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Abstract

In this paper, a new disc-shaped specimen containing a tilted crack was
proposed so as to conduct fracture tests under mixed mode I/III loading.
This specimen was able to produce complete mode mixities, ranging from
pure mode I to pure mode III. Many finite element analyses were performed
to obtain crack parameters (i.e. stress intensity factors at the crack tip) and
geometry factors. It was shown that the mode III was added to the mode I
loading as the crack angle changed. Moreover, the crack length as well as
position of the lower supports was varied to study loading type at the crack
tip. Finally, applicability of the proposed specimen in experimental point
of view was considered by performing fracture experiments on the asphalt
concrete. The results showed that fracture strength of the asphalt concrete
decreases as the proportion of mode III at the crack tip enhances.

1. Introduction

The cracked parts are generally subjected to combi-
nations of mode I (opening mode), mode II (in-plane
shear mode), and mode III (out-of-plane shear mode)
loading. Many investigations have been performed in
the past on the mixed mode fracture of the brittle or
quasi-brittle materials (see e.g. [1-5]). Nevertheless,
most of these investigations have been focused on the
mixed mode I/II loading, and some specimens such as
SENB (single notched beam) [6-7], SCB (semi-circular
bend) [8-9], BD (Brazilian disc) [10-11] etc. have been
proposed by the researchers. Moreover, mixed mode
I/II fracture has been studied either theoretically uti-
lizing various fracture criteria (see [12-14]) or experi-
mentally using fracture tests. Conducting experiments
are often very expensive, so the researchers prefer to
do these on laboratory specimens. These specimens
should be able to simulate the same states of stresses
around the crack tip as those of the real cracked parts
under service conditions. However, there exist some en-
gineering components that the mixed mode I/III load-
ing occurs at the crack tip. For instance, cracks in

the road structures and automotive axles are some to
mention. Based on the recent investigations made by
Ameri et al. [15] and Ayatollahi et al. [16], vehicle traf-
fic causes a crack tip available in asphalt pavements to
experience not only opening mode (mode I loading) but
also tearing mode (mode III loading).

On the other hand, relatively few tasks can be found
in literature on the mixed mode I/III loading. Lack
of suitable specimens (being able to create full spec-
trum of mixed mode I/III loading) and simple fixture
for loading may be the main reason. A suitable spec-
imen should have simple configuration, cost-effective
specimen preparation, easy testing set-up, and also ca-
pability of simulating complete mode mixities, ranging
from pure mode I to pure mode III. Pook [17] studied
mixed mode I/III fatigue crack growth behavior of mild
steel using SENB specimen containing a tilted crack.
Li and Qian [18] investigated mixed mode I/III fatigue
fracture of steel utilizing compact tension (CT) speci-
men. In another study, Feng et al. [19] studied mixed
mode I/III fracture toughness of aluminum alloys by
means of a modified CT specimen. It is noticed that
all the aforementioned specimens can only produce lim-
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ited mixed mode I/III i.e. they are unable to simulate
larger mode III and particularly pure mode III loading.
Mode III loading may affect the mixed mode I/III frac-
ture behavior of different materials differently. For
brittle materials like 1.25% C bainitic steel, the frac-
ture toughness increases as mode III at the crack tip in-
creases. For ductile materials like 2034 type aluminum
alloys, fracture toughness declines by increasing pro-
portion of mode III. However, in some ductile materi-
als like spheroid zed steel, the fracture toughness re-
mains approximately unchanged by varying mode III
[20]. Therefore, based on the previous experimental in-
vestigations, one can say that no single trend has been
observed as for the effect of mode III loading on frac-
ture behavior of the materials [21].

In this paper, the numerical analysis of a new frac-
ture test configuration was considered for performing
fracture tests under pure mode I, pure mode III and
mixed mode I/III loading using finite element code
ABAQUS. A simple three-point bend fixture was used
for loading the proposed test specimen. Moreover, the
effect of mode III on fracture behavior of asphalt con-
crete was investigated at a sub-zero temperature.

2. Material and Method

A disc-shaped specimen containing an inclined crack
was proposed in this paper for creating pure mode I,
pure mode III, and combinations of mode I and mode
III. Fig. 1 shows the suggested geometry. In this spec-
imen, the crack was normal to the circular plane of
the specimen. The parameters a,R, and t were crack
length, radius and thickness of the specimen, respec-
tively. This specimen was compressively loaded by a
simple three-point fixture. Moreover, S,L, l and were
defined as lower supports distance from the load line,
length of the lower supports, the distance between one
end of the supports and the center line of the specimen
and angle of the crack, respectively.

Fig. 1. Disc shaped specimen, (a) Isometric view (b)
Bottom view.

