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Abstract: 

In order to investigate interlayer debonding near skrinkage cracks or joints of  “composite” pavements, a 

four-point bending test on bi-layer structures is performed. Before mixed mode failure, the quasi-analytical 

calculations obtained by a specific elastic model match experimental results under static and controlled 

displacement conditions. Both the interface normal and shear stress intensities determined at the specimen 

edge lie within the range of values found in the literature for cement concrete overlays on a bituminous 

material type of interface. The strain energy release rate is calculated. Results are discussed relative to both 

data provided in the literature and testing campaigns. 

Keywords: crack, interface debonding, modeling, composite pavement, four-point bending test. 

 

1. Introduction  

To ensure a long lasting pavement, high bond strengths between pavement layers are obviously required. The 

importance of establishing a good bond between pavement layers is clearly obvious between bituminous 

layers and a bituminous material as well as a cement concrete layer. During the pavement service life 

however, due to the structural heterogeneity of multilayer systems, debonding between pavement layers can 

occur, especially near the edges or vertical cracks through one layer. This phenomenon has been closely 

observed near joints of UltraThin White-topping pavements (UTW) [1-3] or near reflective cracks of 

composite pavement [4] during certain experiments, all conducted using the accelerated pavement loading 

facility. For these two types of “composite” pavements made both with bituminous and cement concrete 

layers, vertical discontinuities typically originate from shrinkage effects or joints in the cement concrete 

layer. To complete a study of crack initiation and propagation within the structure, a specific model and 

experimental device dedicated to characterizing interface behavior between pavement layers near shrinkage 



   

cracks or joints, needs to be introduced. It implies that a mechanical analysis on bi-material systems must be 

performed, as is the case for other applications that usually use bending tests (see, for example, [5-7]). 

In order to investigate the properties of pavement interfaces, a number of experimental works carried out in 

the past mainly for reflective crack studies [8-13] may contribute to the knowledge. When characterizing the 

buckling-delamination that occurs in the tack coat material placed at the interface between two bituminous 

material layers or between a bituminous material overlay and a ciment concrete layer, interested readers are 

referred to recent literature in either pure debonding mode (mode I) [14] or pure shearing mode (mode II) 

[15-20], exclusively. For a characterization of cement shrinkage or other effects on bonding between a 

cement substrate and a cement concrete layer, recent results displayed in [21-25] also provide insight about 

bending tests. As regards the mechanical characterization of interfaces between the cement concrete overlay 

and the bituminous material layer, the data given in [1] illustrate (see Table 1 below) the results derived from 

the literature on both field and laboratory measurements. For this last type of interface in particular however, 

the problem has not yet been fully investigated. 

These data fall in the same range as those obtained in 3D elastic simulations run for a standard French load 

of 32,500 N uniformly distributed over a rectangular area at the edge of a joint on an Ultra Thin 

Whitetopping pavement [32-33]. 

 

This paper is primarily focused on investigations to determine mixed mode fracture resistance of bi-material 

interfaces made with bituminous and cement concrete materials. Depending on which material is chosen as 

the overlay, the mechanical advantage of combining bituminous material and cement concrete layers is in 

fact to reduce both the effect of the existing vertical crack, resulting from the shrinkage phenomenon of 

cement concrete layers, and the rutting phenomenon generated from the bituminous material. In France, even 

though this latter type of pavement, called Ultra-Thin Whitetopping (UTW), is not commonly used, it may 

become more frequently dedicated to urban applications. Regardless of the type of interface and treatment 

used however, the reflective, debonding or corner crack phenomenon in slabs may indeed occur [12, 31]. In 

fact, as for edge delamination in composite field, existing joints or vertical cracks in a pavement layer create 

such a high concentration of both normal and shear interface stresses that the crack could propagate along the 

interface between the two different layers before penetrating through one of the materials or even debonding 

elsewhere far from them [1-4, 32-33]. The modulus ratio between layers, due to the variation in temperature 



   

effect and the loading rate on mechanical properties of bituminous material as well as to the position of the 

load close to the vertical crack, plays an important role in the long-term performance of the bond [3-4]. 

Following the laboratory testing campaign [1] and results stemming from other applications [5-7, 21-25, 34], 

a four-point bending test (4PB), used on concrete beams strengthened by externally-bonded plates, has been 

adapted for the pair of bituminous and cement concrete materials [35] (see Fig. 1). The aim of this paper is to 

explain the approach adopted here to optimize the test in order to take into account the local stress around the 

edge of the interface bond. The advantage of this test is to be able to investigate the mechanical properties of 

interfaces under mixed mode conditions without using any supports or applied any loads directly on the 

bituminous material. The main objectives of this paper are so to present preliminary results to investigate and 

to analyse, with the following points, if: 

1. This 4PB test may be adapted and used to study the debonding phenomenon in a bi-layer material 

composed with a cement concrete and a bituminous material.  

2. A specific elastic Multiparticular Model which can simulate the 3D interface stress in cracked 

pavements [33] may be used in this investigation. 

3. The elastic modeling combined with the experimental test can provide interesting information at a 

macro scale on interface fracture in mixed mode condition; the elastic assumption may be adopted 

here if one considers that the initial response of the bi-layer specimen is not affected by the 

viscoelasticity of the bituminous materials. 

