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Abstract. In this paper, a four-layer road structure consisting of an edge transverse crack is simulated using
three-dimensional finite element method in order to capture the influence of a single-axle wheel load on the
crack propagation through the asphalt concrete layer. Different positions of the vehicular load relative to the
cracked area are considered in the analyses. Linear elastic fracture mechanics (LEFM) is used for
investigating the effect of the traffic load on the behavior of a crack propagating within the asphalt concrete.
The results obtained show that the crack front experiences all three modes of deformation i.e., mode I, mode
11 and mode |11, and the corresponding stress intensity factors are highly affected by the crack geometry and
the vehicle position. The results also show that for many loading situations, the contribution of shear
deformation (due to mode Il and mode 111 loading) is considerable.

Keywords: edge transverse crack; 3D finite element modeling; stress intensity factor; asphalt concrete;
traffic load

1. Introduction

Asphalt concrete overlays are subjected to complex environmental and traffic loading
conditions causing different types of deterioration in asphalt concrete pavements (Yoder and
Witczak 1976). Asphalt concrete cracking is one of these damage mechanisms which decreases the
service life of the asphalt concrete pavements and imposes significant costs to the road agencies.
Good understanding of the cracking mechanism can be a reasonable way to reduce the costs of the
maintenance processes. Majidzadeh et al. (1970) were among the first researchers who made use
of fracture mechanics in order to study the fracture behavior of the cracked asphalt concrete
pavements. Since then, the fracture mechanics approach has been frequently used by many other
researchers (see for example Dongre et al. 1989, Kim and Hussein 1997, Molenaar et al. 2003, Li
and Marasteanu 2004, Kim et al. 2008) to explore the cracking mechanism in asphalt concrete
pavements. The stress intensity factors are fundamental parameter in the linear elastic fracture
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mechanics (LEFM) which describe the singular stresses at the crack front. These factors can be
employed for investigating the crack propagation within the asphalt concrete layer particularly
when the asphalt concrete overlay is put into operation in the cold climate conditions (see Refs.
Molenaar and Molenaar 2000, Tao et al. 2006, Tekalur et al. 2008). There are several papers in
literature dealing with experimental investigation of crack growth in asphalt concretes. For
instance, Pirmohammad and Ayatollahi (2014) and Im et al. (2014) have recently performed mixed
mode fracture tests on asphalt mixtures using semi-circular test specimens. They have employed
LEFM approach to analyze their test results.

According to a recent investigation performed by Al-Qadi and Wang (2009), pavement cracks
sometimes nucleate and develop in the transverse direction relative to the wheel path. These
transverse cracks can initiate on the surface of the asphalt concrete pavements and then propagate
downward (top-down cracking) and also towards the road center. Top-down cracking can take
place due to traffic loading, pavement aging and thermal stresses (as a result of extreme cooling
rates), etc (Al-Qadi and Wang 2009, Emery 2007). Once a transverse crack nucleates on the
pavement surface, the loads transferred from the traveling vehicles accelerate the crack
propagation.

A review of literature indicates that many two-dimensional (2D) finite element analyses have
been performed to study the mechanical behavior of cracked asphalt concrete overlays. For
example, Zhou et al. (2008) and Kim et al. (2010) have calculated the stress intensity factors in a
road structure containing a reflective crack using two-dimensional modeling. However, 2D finite
element modeling is not able to consider some important aspects of crack growth such as out-of-
plane mode of deformation (represented by K;;;). Recent progresses in the field of asphalt concrete
overlays illustrate the importance of three-dimensional (3D) modeling for cracked asphalt concrete
pavements. Despite its complexity, 3D finite element modeling is more accurate and more reliable.
3D finite element techniques have been employed by several researchers in the past for analyzing
the crack behavior in general 3D problems (see for example Pook 2000, 2013, Kotousov et al.
2010, Harding et al. 2010, Berto et al. 2012). These studies revealed a coupling between the shear
modes of deformation (mode Il and mode 1) in 3D models of crack. Among very few 3D finite
element investigations for asphaltic materials, Hadi and Bodhinayake (2003) studied the effect of
moving wheel on the road structure but in the absence of any crack. In another research study,
Garzon et al. (2010) simulated an airport road structure containing a reflective crack to investigate
the effect of wheel load on the initiation and propagation of crack. Su et al. (2008) investigated the
influence of some parameters like tire pressure on the shear stresses imposed to the asphalt
concrete layer. Most recently, Ameri et al. (2011) studied the effects of traffic load on the stress
intensity factors of a top-down crack located in the middle of the asphalt concrete overlay using
3D finite element simulations. However, they only calculated the stress intensity factors at the
bottom part of crack front where the crack propagated downward. Meanwhile, the field studies
conducted by Buttlar et al. (2004) show that the propagation of a transverse crack due to traffic
loading is predominantly in the transverse direction rather than in the downward direction.
Therefore, it is important to determine the stress intensity factors along the head of crack front
where the crack propagates in the transverse direction.