To validate the finite element models for deter-
mining the stress intensity factors at the crack front,
the cylindrical specimen analyzed by Aliha et al. [22]
was chosen. The geometrical dimensions and material
properties of the specimen used by them are listed in

Table 1. Mode I stress intensity factors (KI) at the
crack front of this specimen calculated by Aliha et al.
[22] together with the results of the model built in the
present work are given in Fig. 2. Meanwhile, the pa-
rameter of mode I stress intensity factors presented in
Fig. 2 was normalized by KIm representing the KI at
the middle point of crack front. As is clear from Fig.
2, the finite element results extracted from ABAQUS
were well-matched with those of Aliha et al. [22].

Table 1
Geometry and material properties.

Quantity Value
Radius (mm) 40
Height (mm) 20
Crack length (mm) 8
E (GPa) 70
Y 0.7

Fig. 2. Comparison of the FE results for the cylindri-
cal specimen.

The test specimen depicted in Fig. 1. was mod-
eled in ABAQUS according to the FE model vali-
dated above. The geometry and loading parameters
were incorporated into the finite element modeling in
ABAQUS as: disc radius R=100 mm, disc thickness
t = 40mm, the lower supports length L = 34mm,
l = 15 mm, applied force P = 1000N. In addition,
based on an investigation performed by Tim et al. [23],
mechanical properties for the asphalt concrete were
defined in finite element analyses as: elastic modulus
E = 12.5 GPa and Poisson’s ratio u = 0.35. Typical
finite element model together with closer view of the
elements near the crack front are presented in Fig. 3.
In ABAQUS, three-dimensional 20-node quadratic re-
duced integration brick elements (C3D20R) were used
to build mesh. Quadratic elements present better re-
sults than linear interpolation elements. Moreover, in
order to precisely compute the stress intensity factors,
the elements size near to the crack front were con-
structed finer with bias ratio of 5.0 in the radial direc-
tion, whereas for other regions, larger elements were
used. Fig. 4 shows the finite element results (i.e. dis-
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tribution of stress intensity factors) through the crack
front of the proposed specimen for various crack orien-
tations. The parameter z/R describes the crack front
locations. For example, the parameters z/R = 0 and
z/R = ±1 refer to the middle-point and end points at
the crack front, respectively. As can be seen in Fig. 4,
all modes of I, II and III are observed at the crack front.
It is seen that the value of KI is maximum at the mid-
dle point (z/R = 0), and its value decreases as one goes
far from middle of the specimen. Moreover, the value
of KI for all the crack front locations decreases as the
crack angle increases , thus its value for the crack angle
α = 63◦ falls to zero at entire crack front. The value of
KII at the middle point is zero for all crack angles, and
its value increases as one move toward the end points
along the crack front. On the other hand, the value of
KIII is maximum at the middle point, and its value
declines as one goes far from middle of the specimen
similar to the results observed for KI . Therefore, from
the results shown in Fig. 4, it can be deduced that the
specimen experiences pure mode I as the crack angle is
zero α = 0◦, and pure mode III loading is achieved as
the crack rotates to reach α = 63◦. While, mixed mode
I/III is observed for other crack angles between α = 0◦

and α = 63◦. Hence, the proposed specimen can pro-
duce all combinations of mixed mode I and mode III
by simply changing the crack angle value.

Fig. 3. Finite element model together with closer view
of the elements near the crack front.

3. Results and Discussion

3.1. Finite Element Analysis and Discussions

The stress intensity factors, KI and KIII directly ex-
tracted from the ABAQUS were put into the following
equations to find mode I and mode III geometry fac-
tors, YI and YIII , respectively.

YI =
KI√
πa

Rt2

6PS
(1a)

Ym =
Km√
πa

Rt2

6PS
(1b)

Variations of geometry factors (YI and YIII) against
the crack angle for different values of span ratios S/R
and crack length ratios a/t are plotted in Figs. 5-6.
From which, it is seen that when the crack angle is
α = 0◦, the disc-shaped specimen is subjected to pure
mode I. Whereas, by increasing the crack angle, mode
III component is added to mode I at the crack tip i.e.
the specimen is subjected to mixed mode I and mode
III. In addition, as the crack angle increases, the mode
III component increases at the crack tip, while the
mode I component decreases, so the specimen is loaded
under pure mode III at the crack angles α = 63◦ − 65◦

depending on the crack length (a/t) and position of the
supports (S/R). As is seen from Figs. 5-6, the values of
YI increases while those of YIII decreases as the crack
length increases. Also, the pure mode III is reachable
by the considered specimen for different values of S/R
shown in Fig. 6. It is noted that the values of geom-
etry factors (YI and YIII) are required for computing
fracture toughness of any material.

