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ABSTRACT. Opening-mode cracking has been commonly found in asphalt pavements and other 
layered materials with nearly uniform crack spacing. Due to the deformation mismatches 
between surface overlay and base layer of pavements, longitudinal tensile stress is induced in 
the surface course. When it reaches a certain level, transverse cracks will initiate at the 
surface to release the energy stored in the asphalt materials. When crack spacing reduces to a 
certain value, crack density is saturated and no new crack forms. This paper investigates the 
crack initiation and saturation for opening-mode cracking. Using elastic governing equations 
and a weak form stress boundary condition, we derive an explicit solution of elastic fields in 
the surface course and obtain the energy release rate, so that opening-mode cracking 
initiation can be determined by fracture energy criterion. Interestingly, the longitudinal stress 
between such cracks along the surface undergoes a transition from tensile to compressive 
with increasing applied tensile loading, which implies crack saturation. This explicit 
formulation is applicable to pavement structure design and opening-mode cracking analysis 
of asphalt pavements. If a loading condition is fixed, there exists a critical thickness of the 
surface overlay, below which no crack forms. Parametric analyses of opening-mode cracking 
are conducted considering the material stiffness, fracture toughness, interface conditions, and 
loading conditions. The viscoelastic effect of asphalt materials on the crack development is 
also discussed.   

KEYWORDS: Opening-Mode Cracking, Crack Initiation and Saturation, Fracture Toughness, 
Elastic Analysis, Asphalt Pavements. 

 

1. Introduction 

As a major form of distress in asphalt pavements and the main criterion for 
pavement rehabilitation, cracking in surface course exhibits a random nature and 
shows in diverse patterns. Many reasons contribute to surface cracking, such as 
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traffic loading, climate conditions, mixture properties, aging effects, construction 
factors, and deformation of base and subgrade layers  (Myers and Roque, 2002; 
Wang, et al., 2003;  Huang, 2003; Yin et al., 2007; Harmelink, et al., 2008). Because 
each cracking mechanism may produce different cracking patterns that follow 
distinct failure development trends, understanding of cracking mechanisms is 
extremely important for a pavement management system to determine appropriate 
pavement treatment strategies and to predict pavement performance (Luo and Yin, 
2008). Therefore high standards have been set up on accurate categorization and 
evaluation of pavement distresses according to surface cracking mechanisms, which 
are crucial to pavement inspection, preservation, and maintenance.  

Opening-mode cracking (OMC) has been commonly found in layered materials. 
When a layered material is subjected to a tensile stress, a series of uniformly 
distributed mode-I cracks (Anderson, 2005) will be induced in the direction 
perpendicular to the tensile stress to release the strain energy stored in the material. 
In asphalt pavements, tensile stress in surface courses can be caused by temperature 
and moisture changes, subgrade swollen, freeze-thaw action, and other deformation 
mismatched between the surface overlay and base layer. Because the tensile stress of 
surface overlay typically exists in a large area of pavements, OMC in asphalt 
pavements is not like some random cracks caused by material variation or 
construction issues, but exhibits a recognizable cracking pattern over several or 
more pavement sections. Transverse cracks may form across or partially across the 
width of the pavements with nearly uniform crack spacing. Depending on the load 
condition and the material property, the OMC crack spacing has been observed from 
nearly 30 meters to 1 meter as seen in Figure 1.  

   
(a)        (b) 

Figure 1. Opening mode cracking in asphalt pavements with crack spacing around 
(a) 1 meter and (b) 10 meters. Both photos were taken in Urbana, IL in 2006 
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Figure 1(a) shows the OMC pattern on the driven lane of the westbound I74 
between mileage #183 and #184 in Urbana, IL in 2006.  Very dense OMCs were 
observed with crack spacing less than 1 meter. Although this type of OMCs is not 
rare and has been found in some other states by the author, the actual reason for this 
unique crack pattern has not been completely discovered yet. As a reference, some 
OMCs were also found on the street just side-by-side to I74 as shown in Figure 1(b) 
with the crack spacing of approximately 10 meters. This type of OMC has been 
further classified as low temperature cracking (Yin, et al., 2007). When the 
pavements are subjected to an ambient temperature decrease, low temperature cracking 
can initiate on the overlay surface due to thermal contraction and propagate toward the 
interface, often with a uniform crack spacing pattern. Notice that all OMCs in Figure 
1(a) completely cross the width of the driving lane, whereas some OMCs in Figure 1(b) 
stop in the middle of the driving lane.  

The purpose of this work is not to investigate the reasons or magnitude of the 
tensile stress in a specific asphalt pavement, but to study the opening-mode cracks 
(OMCs) developing with the tensile stress in an asphalt overlay in general cases. 
OMC initiation and saturation will be considered and formulations for OMC 
development will be developed. When tensile stress reaches a certain level, 
transverse cracks will initiate at the surface to release the energy stored in asphalt 
overlay. In the field, when OMCs initiate, crack spacing can be nearly a hundred 
feet that depends on the geometry of pavement structures. With the increase of 
tensile stress, additional cracks form in the layer until that crack density is saturated 
and no new crack forms (Bai, et al., 2000). In asphalt pavements, the dense cracking 
pattern in Figure 1(a) can be considered as an example of crack saturation.  