In this paper, a large number of 3D finite element analyses are conducted on a typical road
structure in order to investigate the effects of traffic load on the local deformation of a transverse
crack embedded in the top asphalt concrete layer. An edge top-down crack is assumed within the
asphalt concrete layer. The traffic loads induced from the vehicle wheels are applied on the
cracked road at different positions of the vehicle wheels; and the stress intensity factors, K, Ky,
and Ky, are obtained along the head of the crack front.
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2. Crack configuration in the road structure

A four-layer road structure consisting of hot mix asphalt (HMA) as top course, base, sub-base,
and sub-grade course is used for determining the stress intensity factors along the crack front. An
edge top-down crack of length ¢ = 130 cm and depth b = 12 cm is assumed within the top layer of
the pavement structure. The crack configuration and the positions of axle wheels are shown in Fig.
1. The geometry parameters assumed according to Fig. 1(b) can capture the main features of the
investigated crack.

A vehicular loading with 80kN of single-axle is taken for the simulations, while each tire
inserts 40kN to the asphalt concrete surface, as shown in Fig. 1(a). This amount of load is a typical
value transferred from trucks on the road surface. The magnitude of each wheel pressure applied to
the road surface with a rectangular area of 18 cm x 26 cm is 855kPa. The distance between the
right and the left wheels is assumed to be 200cm which again is a typical value in trucks. The
positions of the wheels are described by defining a coordinate system, where D states the right
wheel distance from the edge of road, and L is the distance between the wheels axle and the crack
plane (see Fig. 1(a). The crack is assumed to have been initiated from the road edge within the top
layer (i.e. in the asphalt concrete layer of Fig. 1(a) and now is extending towards the centerline of
the road. Thus, the crack head of quarter-circular shape (shown in detail in Fig. 1(b) is the focal
zone for which the crack parameters should be calculated. The radius r of the quarter-circular arc is
taken to be 12cm. The position of a point on the head of crack is defined by angle ¢ which takes
the values of 0" and 90" at the road surface and the deepest point, respectively. The length and the
width of the investigated block of road structure, T and W, are considered to be 900 cm and 600
cm, respectively. The ultimate goal of this research is to consider the effect of tire positions with
respect to the crack plane on the stress intensity factors. The tire positions can be controlled by
changing the values of distances D and L.

Crack propagation can occur under different modes of deformation including mode |, mode I,
mode Il or combinations of them. Mode | (known also as opening mode) occurs when crack faces
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Fig. 1 (a) Configuration of the cracked asphalt pavement, (b) side view and dimensions of a
transverse crack
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open without any sliding. Mode 11 (or sliding mode) takes place when the crack faces slide normal
to the crack front without any opening, and mode 111 (or tearing mode) takes place when the crack
faces slide parallel to the crack front without any opening. In the next section, a 3D finite element
model is described by which the contributions of these modes are investigated in a cracked asphalt
concrete layer.

3. Finite element modeling

The pavement layers including asphalt concrete, base layer, sub-base layer, and sub-grade layer
are assumed to be homogenous and isotropic in the macro-scale with linear elastic behavior. These
assumptions have been used frequently in the past by several researchers for investigating asphalt
deformation (see for example Liang and Zhu 1995, Uddin et al. 1994, Novak et al. 2003).
Moreover, traffic loading in the roads often occurs at a very short period; therefore, as a quasi-
elastic material the HMA mixture properties can be represented by the Young’s modulus and
Poisson’s ratio (see Ref. Zhou et al. 2008). Table 1 shows the mechanical properties of a road
structure conventionally performed in Iran pavement systems together with the thickness of each
layer (see Ref. Khavandy 2000). These data were used in the present finite element simulations. In
order to apply the boundary conditions, the side faces of the model shown in Fig. 1(a) (i.e., front,
rear, left and right faces) are fixed normal to the cut faces, while the other two degrees of freedom
are free. The bottom face of the model (i.e., the bottom of the sub-grade layer) is also completely
fixed in all directions.

