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 Portland cement concrete (PCC) / asphalt concrete (AC) bonded components are seen in both 
conventional pavement structures as well as overlays. Due to the environmental and traffic 
loads, cracks occur at the interface of the PCC and AC layers and finally, may propagate 
through the interface or one of the layers. Therefore, the evaluation of bond strength between 
these layers is important. This paper investigates bond strength between asphalt concrete and 
Portland cement concrete using a new sandwich test specimen. The developed specimen, called 
Bi-material semi-circular bend (BSCB) is made of asphalt concrete and the Portland cement 
concrete, cracked at the interface of the materials. First, the suggested specimen is introduced 
and characterized using finite element simulation. Then, the specimen is employed to obtain 
bond strength between asphalt concrete and Portland cement concrete under mixed mode 
loading, and at two temperatures: -20C and 20C. The fracture toughness at different mixed 
mode conditions is obtained, and finally, fracture criterion for the tested bonded joints is 
presented. 
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1. Introduction 
 

     Bonded layers can be seen as a part of many industrial and engineering structures. In pavement 
industry, the white topping rehabilitation technique has recently been explored by many U.S. 
Departments of Transportation (DOTs) whereby a relatively thin layer of concrete is applied over a 
prepared asphalt concrete base. As noted in the literature, an interface crack may occur between the 
pavement layers, mainly due to the external environmental induced movements, that propagate and 
delaminate the layers. Bonded joints are not limited to the pavement engineering application and are 
widely used in other engineering structures. For example, bonding components made of concrete/rock, 
silicon/glass, ceramic/metal and composite/metal are extensively used in civil engineering structures, 
electronic devices, automobiles and aircrafts (Yang et al., 1998; Chaudhuri & Chiu, 2007; Chandra 
Kishen & Singh, 2001; Wang et al., 2013; Dunn et al., 2000). At the interface of all bi-material 
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components, cracks may create as a result of imperfect bonding or during the service life of the 
structures containing these bonds. The interface cracks are often subjected to mixed mode loading 
conditions, because of the asymmetry in material property at the interface, and they may propagate 
through the interface, or may kink into one of the materials in the strong interfaces (e.g. Arabi et al., 
2013; Ayatollahi & Mirsayar, 2011; Ayatollahi et al., 2010a,b; Ayatollahi et al., 2011; Chandra Kishen 
& Singh, 2001; Dunn et al., 2000; Mirsayar, 2013, 2014a, b, c; Mirsayar & Park, 2016a; Mirsayar & 
Samaei, 2013, 2014, 2015). 

      Several theoretical and experimental methods have been explained by researchers in the past to 
investigate mechanism of crack propagation through different materials (e.g. Ambati et al., 2015; 
Ayatollahi et al., 2013; Lazzarin and Zambardi, 2001; Miehe et al., 2015; Maiti & Smith, 1983; 
Mirsayar 2015a, b; Mirsayar & Park 2016b; Aliha et al. 2012; Mirlohi & Aliha 2013; Mirsayar et al. 
2016a; Mirsayar, 2017; Mirsayar et al. 2017a, b; Sih & Macdonald, 1974). While the experimental 
fracture studies on real components are often expensive and difficult, researchers prefer to conduct their 
experiments on laboratory specimens. However, appropriate fracture criteria are also required to 
correlate the experimental results obtained from the simple laboratory specimens to the fracture event 
in cracked structures under their complex service loading conditions (Mirsayar & Takabi, 2016). In 
order to validate a fracture criterion, researchers have to conduct a series of fracture tests on appropriate 
test materials by using suitable test specimens. For mixed mode fracture tests, a suitable test 
configuration should have simple geometry and loading conditions, inexpensive preparation 
procedures, convenience of testing set up, and also the ability of addressing both mode I and mode II 
failure conditions. Some of the test configurations proposed in the literature investigating mixed mode 
I/II fracture are briefly described here. Erdogan & Sih (1963), Williams & Ewing (1972) and Theocaris 
(1984) used a rectangular plate containing an inclined center crack subjected to a uniform far field 
tension in their mixed mode fracture studies. The symmetric and asymmetrically loaded three or four-
point bend specimens were also employed by researchers for investigating mode I and mixed mode 
brittle fracture (Fett et al., 1995; Xeidakis et al., 1996; Suresh et al., 1990, Aliha et al. 2009; Razavi et 
al., 2017, Aliha & Bahmani 2017; Bahmani et al. 2017; Heidari-Rarani et al., 2014), Disc type 
specimens including the centrally cracked Brazilian disk (BD) specimen, centrally cracked/notched 
ring specimen subjected to diametrall compression, edge notch disc bend (ENDB) and the semi-circular 
bend (SCB) specimen have been frequently employed for determining the mixed mode fracture 
resistance of various engineering materials such as rocks, graphite, concretes and polymers (Awaji & 
Sato, 1978; Ayatollahi et al., 2006; Ameri et al. 2012,2016; Razmi & Mirsayar, 2017; Alhasan 2013; 
Fakhri et al. 2017, Aliha et al. 2008,2014,2015a,c, 2017, Abd-Elhady 2013; Al-Hdabi et al. 2014; 
Dehghany et al. 2017, Bahmani et al. 2017). However, some of these specimens have certain 
shortcomings. For example, some of the mixed mode test configurations are able to provide only limited 
mode mixities or require complicated loading fixtures. 
 