It is extremely important to know the condition of OMC initiation in pavement 
design and failure analysis. Especially for low temperature cracking in asphalt 
pavements, once the low temperature properties of the asphalt materials are known, 
we can determine the maximum temperature change that the pavement can sustain 
from the developing OMCs. Therefore, we can design appropriate asphalt materials 
and pavement structures consider the regional climate. Inversely, from the 
occurrence of  OMCs, we can  also calculate the tensile stress within the asphalt 
overlay based on the material properties and investigate the failure mechanisms and 
prevent the similar problem in the future construction. 

Crack saturation in asphalt overlay has not been widely recognized by asphalt 
pavement research community. However, it provides significant information for 
pavement management and maintenance. Once OMCs initiate in an asphalt 
pavement, crack development can be fast at the beginning. When crack spacing 
reaches a certain level, the development speed of OMC will much slows down. 
Certainly, such dense crack pattern may promote the possibility for some other types 
of distresses such as block cracking, alligator cracking, and potholes. However, in 
some situations, if all other distresses are under control, the saturated OMCs may 
not be a primary reason for a rush rehabilitation or reconstruction because it has 
lost its activeness.  

In this paper, asphalt pavements are considered as an asphalt overlay placed on a 
base layer through a frictional interface. A deformation mismatch between the 
overlay and base layer, such as contractive deformation in overlay and expansive 
deformation in base layer, will produce tensile stress in the asphalt overlay. In 
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Figure 2 (a), OMCs are periodically distributed in the asphalt overlay and stopped at 
the interface. The two layers are assumed to be fully bonded through a frictionally 
interface even during the formation of the OMCs, and thus no delamination along 
the interface is considered. By using the simplified boundary conditions (Yin, et al., 
2005; 2007; 2008), a general solution for the elastic fields of the layer will be 
derived in a closed form. Given a loading condition and geometric configuration of 
asphalt pavements, the proposed model predicts the crack initiation and crack 
saturation. It is predicted that the cracking spacing typically increases with the 
increment of the thickness of asphalt overlay. However, a critical thickness exists, 
below which no fracture can initiate. Therefore, under some circumstances, a 
thinner overlay may even produce better performance for OMC resistance. 

The remainder of this paper is organized as follows. Section 2 presents the 
general solution of the elastic boundary value problem in a periodic section between 
two adjacent OMCs and provides an explicit expression of the elastic fields within 
the asphalt overlay. Section 3 derives the energy release rate of a new crack and 
provides a method to predict the OMC initiation, spacing, and saturation. Section 4 
provides some numerical results to interpret the proposed formulation and conducts 
parametric analyses about OMC development. Section 5 uses one example to 
demonstrate the application of the proposed model to predict the OMC initiation, 
development, and saturation. The factors to affect OMCs, such as viscoelastic 
behaviour of asphalt materials, geometry of pavement structure, and aging effect of 
asphalt binders, are also discussed.  

2. Elastic Formulation 

Consider an asphalt pavement containing an asphalt overlay (thickness ݄, 
Young’s modulus ܧଵ, Poisson’s ratio ݒଵ) resting on a base layer as illustrated in Fig. 
2(a). A deformation mismatch between the overlay and base layer, such as 
compressive deformation in overlay and expansive deformation in base layer, will 
induce tensile stress in the asphalt overlay. In Figure 2 (a), OMCs are periodically 
distributed in the asphalt overlay and stopped at the interface. Because only the 
deformation mismatch contributes to the tensile stress in the asphalt overlay, we can 
disregard the portion of uniform strain with the magnitude of overlay’s strain. 
Therefore, only the mismatch deformation in the base layer is taken into account 
written in term of strain  ߝ௫଴.  

With the increase of the tensile strain in the base layer (the averaged strain 
denoted by ߝ௫଴), some uniformly distributed OMCs form across the thickness of the 
asphalt overlay. Based on the periodic boundary condition, one section marked by 
dot line box in Figure 2(a) is selected to represent all other sections. Plane strain 
problem will be considered for this fracture analysis (Anderson, 2005). When the 
tensile strain reaches a certain value, the marked section of the overlay with length 
 will be cracked into two pieces. To solve the elastic field in the section at the ߣ2
moment just before the crack forms as seen in Figure 2(b), the superposition of a 
uniformly strained section in Figure 2(c) with the “reduced problem” in Figure 2(d) 
is employed. In Figure 2(d), the asphalt overlay is bonded to the base layer through a 
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frictional interface and subjected to a uniform compressive stress on its ends (Yin et 
al., 2008). Because the deformation of Figure2(c) is compatible between the asphalt 
overlay and the base layer, the strain field in the asphalt overlay is still uniform as ߝ௫଴ 
and no shear stress exists along the interface between the asphalt overlay and base 
layer. The stress in the asphalt overlay can be written as  

௫଴ߪ ൌ ଵ/ሺ1ܧ െ ௫଴ (1)ߝଵଶሻݒ

where the plane strain assumption is used (Anderson, 2005).  
 

  
Figure 2. An asphalt overlay resting on a base layer with uniformly distributed 
discontinuities due to the mismatch deformation between two layers: (a) opening-
mode crack map; (b) the marked section between two cracks; (c) the uniformly 
strained section, and; (d) the compressed section constrained by a frictional interface 
 

To make the superposition of the problems in Figure 2(c) and 2(d) equivalent to 
the problem in Figure 2(b), in Figure 2(d) a uniform compressive stress െߪ௫଴ is 
applied at the ends of the overlay, and the base layer is intact without other 
mechanical loading and provides constraint on the asphalt overlay through a 
frictional interface represented by springs. Superposition of the loadings in Figure 
2(c) and 2(d) shows that the stress at the ends of asphalt overlay is zero, and the 
averaged strain in the base layer is ߝ௫଴. Therefore, the original problem is equivalent 
to the superposition of the two problems. Because the solution for the first problem 
in Figure 2(c) has been obtained in Equation (1), the original problem is reduced to 
the second problem in Figure 2(d).  