Three-dimensional models of the road structure were analyzed using the second-order elements
(20-node bricks) in the finite element code ABAQUS. The stress intensity factors K;, K;; and Ky,

Fig. 2 Typical mesh pattern used for simulating the cracked road structure
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Table 1 Mechanical properties and thickness of the road layers (see Khavandy 2000)

Layer Young’s modulus, E (MPa) Poisson’s ratio, v Thickness, t (cm)
Asphalt concrete 2760 0.35 14
Base 276 0.35 20
Sub-base 104 0.35 25
Sub-grade 34.5 0.45 200

for all finite element analyses were extracted directly from ABAQUS which employs an
interaction integral method to compute the stress intensity factors for a crack under mixed-mode
loading (see Refs. ABAQUS User’s Manual 2007, Shih and Asaro 1988, Song and Paulino 2006,
Yu et al. 2009). Fig. 2 shows the typical mesh pattern used for simulating the cracked road
structure. The singular elements with nodes at quarter-point positions, which are highly
recommended for crack modeling, were used for the first ring of elements around the crack front.
In the circular region partitioned around the crack front where the contour integrals are calculated,
the mesh was biased toward the crack front. The results of this work indicated that there is no
significant variation in the contour integral values calculated for successive rings of the elements
around the crack front. A mesh-convergence analysis was also performed to decide how many
elements should be used for modeling.

4. Numerical results and discussion

A large number of 3D finite element analyses were successfully performed on the cracked road
structure. The stress intensity factors K,, K;, and K;;; were determined for different points along the
guarter-circular arc of the crack front (designated here as the head of crack) where the crack
extension towards the middle of road is anticipated. Since finite element analyses are related to
many different positions of the wheels with respect to the crack plane, for better understanding of
the wheels positions with respect to the crack plane, it is reminded here that L designates the
distance between the wheels axis and the crack plane. When L = 0, the case of D = 0.2 m
represents the position where the wheels are symmetric relative to the point A along the crack front
(see Fig. 1(b). By increasing D, this symmetry fades away; and for D = 1 m the right wheel is on
top of the point A. The stress intensity factors calculated along the head of crack in terms of
different wheel positions (L and D) are presented and discussed in the forthcoming sections.

4.1 Mode | stress intensity factor

Figs. 3(a) to 3(e) show the variations of the mode I stress intensity factor K, along the head of
crack versus the angle ¢ for different values of L and D. According to Fig. 3(a), when the
transverse location of the wheels is fixed at D = 0.2 m, by moving the wheels towards the existing
top-down crack in the range of L > 1.5 m, the mode | stress intensity factor increases significantly.
For far distances i.e. when L > 3.5 m, K, is almost zero. Therefore, when the crack is located far
enough from the wheels, its deformation is negligible. Fig. 3(a) also shows that K, has a maximum
value at a certain value of ¢ for all longitudinal distances of the wheels from the crack (i.e., for all
values of L). K first increases until reaching the maximum value, and then decreases. Meanwhile,
as wheels approach the crack plane, the slope of K, variations versus ¢ intensifies. For all values of
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L, the maximum K, occurs at about ¢ = 5.6".

The numerical results obtained for K, have not been shown for L < 1.5 m. This is because when
the wheels are near the crack plane, a top-down crack tends to close due to asphalt concrete layer
downward deformation. A similar finding has also been reported earlier in Ameri et al. (2011). For
such conditions, negative values are obtained for K; from the finite element results. However, K is
often assumed to be zero for a closed crack, since its effect on crack extension is negligible.

Another important result extracted from Fig. 3(a) is that, the mode | stress intensity factor (K))
generally decreases for higher values of ¢. This implies that the critical condition along the crack
front takes place near the road surface, and consequently the crack tendency to extend transversely
towards the middle of the road is higher than propagating vertically towards the underneath layers.