      In a bi-material fracture test specimen, the stress intensity factors are influenced by the mechanical 
properties of each material as well as the specimen geometry (e.g. Ayatollahi et al., 2010a, b; Mirsayar, 
2014a; Mirsayar et al., 2014; Mirsayar & Park, 2015, Mousavi & Aliha 2016). However, for a 
conventional fracture test specimen made of a single material, the specimen can be characterized only 
by its geometry. In other words, one should choose a bi-material fracture test specimen based on both 
specimen geometry as well as the material properties of each material. Some of the test configurations 
proposed in the literature for investigating mixed mode I/II fracture of bonded structures are briefly 
described in the following. Charalambides et al. (1989) suggested a new four-point bend specimen for 
measuring the fracture resistance of bi-material interfaces. Utilizing a finite element approach, they 
characterized their suggested specimen and calculated stress intensity factors at different specimen 
geometries and elastic properties. They demonstrated the utility of their specimen by conducting tests 
on Al/PMMA bonded joints. However, their suggested specimens were not able to cover all mixed 
mode conditions that range between pure mode I and pure mode II. Evans et al. (1989) studied the 
interface crack propagation in different bi-material fracture test specimens including Sandwich test 
specimens, Peel test specimens, de-cohesion test specimens, and composite cylinder test specimens. 
They demonstrated that the choice of test specimen governs the tendency of cracks to either remain at 
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the interfaces or deviate away, depending on the specimen geometry. However, none of the mentioned 
specimens were able to cover all mixed mode conditions. 
 
      The specimens of circular or semi-circular shape (SCB) are very suitable for fracture testing on 
rock or asphalt materials because they can be easily cored from pavement. However, the SCB specimen 
has not been used so far for any bi-material testing to evaluate bond strength. In this paper, a bi-material 
SCB (BSCB) test specimen is investigated for fracture test of asphalt concrete (AC) / Portland cement 
concrete (PCC) bonded layers. The BSCB specimen is further described along with its capabilities and 
advantages by means of finite element analysis. Following this discussion, the BSCB specimen is used 
to evaluate tensile, shear, and mixed tensile/shear bond strength between Portland cement concrete and 
asphalt concrete.  
 
2. Objective of the research 
 
      As illustrated in Fig. 1, a concrete slab curls upwards as a result of environmentally induced strain 
profile throughout the slab. The end movements in concrete slab, shown in Fig. 1, is the first step 
towards erosion damage which is a distress type that threatens the sustainability of a concrete pavement, 
and thus, needs to be controlled. The bond strength between the PCC and AC layers significantly 
influences on the vertical and horizontal end movements in concrete slab. The slab lift-off is 
accompanied by occurring and propagation crack at the interface of two layers, as shown in Fig. 1.  
As investigated by Mirsayar et al. (2016b), the interfacial fracture mechanics can be utilized 
successfully to describe delamination of the pavement layers. An interface crack can be characterized 
by the stress intensity factors. In other words, one can characterize the interfacial bond strength between 
the PCC and AC layers by evaluating stress intensity factors of the interface crack.  On the other hand, 
the critical bond strength is affected by many factors which influence on the chemical bond behavior 
between the layers. One of the most important factors is the temperature in which the delamination 
occurs. The objective of this paper is 1) introduce bi-material SCB test configuration (BSCB) for 
evaluation of bond strength of different bonded layers under tensile, shear, and combination of tensile/ 
shear loads; 2) evaluating the bond strength between the PCC and AC at two different temperatures. 
The bond strength between the PCC and AC layers is evaluated using interfacial stress intensity factors. 
The fracture tests are conducted on BSCB specimens, made of PCC and AC, at +20C and -20C 
temperatures to cover an applicable range of in-service pavement temperature. Finally, failure criteria 
and mixed mode fracture toughness are presented for the test data obtained at both temperatures.  