To solve the reduced problem, a two dimensional (2D) Cartesian coordinate 
system is setup with the origin at the central bottom of the section with the section 
length 2ߣ. Notice that the effect of the stiffness and thickness of the base layer 
should be taken into account through the spring coefficient of the interface in Figure 
2(d). In the literature, there exist several approaches to derive the spring coefficient 
from the geometry and material elastic properties of the two-layer system. Timm et 
al. (2003) proposed a benchmark model to derive the spring coefficient. The result is 
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independent on the material properties of the asphalt overlay but inversely 
proportional to the crack spacing. Xia and Hutchinson (2000) studied the OMCs in 
thin film/substrate systems and derived the spring coefficient based on the 
equivalence of energy release rate to the exact solution for an infinite long film 
containing one crack (Beuth, 1992). Suhir (1986, 1991) developed formulations for 
thim film/substrate systems with sparse and dense OMC patterns respectively. 
However, some issues about the derivation of the spring coefficient were brought 
forth (Basaran and Wen, 2006; Yin, 2009). Jain et al. (2007) proposed another form 
of spring coefficient based on the shear-lag model (Ji and Saruwatari, 1998). Yin et 
al. (2008) extended Xia and Hutchinson’s (2000) method from 1D problem to 2D 
problem and provided more reasonable physical meanings. In asphalt pavement 
construction, the interface is typically treated with tackcoats, interlayers and other 
methods. Therefore, the spring coefficient may vary with specific conditions. It can 
be either experimentally measured or estimated from the above mentioned methods.  

Because the thickness of asphalt overlay is much smaller than its length and the 
tensile load acts in the x direction with free surface, the top surface remains 
approximately flat for OMC if no debonding happens along the interface between 
the overlay and the base layer. Thus, it is assumed that all points of a plane normal 
to the y direction is still in the same plane after deformation (Yin, et al, 2008), i.e., 

,ݔ௬ሺݑ ሻݕ ൌ ሻ. (2)ݕ௬ሺݑ

Because no mechanical loading is considered in the vertical direction, we assume 

,ݔ௬ሺߪ ሻݕ ൌ 0. (3)

Then the constitutive law reads 

ݔߪ ൌ
ݔ,ݔݑ1ܧ
1 െ 1ݒ

2 (4)

and  

ݕݔ߬ ൌ
ݕ,ݔݑ1ܧ

2ሺ1 ൅ 1ሻݒ
, (5)

where ݑ௬,௫ ൌ 0 is used. The equilibrium equations in the absence of body force are 
written as: 

௫,௫ߪ ൅ ߬௬௫,௬ ൌ 0, (6)

i.e.  
ଵܧ

1 െ ଵݒ
ଶ ௫,௫௫ݑ ൅

ଵܧ
2ሺ1 ൅ ଵሻݒ

௫,௬௬ݑ ൌ 0. (7)
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By using the method of separation of variables, the general solution for the 
governing equation (7) can be obtained as 

௫ݑ ൌ ሾܣଵ݄݊݅ݏሺܿݔ/݄ሻ ൅ ሻ݄/ݕሺ݀݊݅ݏଵܤሻሿሾ݄/ݔሺ݄ܿݏ݋ଶܿܣ

൅  ,ሻሿ݄/ݕሺ݀ݏ݋ଶܿܤ
(8)

where ܣଵ, ,ଶܣ ,ଵܤ and ܤଶ are constants to be decided by the boundary conditions, x 
and y are normalized by the thickness h. In addition,  

ܿ ൌ ඥሺ1 െ ଵሻ/2ݒ · ݀. (9)

Because the surface of the overlay is free, the shear stress along the surface is zero, 
i.e.:  

߬௬௫ሺݔ, ݄ሻ ൌ 0. (10)

In addition, because the section is symmetric along y axis, the displacement satisfies 

,௫ሺ0ݑ ሻݕ ൌ 0. (11)

 
Using the boundary conditions, we can simplify the solution in Equation (8) as  

௫ݑ ൌ ݄݊݅ݏܤ ቀܿ ·
ݔ
݄
ቁ ݏ݋ܿ ൬݀ ·

݄ െ ݕ
݄

൰. (12)

Here are two independent parameters B and c or d to be determined by interface 
boundary condition and fractured surface boundary condition. 

Along the interface, the compressive stress is transferred from the asphalt 
overlay to the intact base layer mainly through a shear stress. It is assumed that the 
displacement ݑ௫ is assumed to proportionally change with the shear stress ߬௬௫ along 
the interface (Suhir, 1986; 1991; Xia and Hutchinson, 2000; Timm, et al., 2003; 
Jain, et al., 2007; Yin, et al., 2008) as: 

߬௬௫ሺݔ, 0ሻ ൌ ,ݔ௫ሺݑ݇ 0ሻ, (13)

where ݇ is the spring coefficient that can be determined by experiments or estimated 
by the geometry and mechanical constants of the overlay and base layer materials. 
Notice that some researchers used the concept of interfacial compliance (Suhir, 
1986; 1991; Yin, 2009), which is the reciprocal of the spring coefficient ݇.  