Figs. 3(b) to 3(e) show the results of K, for D = 0.5 m, 0.7 m, 0.9m and 1m, respectively. The
trends of K, variations versus ¢ for all these values of D are similar to that for D = 0.2 m.
Meanwhile, it is seen for each fixed value of L that there is a drop in the value of K, as the distance
D increases.

The results presented above indicates that opening deformation along the head of crack is
observed for a wide range of L and D, and is considered as a major threat for the crack propagation
and the deterioration of asphalt concrete pavement. Deterioration due to cracking is in particular of
great importance for cold climates in which asphalt concretes are less deformable and hence brittle
fracture and overall failure of the asphalt concrete becomes more probable. The research studies
performed in the recent decades have been often focused on the understanding the mechanism of
crack growth in mode | deformation, and many efforts have been made to select asphalt concretes
with improved fracture resistance, in order to reduce their damage due to mode I crack growth (see
for example Jung and Vinson 1993, Zubeck et al. 1996). Indeed, HMA mixture is a composite
material made up of aggregate, air void, binder, and modifier. These components remarkably affect
the fracture behavior of the HMA mixtures. Therefore, by selecting appropriate combinations of
these components (see Refs. Li and Marasteanu 2010, Ayatollahi and Pirmohammad 2011) and
also by applying a modified binder (particularly suitable for cold regions), the resistance of the
asphalt concrete against cracking can be improved (see Refs. Kim et al. 2003, Casey et al. 2008).

4.2 Mode Il stress intensity factor

The results obtained from 3D analyses showed that in addition to opening mode (mode 1), the
in-plane shear mode of deformation (mode I1) occurs as well. Fig.4 presents the variations of mode
Il stress intensity factor K, against ¢ for different positions of the wheels on the road with respect
to the plane of transverse crack. It is useful to remind that the relative deformation of crack faces is
for the cases that the signs of stress intensity factors are positive and the directions for the negative
signs are opposite. For shear modes of deformation, both positive and negative signs of K;; and Ky,
contribute in the crack propagation, and the only difference is that the relative directions of the
crack face deformation reverse by switching the sign of K, or K. However, for mode |
deformation the positive sign implies that the crack faces open and contribute in the crack
extension, while the negative sign denotes that crack faces close with almost no effect on crack
extension. Therefore, the results which are shown in sections 4-2 and 4-3 for mode Il and mode 111
stress intensity factors will be presented for both positive and negative signs of K;; and Ky, with
more emphasis on their absolute values rather than their signs.

The numerical results obtained for K, are first discussed in more details for the case of D = 0.2
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m (Fig. 4(a)) and then are elaborated for other transverse distances D. As shown in Fig. 4(a), when

the wheels approach the crack plane (i.e., L decreases), the magnitude of K, initially increases.
However, for small distances between the wheels and the crack plane (e.g. L = 0.25 m), there is

again a reduction in the value of K;;. Similar to the results shown for the opening mode, when
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wheels are far enough from the crack (for the cases that L > 3 m), the influence of traffic load on
mode |1 deformation is negligible. On the other hand, for all the wheel distances L from the crack,
by increasing ¢, first the magnitude of K, decreases sharply and then decreases gradually to reach
nearly zero values at ¢ = 90". Similar to the results obtained for K;, the magnitudes of K, in
regions

near the road surface (lower values of ¢) are significantly more than those in the deepest part of
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the crack front where ¢ tends towards 90°. The combined effects of mode | and mode 11 stress
intensity factors make the transverse crack more susceptible to extension at lower values of ¢ (near
the road surface) than higher values of ¢. Therefore, the variations of K, also suggest that the
crack tends to grow towards the middle of the asphalt concrete layer in the transverse direction
rather than to develop downwards. It is worth noting that Buttlar et al. (2004) also observed
through field investigations that a crack within the asphalt concrete layer often extends in the
transverse direction, which is consistent with theoretical results obtained in the present research.

