 shows a similar set of results for a fixed
specific mix (N90-0) but now varying with loading rate

and temperature. Experimental results shown are again
for loads prior to crack initiation. The embrittlement
of the material with decreasing temperature is seen
in both the load–displacement curve (Fig. 13a) and in
the far better comparison of the pseudo stress intensity
factor with the theoretical elastic solution (Fig. 13b).
Recall also that in the low temperature case the pseudo
displacements are about 90% of the total displace-
ments (rather than the reverse ratio at the room tem-
perature case) meaning that most of the displacement
field has elastic character anyway. (In fact comput-
ing the stress intensity factor with the compete DIC-
measured displacement field rather than the pseudo
one for the −12 ◦C case produces about the same val-
ues as shown in Fig. 13b). Therefore, the temperature
induced embrittlement is clear in Fig. 13b and can be
compared to the rate induce embrittlement (shown in
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Fig. 13 a Typical load versus displacement curves and
b extracted pseudo stress intensity factor versus load for
N90-0 Mix at 50mm/min (25 ◦C), 6.25mm/min (25 ◦C) and
0.7mm/min (−12 ◦C)

Fig. 12b) and the RAS induced embrittlement (shown
in Fig. 12c).

5 Conclusions

The amount of recycled content (RAS and RAP) added
in new asphalt concrete (AC) pavements is continu-
ally increasing as it represents both initial cost savings
and conservation of natural resources. However, recy-
cled content affects the resulting material properties as
some virgin binder is replaced with aged binder whose
characteristics are not well determined and/or known.
There is, therefore, a need to understand the effects
of recycled content added to the mixture and evaluate
the performance of AC depending on level of recycled
content.

The experiments conducted here allowed us to
compute the viscoelastic counterpart (pseudo-elastic
quantities) of the stress intensity factor, using the
elastic–viscoelastic correspondence principle for frac-
ture experiments on AC both at room temperature and
at −12 ◦C. Regarding possible sources of energy dis-
sipation away form the crack tip region, it was shown
that:

• No obvious crushing of the material could be
observed under the SCB loading head. However, a
zone of compressive strains was developing, which
is loading rate and mix independent but governed
by bending of the specimen.

• Stress–strain response in the far-field regions was
used to quantify local energy dissipation which
may not be related to the fracture processes. It was
shown that material type (represented by binder
grade), recycled content, and rate of loading played
a role in the energy dissipated in the far-field
regions.

• The far-field loading and unloading of the mixes
showed that an increasing RAS content induced
a faster unloading rate and more strain recov-
ery, which corresponds to a less viscous behavior,
and is consistent with the findings from the vis-
cous strains. Therefore, an increasing RAS content
induces a decrease in the energy dissipated indicat-
ing less viscous characteristics of these mixes with
increasing RAS. However, using a softer binder
(more viscous) in the preparation of the mix can
compensate for the effects of RAS concerning the
energy dissipated in the far-field regions and the
two binders blend.

In addition, regarding the fracture response it was
shown that:

• The elastic–viscoelastic correspondence principle
can be used to decompose elastic and viscous con-
tributions to the crack front parameters for different
asphalt mixes. The K R

I (reference, or pseudo, elas-
tic stress intensity factor computed from the vis-
coelastic response) and theoretical stress intensity
factorwere compared at different rates, for different
mixes with varying degrees of viscoelasticity, and
at different temperatures (−12 and 25 ◦C). In gen-
eral, the K R

I and theoretical stress intensity factor
are in good agreement at the beginning of the test
when the loads are small and for less viscoelastic
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materials (such as the oneswith increasing recycled
content or at lower temperature).

• The effect of RAS was evident in the global load–
displacement curves and the crack front parame-
ters. Embrittlement and increasing stiffness of the
mixes can be observed by the increase in the peak
load, increase in the initial stiffness, and reduc-
tion in the displacement to reach peak load. With
the decreasing viscous components and increasing
stiffness, the mixes with increasing RAS content
showed some correlation to the theoretical stress
intensity factor when the loads are up to about
800 N. For such mixes, it can be hypothesized that
fracture process zone may still be small and have
smaller viscous component of deformations indi-
cating increased brittleness, similar to low temper-
ature response.

As a counterpart of this study, similar DIC experi-
ments were conducted with higher resolution cameras
(8 µm/pixel rather than the 40 µm/pixel used here)
with an objective to evaluate the hypothesis explaining
the discrepancy between theoretical and pseudo stress
intensity factors. Material heterogeneity and damage
processes at the crack front will be explored using the
DIC technique utilizing high resolution cameras in a
future contribution (Doll et al. 2016).
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