The substitution of Equations (12) into (13) yields  
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݀ ڄ ሺ݀ሻ݊ܽݐ ൌ
2ሺ1 ൅ ଵሻ݇ݒ

ଵܧ
݄. (14)

Here parameter d changes in the range of 0 െ  and can be numerically solved 2/ߨ
from the above equation. Then, parameter c can be determined by Equation (9). 
When the right side term in Equation (14) is large, the solution of d will approach 
 ሺ݀ሻ can be approximated by d, and݊ܽݐ  ,On the other hand, when it is small .2/ߨ
thus we can obtain:  

݀ ൌ ඨ
2ሺ1 ൅ ଵሻ݇ݒ

ଵܧ
݄ and ܿ ൌ ඨ

ሺ1 െ ଵଶሻ݇ݒ
ଵܧ

݄. 

The above equation is applicable to thin lift of asphalt overlay an interlayer between 
the overlay and the base layer.  

At the end of the asphalt overlay, the normal stress satisfies 

,ߣ௫ሺߪ ሻݕ ൌ െܧଵ/ሺ1 െ ௫଴. (15)ߝଵଶሻݒ

However, due to the assumption of Equation (2), the above boundary condition 
cannot be exactly satisfied. For simplicity, a weak form of the stress boundary 
condition is used, i.e. the resultant normal force being equivalent to the total stress, 
namely,  

න ,ߣ௫ሺߪ ݕሻ݀ݕ
௛

௬ୀ଴
ൌ െܧଵ/ሺ1 െ ଵଶሻݒ · ௫଴. (16)ߝ݄

Substituting Equations (12) into (4) and then into (16), we can obtain  

ܤ ൌ െඨ
2

1 െ 1ݒ

௫଴ߝ݄

ሺ݀ሻ݊݅ݏ ݄ݏ݋ܿ ቀ
ߣܿ
݄ ቁ
. (17)

Therefore, a closed form elastic solution for the reduced problem is obtained. 
The superposition of the problems in Figure 2(c) and Figure 2(d) provides the 
solution for the original problem as 

௫ݑ ൌ ൦ݔ െ ඨ
2

1 െ ଵݒ

݄݊݅ݏ ቀܿ · ቁ݄ݔ ݏ݋ܿ ൬݀ ·
݄ െ ݕ
݄ ൰

݄ݏ݋ܿ ቀ
ߣܿ
݄ ቁ ሺ݀ሻ݊݅ݏ

݄൪ (18) ,0ݔߝ
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௫ߪ ൌ
0ݔߝଵܧ

1 െ ଵݒ
ଶ ൦1 െ ݀

݄ݏ݋ܿ ቀܿ ·
ݔ
݄ቁ ݏ݋ܿ ൬݀ ·

݄ െ ݕ
݄ ൰

݄ݏ݋ܿ ቀ݄ܿߣ ቁ ሺ݀ሻ݊݅ݏ
൪, (19)

and  

߬௬௫ ൌ െ
0ݔߝଵܧ

1 െ ଵݒ
ଶ ൦ܿ

݄݊݅ݏ ቀܿ · ቁ݄ݔ ݊݅ݏ ൬݀ ·
݄ െ ݕ
݄ ൰

݄ݏ݋ܿ ቀ݄ܿߣ ቁ ሺ݀ሻ݊݅ݏ
൪, (20)

in which d and c are given in Equations (14) and (9).  

3. Crack Initiation and Saturation 

Consider the section with two OMCs at the both ends in Figure 2(b). When the 
external tensile loading increases to a critical value at ߝ௫௖௥, a new OMC will nucleate 
along the central line. Just before the OMC initiates, the normal stress along the 
central line can be obtained from Equation (19) as  

,௫ሺ0ߪ ሻݕ ൌ
௫௖௥ߝଵܧ

1 െ ଵݒ
ଶ ൦1 െ ݀

ݏ݋ܿ ൬݀ ·
݄ െ ݕ
݄ ൰

݄ݏ݋ܿ ቀ݄ܿߣ ቁ ሺ݀ሻ݊݅ݏ
൪, (21)

and the shear stress is zero. 

After a new OMC forms, the section is cracked into two pieces, and the elastic 
fields in each piece can also be solved by Equation (18) with replacing ߣ by 2/ߣ in 
the new local coordinate system. Then we can solve the crack opening displacement 
as 

,ሺ0ߜ ሻݕ ൌ 2ඨ
2

1 െ ଵݒ

݄݊ܽݐ ቀܿ2݄ߣቁ

ሺ݀ሻ݊݅ݏ
ݏ݋ܿ ൬݀ ·

݄ െ ݕ
݄

൰݄ߝ௫௖௥. (22)

To recover this crack opening displacement, the stress in Equation (22) has to be 
applied along the cracking surface. The energy released by this OMC is the work 
done by the stress in Equation (21) on the displacement in Equation (22) (Yin, et al., 
2008). Thus, the energy release rate of the OMC can be written as  
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ܩ ൌ
1
2݄

න ,௫ሺ0ߪ ,ሺ0ߜሻݕ ሻݕ
௛

௬ୀ଴
(23) .ݕ݀

By substituting Equations (21) and (22) into Equation (23), the energy release 
rate can be explicitly written as 