 
Fig. 1. General configuration of  concrete slab on the asphalt pavement base layer 

 
3. New test configuration 

      The classical semi-circular bend (SCB) specimen has been used by several researchers in the past 
for investigating mixed mode fracture in brittle materials, (e.g. Ayatollahi et al., 2006; Lim et al., 1994). 
The SCB specimen typically contains an angled crack and is subjected to three-point bending. Fig. 2 
shows the geometry and loading conditions for the bi-material SCB test specimen (BSCB), introduced 
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in this paper, for examination of the mixed mode propagation of a crack along the interface of two 
dissimilar materials. In this test specimen, a semi-circular specimen of radius R that contains an edge 
interface crack of length a with inclination angle of , is loaded asymmetrically by a three-point bend 
fixture. As illustrated in Fig. 2, the crack exists at the interface of AC and PCC. While the specimen is 
easily manufactured, it does not need complicated loading fixtures for using in conventional testing 
machines. The state of mode mixity in the BSCB specimen can be easily altered by changing the 
locations of two bottom supports (S1 and S2) and the crack inclination angle ().The mode I and mode 
II contributions can be controlled simply by choosing appropriate values for S1, S2, and . Hence 
different mode mixities can be obtained in the BSCB specimen. The specimen has been frequently used 
in the past but only for the simple case of homogeneous material (single material) in order to obtain 
fracture toughness for several engineering materials including, rocks, concrete, asphalt, polymers, etc. 
(Ayatollahi et al., 2006; Lim et al., 1994; Li & Marasteanu, 2005, Aliha & Fattahi Amirdehi 2017, 
Aliha et al. 2012,2015b, Aliha & Ayatollahi 2013). 

Fig. 2. Scheme of the BSCB specimen made of asphalt concrete and Portland cement concrete 
 

      In order to evaluate tensile/ shear bond strength between the PCC and AC using interfacial fracture 
mechanics concepts, it is necessary to define the state of mode mixity by calculating the mode I and 
mode II stress intensity factors (KI and KII) for different loading positions and crack lengths. The finite 
element method was employed in this research to determine KI and KII in the BSCB specimen. 

4. Calculation of the stress intensity factors 

      The stress intensity factors KI and KII for the BSCB specimen are functions of the crack length (a), 
crack inclination angle (), the locations of loading supports defined by S1 and S2, and elastic properties 
of both bonded materials. For a given material property, the stress intensity factors can be expressed as 
the following normalized form: 
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where t is the specimen thickness and YI and YII are the geometry factors corresponding to mode I and 
mode II, respectively. For calculating YI and YII, different finite element models of the BSCB specimen 
were analyzed using the finite element code ABAQUS. Details on equations 1 and 2 can be found in 
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Mirsayar (2014). In the models, the following geometry and loading conditions were considered: R = 
76.2mm, t=25 mm, a=38.1mm, F = 1000N and different values for crack inclination angles (), S1, and 
S2. It should be mentioned that according to equations 1 and 2, the calculated value for the stress 
intensity factors can be obtained once the finite element simulation is performed in any external load, 
F, by a simple multiplication of Fcr/ 1000 to the numerical results, where Fcr is the ultimate fracture 
load. Since the original goal of the current research is to evaluate bond strength AC and PCC layers, in 
this research, we have used these two materials for finite element simulations. Same procedure can be 
done for any combination of the materials. The elastic properties used for the finite element modeling 
of the asphalt concrete and Portland cement concrete are: Easph=4.9 GPa, =0.35, Econc=40.7GPa, =0.2. 
Fig. 3 shows mesh patterns generated for simulating the BSCB specimen as well as the von Mises stress 
contour plot for two different mode mixities: pure mode I (KII = 0) and pure mode II (KI = 0). In pure 
mode I, the stress contour is symmetric relative to the crack plane. However, because of the material 
mismatch, the stress contour is discontinuous at the interface. For pure mode II, the contour plot is 
asymmetric with respect to the crack plane showing the significant effect of shear stress. The singular 
elements were considered in the first ring of elements surrounding the crack tip for producing the square 
root singularity of stress/strain field. A J-integral based method built in ABAQUS was used for 
obtaining the stress intensity factors directly from software.  
 