As mentioned above, the main aim of this study
was introducing a fracture test configuration to sim-
ulate all mixed mode I/III loading from pure mode
I to pure mode III by a laboratory specimen. Fi-
nite element results revealed that the lower supports
should have been taken too near the free surfaces of
the specimen for creating pure mode III. Several frac-
ture tests were conducted, but the tests were failed
because of an inappropriate fracture at the lower sup-
ports. In order to avoid this problem, the lower sup-
ports should have been moved toward the middle of
specimen. This leaded to another problem of contact-
ing the lower supports with the crack line. Therefore, it
necessitated shortening the lower supports sufficiently.
However, there was still another problem, namely sim-
ulating pure mode III at the crack tip. This problem
was finally solved by loading the specimen asymmetri-
cally (see Fig. 1). Consequently, the specimen shown
in Fig. 1 was designed to correctly simulate complete
mixed mode I/III loading.
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Fig. 4. Stress intensity factors (SIFs) through the crack front of the specimen.

It was noticed that Aliha et al. [22,24] had re-
cently suggested a similar specimen to simulate mixed
mode I/III loading at the crack front. Indeed, this
specimen had disc-shaped geometry containing a tilted
crack similar to the one shown in Fig. 1. Nevertheless,
the lower supports in this specimen located on the en-
tire bottom of specimen. This specimen was improved
in the present work due to incorrect failure at the lower
supports for the asphalt concretes, such that the lower
supports did not touch the specimen bottom entirely
as shown in Fig. 1.

3.2. Fracture Test Results and Discussion

In the previous section, finite element results on the
disc-shaped specimen were given for different crack
lengths (a/t) and span ratios (S/R). Nevertheless,
the proposed specimen was required to be explored in
practicability point of view to ensure that works ap-
propriately for conducting fracture experiments. For
this purpose, several disc-shaped specimens made of
asphalt concrete were prepared, and were then tested.

As mentioned above, asphalt concrete as a brittle

material was selected for conducting the fracture tests.
The aggregate gradation of this mixture is given in Ta-
ble 2. This type of aggregate gradation is known as No.
4, and was provided based on the Superpave mix design
developed by the Iran Highway Asphalt Paving Code
(IHAPC). Nominal maximum aggregate size (NMAS)
for this mixture is 19mm. The binder with penetra-
tion grade of 60-70, frequently used in the Iran road
networks, is employed in the asphalt concrete prepa-
ration. Moreover, air void content of the mixture is
4%.

The disc-shaped specimens with diameter of
100mm, thickness of 40mm and crack length of 16mm
were selected for experimental program based on the
finite element results. To produce this geometry, sev-
eral cylindrical samples (made of asphalt concrete) of
height 150mm were generated by superpave gyratory
compactor. These cylinders were then cut into three
discs with the mentioned geometries using the water-
cooled masonry-sawing machine. Finally, an artificial
crack with the length of 16mm was generated in the
specimens (see Fig. 7).
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Fig. 5. Mode I geometry factors for different crack
lengths and loading conditions of (a) S/R = 0.8 (b)
S/R = 0.85 (c) S/R = 0.9.

Fig. 6. Mode III geometry factors for different crack
lengths and loading conditions of (a) S/R = 0.8 (b)
S/R = 0.85 (c) S/R = 0.9.
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Table 2
Aggregate gradation No. 4 used in the sample preparation.

Sieve Requirements Percent
passing

size(mm) Min Max
19 100 100 100
12.5 90 100 95
9 67 87 77
4.75 44 74 59
2.36 28 58 43
1.18 20 46 33
0.5 13 34 23
0.3 5 21 13
0.15 4 16 9.5
0.075 2 10 8.4

Fig. 7. Process of producing cracked disc specimen
from cylindrical samples.

The fracture tests were planned to be performed
under several loading modes of pure mode I (α = 0◦),
pure mode III (α = 63◦), and two mixed mode I/III
(α = 30◦ and α = 63◦) at a sub-zero temperature of
−20◦C. As discussed earlier, the minimum span ratio
(namely S/R = 0.8) was selected to conduct the exper-
iments for avoiding inappropriate failure of the speci-
mens at the region near the lower supports. In order
to enhance accuracy of the fracture test results, four
specimens were provided for each case. The produced
specimens were kept in a freezer fixed at a tempera-
ture of −20◦C for 4 hours. These cooled specimens
were located in the fracture test set-up shown in Fig.
8, and then were compressively loaded with a constant
displacement rate of 3 mm/min. Fig. 9 shows a typi-
cal force-displacement curve recorded from the fracture
tests. As is clear from Fig. 9, the force increased lin-
early to reach its maximum value called fracture load
(Pcr), and then sharply decreased to zero. This figure
indicates that a brittle fracture occurred in the spec-
imens, thus linear elastic fracture mechanics (LEFM)
concept can be applied for the tested asphalt concretes.