ܩ ൌ
ሻ2ݎܿݔߝଵሺܧ

1 െ ଵݒ
ଶ

݄
ܿ
݄݊ܽݐ ൬

ߣܿ
2݄
൰ ቈ1 െ

݀ଶ ൅ ݀ · ሺ݀ሻݏ݋ሺ݀ሻܿ݊݅ݏ

ଶሺ݀ሻ݊݅ݏሻ݄/ߣሺ݄ܿݏ݋2ܿ
቉. (24)

For different materials, the failure criterions can be fairly diverse. Fracture 
toughness has been widely accepted as a material constant and used for fracture 
analysis of asphalt pavements (Myers and Roque, 2002; Song, et al., 2006; 2008). 
Once the fracture toughness of the asphalt overlay is provided as Γୡ୰, we can use it 
to determine whether any new fractures will be induced or not.  If the energy release 
rate of the potential OMC is equal to or higher than the fracture toughness, the OMC 
will form. Therefore, the following criterion is used to predict the OMC spacing 
changing with the external loading:  

ሻ2ݎܿݔߝଵሺܧ

1 െ ଵݒ
ଶ

݄
ܿ
݄݊ܽݐ ൬

ߣܿ
2݄
൰ ቈ1 െ

݀ଶ ൅ ݀ · ሺ݀ሻݏ݋ሺ݀ሻܿ݊݅ݏ
ଶሺ݀ሻ݊݅ݏሻ݄/ߣሺ݄ܿݏ݋2ܿ

቉ ൌ Γୡ୰. (25)

When the mismatch strain ߝ௫଴ increases to ߝ௫௖௥ that is determined by the above 
equation, a new OMC will be induced to release the strain energy accumulated in 
the asphalt overlay. For an intact asphalt overlay, ߣ/݄ ՜ ∞, we obtain ݄ܿݏ݋ሺܿߣ/
݄ሻ ՜ ∞ and ݄݊ܽݐሺܿ2/ߣ/݄ሻ ՜ 1. We can calculated the crack initiation condition as  

௫௖௥ߝ ൌ ඨ
ܿሺ1 െ 1ݒ

2ሻ

1݄ܧ
Γcr, (26)

from which we can determine the tolerance of new constructed asphalt pavements 
for deformation mismatch between asphalt overlay and base layer. For low 
temperature cracking, if the temperature gradient is known in pavements, we can 
solve the deformation mismatch using the thermal expansion coefficient of the 
asphalt overlay and base layer. Therefore, the OMC initiation due to low 
temperature cracking can be predicted through Equation (26). Notice that the OMC 
initiation depends on the fracture toughness, Young’s modulus, Poisson’s ratio, and 
thickness of the asphalt overlay and the spring coefficient of the interface between 
the overlay and base layer. 

In addition, with the increase of the crack density, the required deformation 
mismatch ߝ௫௖௥ to induce a new crack also increases as the following: 
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௫௖௥ߝ ൌ ඩ
ܿሺ1 െ 1ݒ

2ሻ

1݄ܧ · ݄݊ܽݐ ቀ
ߣܿ
2݄ቁ ൤1 െ

݀2 ൅ ݀ · ሺ݀ሻݏ݋ሺ݀ሻܿ݊݅ݏ
2ሺ݀ሻ݊݅ݏሻ݄/ߣሺ݄ܿݏ݋2ܿ

൨
Γcr. 

(27)

In the above equation, when the crack spacing 2ߣ is reduced to a certain level, 
such as  

1 െ
݀ଶ ൅ ݀ · ሺ݀ሻݏ݋ሺ݀ሻܿ݊݅ݏ
ଶሺ݀ሻ݊݅ݏሻ݄/ߣሺ݄ܿݏ݋2ܿ

ൌ 0, (28)

the required critical deformation mismatch ߝ௫௖௥ will be infinitely large. It means that 
no new OMC can initiate even for a large deformation mismatch. Therefore, crack 
saturation is observed. From Equation (28), the OMC saturation spacing, namely ߣ௦, 
can be obtained as  

௦ߣ ൌ ݄ݏ݋ܿܽ ቈ
݀ଶ ൅ ݀ · ሺ݀ሻݏ݋ሺ݀ሻܿ݊݅ݏ

ଶሺ݀ሻ݊݅ݏ2
቉
݄
ܿ
. (29)

When the OMC spacing approaches ߣ௦, even if the deformation mismatch is 
considerably large, the energy release rate at the central line of the section becomes 
small due to the last term in the Equation (24). Therefore, the potential for OMC is 
small. In addition, because the OMC is directly caused by the tensile stress in the 
asphalt overlay, Bai et al. (2000) used the stress transition from tensile to 
compressive at the middle point along the surface to determine the critical OMC 
saturation spacing. With extensive FEM simulation, they were able to determine 
 ௦ changing with material constants and loading conditions. Using this criterion, weߣ
can also obtain ߣ௦ from Equation (21) as:  

௦ߣ ൌ ݄ݏ݋ܿܽ ൤
݀

ሺ݀ሻ݊݅ݏ
൨
݄
ܿ
. (30)

The above equation provides a higher prediction of OMC saturation spacing than 
Equation (29) does. The reason is that when the stress at the center reaches a 
compressive status, a large range of stress distribution along the central line ݔ ൌ 0 
still is in a tensile status, which makes the fracture energy release rate of the 
opening-mode fracture still high enough to drive a crack.  