 

 

Fig. 3. Mesh pattern of the BSCB specimens as well as plots of von Mises stress contours 
in front of the interface crack tip at a) pure mode I, b) pure mode II conditions 

 
       Table 1 lists the values of YI and YII associated with pure mode I, pure mode II and three mixed 
mode conditions. It is seen that the proposed specimen is able to cover different mixed mode conditions 
from pure mode I (Me=1) to pure mode II (Me=0).  
 

 
Table 1. Finite element simulation results of BSCB at different mixed mode conditions 
a (mm) (deg) S1 (mm) S2 (mm) YI YII M

e

38.1 0 50 38 0.323 0.000 1.00     (pure mode  I)

38.1 0 30 20 0.154 0.062 0.758

38.1 0 60 15 0.149 0.120 0.569

38.1 45 50 50 0.105 0.154 0.382

38.1 58 50 50 0 0.1 0 (pure mode II)
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5. Specimen preparation 
 
      A total number of 50 BSCB specimens, made of AC and PCC, were manufactured at different 
thicknesses ranging from 30mm to 35mm. The raw materials used to manufacture the BSCB specimens 
made of AC and PCC are given as follows. For AC, PG 64–22 asphalt binder was used and the optimum 
asphalt binder content was 4.4% of the total weight. The asphalt binder was suplied from Jebro, Inc, 
Sioux City, IA. Course aggregates and sands were used to be mixed with asphalt binder. The collected 
ingredients were dried in an oven, sampled and used for sieve analysis to obtain the percentage of 
aggregates according to the standard size ranges. The aggregate gradation chart for this mix is given in 
Table 2. The raw materials of sand and aggregates were obtained from Knife River Corporation, Bryan, 
TX. 
 
Table 2. Aggregate gradation for AC part of BSCB specimens 

Sieve size (mm) Standard sieve size Percent passing 
19 ¾ in 100 

12.5 ½ in 95 
9.5 3/8 in 82 
4.75 No.4 55 
2.36 No.8 34 
1.18 No.16 22 
0.6 No.30 16 
0.3 No.50 12 
0.15 No.100 6 
0.75 No.200 5 

0  0 
 
      The following combination of raw materials for the PCC were used as listed in Table 3. Coarse and 
fine aggregate and cement were all added to the mixer and were pre-mixed prior to adding water. Once 
the cement-aggregate mixture was uniformly distributed, a combination of water and admixture (see 
Table 3) was then added. 
 
Table 3. Mix design for PCC part of BSCB specimens 
Materials Weight (lbs) per cubic yard of concrete 
Cement Type II 423 
Fly Ash Class F 141 
Coarse Agg. #57 Crushed LS 1850 
Fine Agg. Concrete Sand 1184 
Water 242.6 
Water Reducer Type A/D 23 oz 
Air Entraining Agent 1.7 oz 

 
      Fig. 4 depicts the procedure for manufacturing the BSCB specimens. As shown in Fig. 4, the asphalt 
concrete portions were made first, were split into two pieces, and then placed in cylindrical molds so 
the concrete in a fresh state was poured into the remaining volume to create bond between the two 
materials in the cylinder. The standard cylindrical mold of 6in×12in (152.4mm× 304.8mm) was used. 
The asphalt concrete cylindrical samples were molded and compacted in a 6in×6in 
(152.4mm×152.4mm) cylinder using a gyratory compactor (Roberts et al., 1996). The cylindrical 
samples were cured for 7 days at moisture room conditions. The composite cylinders were cut into 
several pieces (perpendicular to the cylinder’s axis). Each piece was cut diagonally at the angle of 90o-
 from the AC/PCC interface ( is the crack inclination angle, shown in Fig. 1) to make the final BSCB 
specimens. A crack length ratio of a/R=0.5 was selected. For creating the cracks, first a cutting machine 
is used to generate a notch through the interface with the initial depth of slightly less than 38.1mm. 
Then, a sharp pre-crack was introduced by a thinner blade cutter to make the final length of each crack.        
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The interface cracks are generated at different inclination angles () to be used for different mixed 
mode fracture tests as listed in Table 1. A total number of 50 BSCB specimens were made for five 
mixed mode conditions and at two test temperatures. That means five BSCB specimens were prepared 
for each mode mixity.  
 