Fig. 4(b) shows the results of K, for the transverse distance of D = 0.5 m. The general trend for
variations of K, are similar to the results of D = 0.2 m, with this important difference that K,
reduces to zero at angles ¢ around 75 and then begins to increase while its sign changes from
negative to positive. Therefore, the direction for relative sliding of crack faces is not the same for
the entire values of ¢, and it changes at a specific value of ¢ depending on the longitudinal
distance L. By comparing Figs. 4(a) to 4(e), it is found that by increasing D, the magnitude of ¢ at
which the sign of K, changes decreases. The maximum in-plane shear deformation (K, =
50kPa.m®°) takes place when the axle is located in the position of D =1 m and L = 0.25 m i.e.
when one of the wheels is just before the crack plane and in front of the head of crack. As shown
earlier in Fig. 3, the maximum value of K; was about 35kPa.m®®. Therefore, in some particular
wheel positions K, is significantly higher than K.

Most of the research studies reported in the past decades on the fracture behavior of the asphalt
concretes focused on the mode | fracture mechanism. The researchers (for example Kim and
Hussein 1997, Molenaar et al. 2003, Molenaar and Molenaar 2000, Wagoner et al. 2005) have
used several test specimens such as single edge notched beam (SENB), disk-shaped compact
tension (DC-T), semi-circular bend (SCB), etc. to evaluate and improve the fracture resistance of
asphalt concretes under mode | loading. Very few investigations have been reported concerning
mixed mode I/11 fracture behavior of asphalt concretes. While, no standard test method has been
proposed for measuring the mode Il fracture resistance of asphalt concretes (see Zhou et al. 2008),
it is sometimes assumed that mode | and mode Il have the same fracture properties (see for
example Lytton 1989). As our results showed, there are some cases in asphalt concretes that the
effect of mode Il deformation on transverse cracks is higher than that of mode | deformation.
Hence, more investigations are required to better understand the crack growth mechanisms in
HMA mixtures under mode Il and mixed mode I/11 loading conditions.

4.3 Mode lll stress intensity factor

By approaching the vehicle axle towards the crack plane, in addition to K, and K;, out-of-plane
shear mode (K,;;) was also observed in crack deformation. Fig. 5(a) shows the variations of Ky,
against ¢ for D = 0.2 m and different values of L. Similar to the results shown in Fig. 3(a) and Fig.
4(a) for K, and K, the mode 11 stress intensity factor K, was also negligible for the cases that
wheels were far enough from the crack (i.e., when L > 3 m). By approaching the wheels towards
the crack, Ky, increases for all values of ¢ (except for the case of L = 0.25 m which shows
different results). As a general trend, the magnitude of Ky, first decreases by ¢ and then increases.
It is clear from Fig. 5(a) that when D = 0.2 m the maximum value of Ky, occurs at ¢ = 90". Fig.
5(b) shows the results of K;;; for D = 0.5 m. Similar to the results for D = 0.2 m, the magnitude of
Ky, first decreases and then increases gently, but the maximum value of Ky, takes place on the road
surface (i.e., at ¢ = 0"). The general trends of Ky, variations against ¢ for D =0.7 m, 0.9 m, and 1
m are different from those of D = 0.2 m and 0.5 m. However, the maximum magnitudes of Ky, are
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still observed at ¢ = 0°. In some cases, there is a switch in the sign of Ky, along the head of crack.
By moving the wheels away from the crack plane (i.e. for larger distances D), the value of ¢ at
which the sign of Ky, reverses, decreases.

Fig. 6 presents the influence of parameters D and L on the stress intensity factors K;, K, and
K- The numerical results have been plotted for ¢ = 5.6 since the results obtained from the finite
element analysis for ¢ = 0" may contain some numerical errors. This is because LEFM is based
upon the assumption of the continuity of the crack front. This assumption is no longer valid at
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Fig. 6 Variations of crack front parameters, a) K;, b) Ky, ¢) Ky;;, versus L for ¢ = 5.6° and different
values of D

corner points where the crack front intersects the free surface of the body. This accuracy loss is
caused by a combination of the relative coarseness of the mesh, especially in this end region where
the crack depth varies rapidly, as well as from theoretical points related to the appropriateness of
line spring modeling at the end regions of the crack front. It has been shown that the order of the
stress singularity at the end points depends on the material property and the intersection angle (see
Refs. Pook 1993, Pook 1995). Pook (1993) showed that the values of crack front parameters
predicted by numerical methods at the corner points are not reliable, and the use of quarter-point
finite elements that model the square-root singularity of stresses and strains does not produce
accurate results near such points. More details on this subject can be found in Parks (1981) and
Parks et al. (1981).