4. Numerical Results and Parametric Analysis  

The proposed model is general and applicable to any deformation mismatch 
between asphalt overlay and base layer, which causes tensile stress in the overlay. 
However, the assumptions and/or approximations adopted may impose some 
limitations on the application of the formulation.  
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First, because the displacement in y direction is confined, all the points in the 
same plane perpendicular to y axis are assumed to keep in the same plane during 
deformation. Therefore, this assumption imposes a limitation of this model that the 
thickness and stiffness of the base layer should be large enough to provide the 
displacement constraint in y direction. For pavements with severe rutting distresses, 
the plane assumption may not be valid, so the accuracy of this model can be 
affected.  

Secondly, to obtain an explicit, analytical solution for the governing equation, 
the boundary condition along the crack surface is approximated as a weak form 
boundary condition that the resultant force is equal to the total stress. This 
assumption aids to obtain a closed-form, simple solution without the loss of 
generality. However, it makes the stress field around the crack surface inaccurate. If 
needed, it can be justified by a series form solution (Yin et al, 2007).  

Thirdly, the OMC development is limited within the asphalt overlay. The base 
layer is assumed to be intact and no delimination exists along the interface. When 
the crack penetrates into the base layer and the asphalt overlay debonds from the 
base layer, the cracking pattern will be changed, and some modifications have to be 
employed to use this model.  

To show the capability of the proposed model, some numerical results and 
parametric analysis will be presented in the following parts. 

Using Equations (19) and (20), the stress distribution in the asphalt overlay is 
investigated in the following three figures. Figure 3 illustrate the normal stress and 
shear stress distribution along the interface considering different spring coefficients 
of the interface. Here the length of the section is set at ߣ/݄ ൌ 5. Because the 
Poisson’s ratio will affect the parameter c and d, the Poisson’s ratio for the asphalt 
overlay will be used as 0.35 in this paper (Song, et al., 2006; 2008). Both ߪ௫ and ߬௬௫ 
are normalized by  ߪ௫଴ ൌ ௫଴/ሺ1ߝଵܧ െ  ଵଶሻ. Figure 3(a) showes that the normal stressݒ
along the interface reaches the maximum at the central point and decreases along 
with x axis for ݔ ൐ 0. When the spring coefficient is higher, the normal stress is 
larger because of the stiffer constraint for the deformation mismatch. It can be 
imagined that when the spring coefficient is extremely high, the constraint from the 
base layer can be considered as a rigid plate, so that the ratio of ߪ௫/ߪ௫଴ will keep at 1 
for all the points along the interface. Figure 3(b) presents the normalized shear stress 
distribution. When the spring coefficient is higher, the shear stress is larger at the 
end of the section. However, it quickly reduces to zero at the center of the section. 
Notice that a stiffer interface may produce a lower shear stress in the middle range 
of the section.  
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Figure 3. Stress distribution in asphalt overlay along the frictional interface between 
the overlay and base layer with different spring coefficients: (a) normal stress ߪ௫ and 
(b) shear stress ߬௬௫ normalized by ߪ௫଴ ൌ ௫଴/ሺ1ߝଵܧ െ  .ଵଶሻݒ

Figure 4 showes the normal stress and shear stress distribution along the 
interface of asphalt pavements for different crack spacing. Here the spring 
coefficient is set at ݄݇/ܧଵ ൌ 1. Three cases are studied as ߣ/݄ ൌ 1,2, and 5. With 
the development of OMCs, the crack spacing is reduced. Both normal and shear 
stresses are considerably reduced due to the release of strain energy by the fracture. 
Figure 4(a) demonstrates the significant change of normal stress. Although at the 
ends of asphalt overlays, the normal stresses are similar for the three cases, the 
tensile stress at the center of the section, which is the driven force for a new crack, is 
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much lower for smaller crack spacing. Therefore, given a specific deformation 
mismatch, the crack spacing can be quantitatively determined, which will be 
demonstrated later. Figure 4(b) shows the distributions of shear stress. Because of 
the assumptions and approximations, the singularity of stress distribution cannot be 
exactly presented. However, Figure 4(b) still shows that shear stress is concentrated 
at the ends of section with a higher stress gradient for a longer section.   

 

 
 
Figure 4. Stress distribution in asphalt overlay with different crack spacing: (a) 
normal stress ߪ௫ and (b) shear stress ߬௬௫ normalized by ߪ௫଴ ൌ ௫଴/ሺ1ߝଵܧ െ  .ଵଶሻݒ
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Figure 5. Distribution of normal stress ߪ௫ along the central line of the section with 
(a) different crack spacing and (b) different spring coefficients of interface 

 

Figure 5 provides the normal stress distribution along the central line of the 
section in the vertical direction. In Figure 5(a), when the crack spacing is larger such 
as ߣ/݄ ൌ 10, the normal stress is almost constant in the thickness direction. When 
 is smaller, the stress reduces and stress gradient in the thickness direction ݄/ߣ
increases. When ߣ/݄ ൌ 1, the normal stress considerably decreases from the bottom 
to the top of the overlay. Notice that the stress close to the surface is compressive 
although the resultant force cross the thickness is tensile. Figure 5(b) illustrates the 
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normal stress distribution in the asphalt overlay with different spring coefficients of 
interface. Here, ߣ/݄ ൌ 5. Apparently, the higher the spring coefficient, the higher 
the normal stress. Therefore, a stiffer interface will produce higher tensile stress in 
the overlay for a certain deformation mismatch. However, it does not means that we 
should adopt compliant interface in the construction, because the energy release rate 
for a stiff interface may not be high due to the constraint of potential crack opening. 
In addition, interface debonding can be another concern if it is not handled with 
properly.  