 

 

 

 

 

 

Fig. 4. Preparation of BSCB specimens made of AC and 
PCC 

Fig. 5. Loading set up for a typical 
BSCB specimen 

 
6. Fracture tests 
 
      Each BSCB specimen was positioned inside a three-point bend loading fixture with desired values 
of S1 and S2, and loaded at the constant rate of 0.4 mm/min up to its final fracture. Fracture tests were 
conducted at two temperatures: 20oC (room temperature) and -20oC in order to investigate effect of 
pavement temperature on the bond strength between layers. All the test samples fractured from the 
interface crack tip and with negligible non-linear deformation before debonding. 
 
      Fig. 5 shows the loading set up for one of the BSCB specimens and a sample fractured specimen. 
Using the fracture load obtained from each specimen, the critical stress intensity factors of the tested 
BSCB specimens were calculated from equations 1 and 2. Details of each test including, the fracture 
loads and the corresponding stress intensity factors are listed in Tables 4 and 5 for T= -20oC, and T= 
20oC, respectively. In Tables 4 and 5, the specimen codes are PMI: pure mode I, PMII: pure mode II, 
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MM-I: mixed mode type I (S1=30mm, S2=20mm), MM-II: mixed mode type II (S1=60mm, 
S2=15mm), MM-III: mixed mode type III (S1=S2=50mm). 
 
Table 4. Summary of the results obtained from mixed mode I/II fracture tests conducted on BSCB 
specimens made of AC/ PCC, at T = -20oC 

Specimen code )(NFcr  )( mMPaKI  )( mMPaKII  

PMI-1 3207 0.0941 0 
PMI-2 3461 0.1015 0 
PMI-3 3420 0.1003 0
PMI-4 2823 0.0828 0 
PMI-5 2684 0.0787 0 
MM-I-1 5850 0.0818 0.0329 
MM-I-2 5740 0.0803 0.0323 
MM-I-3 5310 0.0742 0.0299 
MM-I-4 5990 0.0838 0.0337 
MM-I-5 6120 0.0856 0.0344 
MM-II-1 4354 0.0589 0.0474 
MM-II-2 4020 0.0544 0.0438 
MM-II-3 4200 0.0569 0.0458 
MM-II-4 4654 0.0630 0.0507 
MM-II-5 3940 0.0533 0.0429 
MM-III-1 3120 0.0297 0.0436 
MM-III-2 3250 0.0309 0.0454 
MM-III-3 3600 0.0343 0.0503 
MM-III-4 3740 0.0357 0.0523 
MM-III-5 3810 0.0363 0.0532 
PMII-1 5741 0 0.0521 
PMII-2 5570 0 0.0506 
PMII-3 5231 0 0.0475 
PMII-4 6020 0 0.0547 
PMII-5 5610 0 0.050942 

 
Table 5. Summary of the results obtained from mixed mode I/II fracture tests conducted on BSCB 
specimens made of AC/ PCC, at T = 20oC 