According to Fig. 6(a), when the wheels approach the crack plane (or L decreases), the
magnitude of K, first increases against L (or the crack faces open) and then starts decreasing until
the crack faces close completely. In the region |L|<0.5 m, the sign of K, is negative indicating that
mode | deformation has negligible effect on the process of crack extension. A similar trend is
observed in Fig. 6(b) for K, variations against L i.e., the magnitude of K, first increases and then
sharply decreases to reach zero for all values of D. The trends for the influence of parameters D
and L on K;;; was very similar to those of K;; with this difference that the magnitude of K,;; was
lower compared with the magnitude of K,,. When the wheels are located exactly on the crack line
(L =0), the loading conditions would be symmetric relative to the crack plane. Therefore, in such a
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condition, no relative sliding or tearing movement takes place between the crack faces and, as
expected, K;, = K;;;= 0 (see Fig. 6). Moreover, the results obtained from the finite element analyses
are identical when the wheel axle is in the distances of same magnitudes (i.e., + L and —L) from the
crack plane.

4.4 Proportion of shear deformation to total deformation

The results obtained from finite element analyses showed that different locations of vehicle on
the road cause different types of deformation including tensile (opening) mode and shear (sliding
or tearing) modes in the vicinity of the crack front. As mentioned earlier, opening mode (mode I)
has been widely investigated for asphalt mixtures by several researchers, while shear modes
especially mode Il has received very little attention. Here, the proportion of shear deformation
relative to total deformation is approximated by using the concept of energy release rate G which
is defined for different modes of loading as

2 2 2
G, :ﬁ’ G, :ﬁ’ Gy :ﬁ’ G=G, +G, +G, (1)
E E 2u
where, E and p are the Young’s modulus and the shear modulus, respectively. The contribution of

shear deformation can be written as G, +G,, . More details about the parameter G and reviews of its
G

associated fracture criteria can be found in Berto and Lazzarin (2009, 2013).

Fig.7 shows the variations of G, +G, against ¢ for different positions of the wheels. It is

G

observed from Fig. 7(a) for D = 0.2 m that when the wheels are far from the crack plane (large L
values), shear modes have negligible contribution in the total deformation near the crack front. By
approaching the wheels towards the crack plane, the shear modes become dominant relative to the
tensile mode and when the wheels are very close to the crack, the total deformation is almost due
only to shear modes. As shown in Figs.7a to 7c, similar trends are observed for the cases of D =
0.5mand D=0.7m.

It is finally noted that almost all of the finite element analyses performed by researchers in the
past to study the mechanical behavior of cracked asphalt concrete pavements deal with two-
dimensional models and concentrate mainly on bottom-up or reflective cracks. Two-dimensional
models are able to calculate only the mode | and mode Il stress intensity factors. The three-
dimensional crack models investigated recently by Ameri et al. (2011) have given the results only
at a fixed point along the crack front and are suitable for downward crack growth. The numerical
results displayed in the present research showed that shear modes play an important role in crack
deformation for top-down cracks under traffic loading. In particular, the mode Il stress intensity
factor K, is strongly present along the head of a transverse crack and can influence the process of
crack growth in the transverse direction significantly.

It is worth mentioning that asphalt concrete is a temperature dependant material, and its
mechanical properties such as elasticity modulus vary with daily ambient temperature fluctuations.
It is well-known that the elasticity modulus of asphaltic materials increases as the ambient
temperature decreases. The fracture toughness of asphalt concretes is also temperature dependent
(see e.g. Miao et al. 2010) such that cracks within asphalt concretes would be more prone to
propagate at cold climate regions (more details can be found in Pirmohammad and Ayatollahi
2014).
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Fig. 7 Variations of (G,+Gy;,)/G versus ¢ for different values of L and fora) D = 0.2 m, b) D =
05m,¢c)D=0.7m

4.5 Assessment based on a fracture criterion

One might be interested to study if a pre-existing crack within an asphalt concrete layer grows
under the vehicle loads. For this purpose, it is essential to compare the numerically determined
stress intensity factors (K,, K;; and K;;;) at the crack front with an appropriate fracture criterion.
Numerous 2D and 3D mixed-mode fracture criteria have been developed in the past by researchers,
some of which are listed below:

For 2D fracture criteria:

° Maximum tangential stress (e.g. Erdogan and Sih 1963, Ayatollahi and Torabi 2010).