 
Figure 6. The OMC spacing development with the increase of the mismatch 
deformation between the asphalt overlay and the base layer 

 

Using Equation (25), Figure 6 illustrates the crack spacing ߣ/݄ changing with a 
dimensionless parameter ඥܧଵ݄/Γୡ୰/ሺ1 െ ଵݒ

ଶሻߝ௫௖௥, which represents the required 
tensile loading to form a new crack for a certain section with crack spacing ߣ. With 
the increase of the tensile loading, we can observe the following features: 

 When the mismatch deformation is small, no fracture initiates even if ߣ/݄ 
approaches to the infinite. It means that for an intact asphalt pavement, there 
exists a threshold of mismatch strain to induce the first OMC, which can be 
calculated from Equation (26).  

 When the external tensile loading increases to a certain value, the first OMC 
initiates. The stiffer the interface, the higher critical tensile strain to generate the 
first OMC. Therefore, a stiffer interface provides advantages to control the 
OMC initiation. 

 Once the first crack is able to form, the crack spacing rapidly decreases with the 
external loading. Therefore, multiple OMCs may form within a small increase 
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of the loading. In field observation, some OMCs may simultaneously form with 
fairly large crack spacing. 

 When the external tensile loading keeps increasing, more OMCs will be 
induced. The crack development in an asphalt pavement with a stiffer intact 
layer is much faster. When crack spacing ߣ/݄ is in the range between 1 to 3, the 
required external tensile loading for different types of pavements is very close. 
Therefore, for a moderately dense crack pattern, strengthening the interface 
may not produce significant effect on the OMC resistance. 

 When the crack spacing is very small, the required tensile loading will be 
considerably large to produce a new OMC. When the fracture spacing reaches a 
certain level, no new OMC can be induced even when the tensile loading 
approaches the infinite. The stiffer the interface between the overlay and the 
base layer, the larger the OMC saturation spacing, which can be calculated 
from Equation (29).   

5. Application and Discussion 

To demonstrate the application of the proposed formulation, following we use 
some actual data of asphalt materials with different interfacial properties and 
analyzed the OMC behaviour under some loading conditions. The mechanical 
properties of asphalt overlay are as follows (Song, et al. 2006): ܧଵ ൌ  ,ܽܲܩ14.2
ଵݒ ൌ 0.35, and Γୡ୰ ൌ  .ଶ݉/ܬ344

 

 
Figure 7. The critical mismatch deformation to cause the first OMC initiation 

changing with the spring coefficient of the frictional interface for asphalt overlays 
with different thicknesses 
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In pavement design, transportation engineers need provide the thickness of 
pavement layers based on asphalt materials and loading conditions. For a new 
constructed asphalt overlay with the above material constants, Equation (26) 
predicts the necessary mismatch deformation ߝ௫௖௥  to develop the first OMC. Figure 7 
illustrates  ߝ௫௖௥ changing with spring coefficients of the frictional interface for 
asphalt overlays with different thicknesses.  Obviously, for a thinner overlay, a 
higher ߝ௫௖௥  is needed. With the increase of the spring coefficients of the frictional 
interface, ߝ௫௖௥ also increases. However, when the spring coefficient reaches a certain 
value, for example, ݇/ܧଵ ൌ 10݉ିଵ for h=150mm, the interface can be 
approximated to be rigid, and ߝ௫௖௥ will not change too much with the increase of the 
spring coefficients.  

Assume the asphalt overlay is subjected to a sudden temperature drop and OMCs 
are induced by low temperature cracking. Typically, the thermal expansion 
coefficient ߙଵ of asphalt materials is in the range of 1.3 െ 3.0 ൈ 10ିହ Ԩିଵ. Here let 
us say ߙଵ ൌ 3.0 ൈ 10ିହ Ԩିଵ. If the interface is compliant, the first OMC may form 
when the temperature difference between the asphalt overlay and the base layer 
reaches nearly 4, 5, 6 Ԩ for h=150, 100, and 50 mm respectively. Therefore, a 
thinner overlay even provides a better crack resistance performance for the first 
OMC initiation. Common wisdom typically predicts that if a 50mm asphalt surface 
course lasts for 5 years, a 100mm asphalt surface course will last for around 10 
years. Unfortunately, it does not work for OMC initiation. A thin overlay with a stiff 
interface provides the optimal performance for resisting OMC initiation. In this 
figure, a thin lift with ݇/ܧଵ ൌ 70݉ିଵ for h=50mm can sustain a temperature 
mismatch of about 20Ԩ between the asphalt overlay and the base layer, which can 
represent some extreme cases in the field. From this relationship, transportation 
engineers can choose an appropriate overlay thickness of asphalt pavements for new 
construction or rehabilitation for resisting low temperature crack, considering the 
historic data of the local region.   