As mentioned above, the asphaltic materials behave
as linear elastic at sub-zero temperatures; therefore,
the stress distribution at the crack front can be de-
scribed by stress intensity factors which are defined as

below for the mixed mode I/III loading:

KIf =
6SPcr

Rt2
YI

√
πa (2a)

KIIIf =
6SP

Rt2
YIII

√
πa (2b)

where, KIf and KIIIf refer to the mode I and mode III
critical stress intensity factors, respectively. As men-
tioned above, the fracture load (Pcr) is the maximum
force available in the force-displacement curves (as dis-
played in Fig. 9). YI and YIII are geometry factors
that were calculated from the numerical analyses as
presented earlier. The critical stress intensity factors
were finally calculated using the Eqs. 2 for each loading
condition, and are given in Table 3.

Table 3
Aggregate gradation No. 4 used in the sample preparation.

Loading mode No. KIf (MPa.0.5) KIIIf (MPa.0.5)
Pure mode I 1 0.80 0
(α = 0◦) 2 0.86 0

3 0.71 0
4 0.80 0

Mixed mode I/III 1 0.60 0.21
(α = 30◦) 2 0.75 0.27

3 0.64 0.23
4 0.75 0.27

Mixed mode I/III 1 0.58 0.45
(α = 30◦) 2 0.53 0.41

3 0.56 0.43
4 0.57 0.44

Pure mode III 1 0 0.53
(α = 63◦) 2 0 0.57

3 0 0.61
4 0 0.57

The averaged values of effective critical stress in-
tensity factor Keff are presented in Fig. 10. Parameter
of the effective critical stress intensity factor (Keff ) is
defined as below:

Keff =
√

K2
If +K2

IIIf (3)

where, Keff reduces to KIf and KIIIf when the
specimen is subjected to pure mode I and pure mode
III loading, respectively. It is well-known that Keff is
the main fracture parameter stating the material resis-
tance against brittle fracture under mixed mode load-
ing conditions. As is clear from Fig. 10, by addition
of the mode III to mode I at the crack front, fracture
resistance of the asphalt concrete was reduced. Hence,
presence of mode III at the crack front can significantly
decrease fracture strength of the asphaltic materials.
Based on the investigations carried out by Ameri et
al. [15] and Ayatollahi et al. [16] on the cracked road,
mode III loading was found to be a serious threat for
the crack growth. Hence, effect of mode III on the
fracture of asphaltic materials must be regarded in de-
signing road structures.

Furthermore, mixed mode I/III fracture is more so-
phisticated compared with the mixed mode I/II load-
ing. Because, the combination of mode I and mode III

Finite element analysis of a new specimen for conducting fracture tests under mixed mode I/III loading:
33–41 38



leads to multiple fracture planes intersecting the crack
front. Therefore, the fracture surface often found to be
non-planar in mixed mode I/III fracture as is clearly
seen in Fig. 11. Twisted fracture trajectory due to
presence of mode III at the crack front is observed from
considering fracture surface of the specimens shown in
Fig. 11.

Fig. 8. Fracture test set-up for conducting mixed
mode I/III experiments.

Fig. 9. A typical force-displacement curve recorded
from the fracture tests.

Fig. 10. Effective critical SIF for different loading
modes.

In order to verify the fracture results presented
above, the results for mode I loading was compared
with those of Ameri et al. [25] and Ayatollahi and Pir-
mohammad [1]; mode I fracture toughness of asphalt
concretes was measured between 0.7 and 1 MPam0.5

dependent on the temperature conditions and mixture
variety using a semi-circular bend (SCB) specimen.
The mode I fracture toughness of 0.8 obtained in the
present work with the aforementioned asphalt concrete
specifications and temperature conditions was within
the range measured by the mentioned researchers. This
verifies that the specimen used in the present study can
predict the fracture toughness of materials with a suit-
able level of accuracy.

Fig. 11. Effective critical SIF for different loading
modes.
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4. Conclusions

1. A new fracture test configuration was proposed
using FE analysis for performing experiments un-
der pure mode I, pure mode III and mixed mode
I/III, loading. Moreover, many finite element
analyses on this specimen were carried out to find
geometry factors for different crack lengths (a/t)
and span ratios (S/R).

2. Fracture tests were successfully performed on the
asphalt concrete under different loading modes,
namely pure mode I, pure mode III and two
mixed mode I/III at a sub-zero temperature of
−20◦C.

3. The fracture results displayed that by addition of
the mode III to mode I at the crack front, frac-
ture resistance of the asphalt concrete decreased.

4. Twisted fracture trajectory due to presence of the
mode III at the crack front was observed from
considering fracture surface of the specimens.
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