Specimen code )(NFcr  )( mMPaKI  )( mMPaKII  

PMI-1 1120 0.03285 0 
PMI-2 1040 0.0305 0 
PMI-3 990 0.0290 0 
PMI-4 889 0.0261 0
PMI-5 1201 0.0352 0 
MM-I-1 1980 0.0277 0.0111 
MM-I-2 1820 0.0254 0.0102 
MM-I-3 1760 0.0246 0.0099 
MM-I-4 1870 0.0261 0.0105 
MM-I-5 1680 0.0235 0.0094 
MM-II-1 1420 0.0192 0.0155 
MM-II-2 1370 0.0185 0.0149 
MM-II-3 1590 0.0215 0.0173 
MM-II-4 1310 0.0177 0.0143 
MM-II-5 1210 0.0164 0.0132 
MM-III-1 1010 0.0096 0.0141 
MM-III-2 1090 0.0104 0.0152 
MM-III-3 1320 0.0126 0.0185 
MM-III-4 1210 0.0115 0.0169 
MM-III-5 1140 0.0109 0.0159 
PMII-1 2010 0 0.0183 
PMII-2 1980 0 0.0179 
PMII-3 1850 0 0.0168 
PMII-4 1897 0 0.01728 
PMII-5 1782 0 0.01618 
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7. Fracture criterion 
 
       Almost in all fracture tests, the interface crack propagated through the interface which means the 
bond behavior between AC and PCC can be characterized as a weak bond. The results for mixed mode 
interfacial fracture resistance of weak bonds are usually presented in a normalized form as IICCII KK /)(

versus ICCI KK /)( , and the fracture criterion for such weak bonds can be given as (Choupani, 2008): 
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where (KI)C and (KII)C are the mode I and mode II stress intensity factors at fracture, KIC and KIIC are 
the critical fracture toughness for pure modes, and p and q are exponents. The equation 3 can also be 

represented in term of fracture energies since II GEK .*  and IIII GEK .* , where EE *  for 

plane stress conditions and )1/( 2*  EE  for plane strain conditions. 
According to the results given in Tables 4 and 5, the averages value of mode I interfacial fracture 

toughness ICK obtained from the fracture tests (i.e. S1= 50 mm, S2 = 38 mm) were 0.0915 mMPa  

and 0.0307 mMPa , at T = -20oC and T = 20oC, respectively. Also, the average value of the mode II 

interfacial fracture toughness IICK obtained from the fracture tests were 0.0511 mMPa  and 0.0173 

mMPa , at T = -20oC and T = 20oC, respectively. 
The mixed mode test results obtained in this research for various combinations of mode I and mode II 
are shown in Figs 6 and 7 in a ICCIIICCII KKKK /)(/)(   diagram, for T= -20oC, and T= 20oC, 

respectively. Also shown in these figures, the power law criterion needs 2p = 2.71, 2q = 2.25 to meet 
the fracture test data at T = -20oC and requires 2p = 2.45, 2q = 2.15 for T = 20oC.  
 

 

Fig. 6. Mixed-mode fracture envelope and predictions for AC/ PCC interfacial 
delamination at T = -20oC 
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Fig. 7. Mixed-mode fracture envelope and predictions for AC/ PCC interfacial 
delamination at T = +20oC

 
8. Conclusions 
 
       A new test configuration, called the bi-material semi-circular bend (BSCB) specimen, was 
suggested for mixed mode I/II fracture tests. A review of the test specimens suggested in the past for 
conducting mixed mode fracture tests shows that some of these specimens require a complicated test 
set up and are difficult to carry out. For instance, a biaxial fixture not only makes the test more 
expensive but also may be a source of error in the test results due to possible specimen manufacturing 
incompatibilities. The BSCB specimen suggested in this paper can be directly tested by an ordinary 
three-point bend fixture which is normally available in standard fracture testing machines. Furthermore, 
the application of compressive loads in the BSCB experiments makes it more suitable for conducting 
fracture tests on weak bonded interfaces. The simple geometry and loading set up, the ease of 
generating a crack in the specimen, and the ability of introducing a range of combinations of mode I 
and mode II are the main advantages of the BSCB specimen. Although almost all of the mixed mode 
test specimens can be used for pure mode I and mixed mode fracture tests, some of them are not able 
to provide pure mode II. This issue becomes even more important for a bi-material system since not 
only the geometry, but also the elastic properties of each material control the mode mixity. Because of 
the advantages elaborated above, the BSCB specimen can be recommended as a promising specimen 
for conducting mixed mode interfacial fracture tests. The mixed mode interfacial bond strength between 
AC / PCC was successfully evaluated using the BSCB specimens at two temperatures. The effect of 
test temperature on the mixed mode bond strength between the AC and PCC was evaluated. It can be 
shown easily by a direct comparison between Figs 6 and 7, that mixed mode fracture toughness is 
higher at -20C than +20C which means a stronger bond for a more brittle bond. 
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