Equation (26) is applicable for the first OMC in a long intact asphalt pavement. 
However, in many situations, transportation engineers need to analyze the OMC 
development for asphalt pavements with some cracks, such as reflective cracks and 
existing OMCs (Yin, et al., 2007). Equation (27) predicts the necessary mismatch 
deformation to induce a new OMC within a section of length 2ߣ. In Figure 8, we 
consider an asphalt pavement with a thin lift h=50mm. When ߣ/݄ is higher than a 
certain value ߣ௖௥, ߝ௫௖௥ changing with ߣ/݄ is very small. Therefore, once the first 
OMC initiates, crack spacing will be quickly reduced to ߣ௦. With the decrease of the 
crack spacing, the driven force to cause a new crack will be much higher. When ߣ/݄ 
is reduced to another certain value ߣ௦, no matter how large the mismatch 
deformation is, no new cracks can initiate.  

For example, for a stiff interface with  ݇/ܧଵ ൌ 100݉ିଵ, once ߝ௫௖௥ increases to 
around 0.0006, OMCs start, and the crack spacing will be quickly reduced to 



Opening-Mode Cracking in Asphalt Pavements    19 

ߣ2 ൌ 0.4݉ or ߣ/݄ ൌ 4. With the increase of the mismatch deformation, crack 
spacing will be saturated at 2ߣ ൌ 0.1݉ or ߣ/݄ ൌ 1. Therefore, OMC crack spacing 
essentially changes in the range of 0.1 – 0.4 m for this thin lift with a very stiff 
interface. However, for a compliant interface, the crack spacing may change in a 
much bigger range. Notice that although asphalt pavements with a stiffer interface 
exhibit better resistance for the first OMC initiation and larger saturation crack 
spacing, it does not mean that a stiffer interface always presents a larger crack 
spacing for any given mismatch deformation. For example, for asphalt pavements 
with ݇/ܧଵ ൌ 100, 10, 1, and 0.1݉ିଵ under ߝ௫௖௥ ൌ 0.002, the crack spacing ߣ/݄ will 
be 1.1, 1.3, 2.2, and 4.6, respectively.  

 

 
Figure 8. The critical mismatch deformation to cause a new OMC initiation for an 
asphalt overlay with changing section length for different spring coefficients of the 
frictional interface (h=50mm) 
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Figure 9. The OMC saturation spacing of asphalt pavements changing with the 

spring coefficient of the frictional interface  

 

Equation (29) provides the theoretical OMC saturation spacing ߣ௦. Figure 9 
shows ߣ௦ changing with the spring coefficient of the frictional interface. With the 
increase of ݇/ܧଵ, ߣ௦ also increases. However, when ݇/ܧଵ ൐ 20݉ିଵ, the change of 
  .௦ will not be significantߣ

Notice that the formulation in this paper is developed based linear elastic 
assumption. However, asphalt materials exhibit viscoelastic behaviour in a large 
temperature range. At low temperatures, if OMCs are developed transiently, the 
proposed formulation can be directly used because the viscoelastic behaviour only 
produces minimum effects on OMC development. However, if OMCs form over a 
certain period, some strain energy will be dissipated through the creep behaviour, 
therefore, fewer OMCs are needed to release the stored strain energy. Therefore, the 
actual crack spacing and the required mismatch deformation can be much larger than 
the present results. An extension of this work from elastic modelling to viscoelastic 
modelling is underway. On the other hand, due to the defects or material variation in 
asphalt pavement construction, in field OMCs may exhibit in the mixed-mode and 
the crack pattern may be non-uniform. However, statistically, OMCs can be 
recognized through the averaged crack spacing and the corresponding mechanical 
loading condition.  

In addition, the spring coefficient of the frictional interface is still needed to be 
quantitatively characterized. Although some models have been existed in the 
literature, the accuracy and applicability are to be validated in the future. It will be 
of great significance if an experimental approach can be developed to directly 
measure it. 
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6. Conclusions 

Opening-mode cracking in asphalt pavements is studied and a two-dimensional 
closed-form elastic solution of one section from the periodic crack pattern is 
derived. Using the fracture energy criterion, the proposed model predicts the OMC 
initiation and saturation. The OMC development with mismatch deformation can 
also be simulated. Given a loading condition, a critical thickness of the asphalt 
overlay, below which no OMC can be induced, can be determined. The explicit 
formulation can be conveniently used in pavement design and failure analysis. 
Based on the simulation and analysis, some interesting findings are summarized as 
follows: 

 For an intact asphalt pavement, there exists a threshold of mismatch 
deformation to induce the first OMC. The stiffer the interface, the higher the 
threshold mismatch deformation. 

 Once the first crack forms, the crack spacing rapidly decreases to a certain value 
 ௖௥. Therefore, multiple OMCs may simultaneously form. The stiffer theߣ
interface, the lower the crack spacing ߣ௖௥. 

 When crack spacing approaches a certain value ߣ௦, the driven force to produce a 
new OMC will be significantly high. If crack spacing is less than ߣ௦, no new 
OMC can be induced. ߣ௦ is proportional to the thickness of the overlay. 

 OMC crack spacing changes from ߣ௖௥ to ߣ௦. An asphalt pavement with a stiff 
interface has a narrow crack spacing range.  

 Given asphalt material properties and loading condition, there exists a critical 
thickness for the asphalt overlay, below which no OMC can initiate. Therefore, 
a thinner asphalt overlay may produce better performance for OMCs.  

Because asphalt materials exhibit viscoelastic behaviour, the present elastic 
formulation may overly predict the OMC crack density. Future work to 
quantitatively evaluate the effect of the assumptions and release those assumptions 
is underway.   
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