° Generalized maximum tangential stress (e.g. Smith et al. 2001, Ayatollahi et al. 2006).

. Maximum energy release rate (e.g. Hussain et al. 1974).

. Strain energy density (e.g. Sih 1974, Lazzarin and Berto 2005).

For 3D fracture criteria:

. Criterion by Sih (Sih 1974, 1990).

o Criterion by Schéllmann et al. (Schéllmann et al.2001, 2002).
. Criterion by Pook (Pook 1985, 2000).

Since the present paper deals with three-dimensional modeling of road structures hence, from
the above fracture criteria, the criterion suggested by Pook (1985, 2000) was chosen to show how
one can predict the onset of crack growth within the asphalt concrete layer.
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Table 2 The values of K;, K; and Ky, together with corresponding values of Ky, in three different
positions of wheels
a: KI KII KIII KV,I,II,III
No. wheels position (kPa.m®®) (kPa.m®?) (kPa.m®®) (kPa.m®®)
1 L=15m & D =0.2 m (p=5.6°) 33.3 9.7 34 50.6
2 L=0.25m & D =1 m (¢p=90°) 0 61.5 20.0 110.7
3 L=0.25m&D=1m (p=5.6°) 0 -36.8 -17.0 72.4

According to Pook’s criterion, a three-dimensional crack extends when the value of spatial
comparative stress intensity factor Ky, given in Eqg. (2) is equal or higher than the asphalt
concrete fracture toughness Kyc. Ky, is calculated from (Pook 2000)

Kv,|,|| (1+2v) +\/K\f,l,ll (1_20)2 +4K|2|| (2)
15

where, v is the Poisson’s ratio, and the plane comparative stress intensity factor Ky, is calculated
from

Kv,|,||,||| =

0.83K, +/0.4489K? + 3K
@)
1.5
Table 2 shows K,, K; and K, together with corresponding calculated values of in three
different positions of wheels. These wheel positions were selected in a way to have Ky m
maximum values for K; (No. 1 in Table 2), for K;; (No. 2 in Table 2) and for K;;; (No. 3 in Table 2).
Tekalur et al. (2008) have reported the value of K,.= 110kPa.m® for asphalt concretes. For
example according to Table 2, in the wheels position of L =0.25m & D =1 mand at ¢ = 90° (No.
2 in Table 2), Ky, is larger than the asphalt concrete fracture toughness K. = 110kPa.m®°.
Therefore, the fracture criterion suggested by Pook (1985, 2000) predicts that the crack within the
asphalt concrete layer would develop for this position of the wheels. Similar analyses can be
performed for other positions of the wheels to find more critical positions for crack growth in
asphalt layers.

Kv,|,|| =

5. Conclusions

o A 3D model of a typical road structure containing a transverse top-down crack on the
road surface was simulated using the finite element method.

. A large number of finite element analyses were performed to study the effect of vehicle
location on the stress intensity factors along the crack front. The numerical results showed that the
head of crack front generally experiences all three modes of deformation namely mode I, mode I,
and mode I1I.

. The stress intensity factors K,, Ky;, and Ky;, vary at different points along the head of crack
and are highly affected by the wheels locations with respect to the crack plane (L and D).

. For all longitudinal distances of the axle from the crack plane (L), the maximum values of
K, and K, occur at the points near the road surface along the head of crack indicating the crack
tendency to grow in the transverse direction rather than extending downwards.
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o A review of literature indicates that the shear modes deformation especially mode il
have received very little attention, and their importance has been neglected by researchers.
However, the results obtained in this research showed that for some locations of the wheels, the
magnitude of K, was significantly greater than that of K,. In some cases, the mode Il stress
intensity factor K, was the dominant crack parameter. Therefore, the shear modes of deformation
along the crack front should not be ignored in the life estimation of road structures containing
transverse cracks.
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