The first section of this paper will present the dedicated model used to simulate the mechanical field at the 

interface between composite layers. This model's equations will be solved on the four-point bending test, as 

illustrated on Figure 1. The two materials are considered to be homogeneous and isotropic. Mixed mode 

fracture mechanisms on the interface between layers are to be anticipated. By means of a specific modeling 

approach, convergence of the interface stress field near the edge will be shown. An analytical expression of 

the strain energy release rate for each fracture mode will be given as a function of both material parameters 

and interfacial stresses. For materials tested in the laboratory, static elastic simulations will be run with the 

aim of optimizing specimen geometry in order to favor the delamination phenomenon. Experimental results, 

mainly obtained under controlled displacement conditions (0.7 mm/min), will be given for two types of 

interfaces. Lastly, according to these experimental observations and data, an initial simplified and elastic 

mechanical interpretation of results will be provided. 



   

 

2. Simulations  

This section will discuss the elastic simulations conducted for multilayer structures made from homogeneous 

and isotopic materials. The first subsection will present the specific model used to derive the mechanical 

interface field at the edge location before its application to the four-point bending test. Next, for the materials 

tested herein, simulations will be run for the purpose of designing bi-material specimens. These simulations 

will also be useful for the developments in Section 3, as well as for the discussion provided on experimental 

results under static conditions for two different temperature values. 

 

2.1 The multi-particle model of multilayer materials with 5 equilibrium equations per layer (M4-5n) 

An analysis of the delamination phenomenon on a multilayered system leads to studying a singular stress 

field at both the interface and edge location between two materials. By introducing classical modeling 

techniques, the calculation of energy release rates does not converge. This non-convergence is due to 

oscillatory singularities around the crack tip [36]. Even though these irregularities are confined to very small 

regions near the end of the crack, this phenomenon does not convey any physical meaning [37]. Some 

solutions may be found in the literature [38-41]; however, the use of conventional crack criteria remains 

quite complex [42-43] and finite element simulations are usually "cumbersome" to implement and expensive 

for common application by engineers. 

The family of multi-particle models of multilayer materials (M4) has been specially developed to study edge 

effects in composite structures [44-46]. As opposed to other classical models, these mechanical models yield 

finite stresses at a free edge or crack tip at the interface point location of two different layers. This modeling 

approach avoids singularities and reduces the real one-dimensional problem that accelerates the equation 

resolution process compared to other modeling approaches. The interested reader should refer to [46] for a 

complete description of this topic. 

The M4 selected herein for the pavement bending problem contains five kinematic fields per layer i 

( { }ni ,...,1∈ , where n  denotes the total number of layers): average plane displacements ( )yxU i ,α ; the 

average out-of-plane displacement ( )yxU i ,3 ; and average rotations ( )yxi ,αΦ , where ( )yx,  represent the 

layer's plane coordinates and the α-plane directions { }( )2,1∈α . This model is labeled M4-5n. The M4-5n 



   

construction is based on a polynomial approximation per each layer of degree 1 in z (vertical direction) for 

the in-plane stress fields. According to the equilibrium equations, this set-up provides, for each layer, a 2nd-

degree polynomial equation in z for shear stresses and a 3rd-degree equation in z for the normal stress. The 

coefficients of these polynomial approximations are ( )yx,  fields per layer i; they are expressed via the 

classical Reissner generalized stress fields. These polynomial approximations offer the advantage of defining 

the out-of-interface plane normal ( )yxii ,1, +ν  and shear stresses ( )yxii ,1, +
ατ  at interface i,i+1 (and similarly i-

1,i), between layers i and i+1 (and similarly between layers i-1 and i). Hellinger-Reissner's formulation [47] 

reduces the real 3D problem to a determination of regular plane fields ( )yx,  per each layer i and interface 

i,i+1 (and i-1,i). This model may be viewed as a superposition of n Reissner plates connected by means of an 

elastic energy that depends on the interlaminar stress fields. For plane strain tension problems, the stress 

fields are obtained very quickly and lie very close to those resulting from 3D finite element calculations [48]. 

For crack initiation problems, delamination criteria in the angle-ply laminates have been proposed [46, 49-

50]. Two such criteria can be used for pavement problems. The first one is based on the maximum values of 

interface stresses, as evaluated by M4-5n. The second criterion is based on an analytical calculation of the 

individual strain energy release rates within a delaminated multilayer structure. 

 

2.2 M4-5n equations applied to the 4PB test  

In order to simplify the analysis, the 4PB test on a bi-layer specimen, as illustrated in Figure 1, has been 

simulated under the assumption of plane strain conditions. Subsequently, the mechanical fields of the M4-5n 

depend solely on variable x. The materials are considered to be elastic, homogenous and isotropic. The layer 

"i" { }( )2,1∈i  is characterized by iiii Ee υρ ,,, , i.e. its thickness, density, Young's modulus and Poisson's 

ratio parameters, respectively. The problem can be divided into three zones (Fig. 1a). The first and last zones, 

where ],0[ 1ax ∈  and ],[ 2 LaLx −∈ , are composed of just the single number 2 layer. By means of shear 

forces, these zones allow analytically transmitting, at 1ax =  and 2aLx −= , the linking conditions of 

displacements, forces and moments between the various zones, in addition to support conditions of the beam 

with respect to the bi-layer zone (i.e. where ],[ 21 aLax −∈ ). On this central bi-layer zone, a series of 

equation manipulations ultimately lead to solving a second-order system of differential equations that are 

solely a function of x, as written in the following expression (1): 
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where A, B and C are the analytical matrix functions of geometric parameters, the elastic characteristics of 

material behavior, and the loading conditions specified in Figure 1, respectively. The expressions of A, B, 

and C are given in (2-4) where ( )2
3 /81.9 smggbeF iii =×= ρ  represents the dead weight of the layer i 

{ }( )2,1∈i . 

( )
( )

( )
( )

























































−−








 −






 −
−














+−


























 −

+−
+


























 −

++
+








 −






 −
−

=

0
1

00
1

112
000

12

00
35

13
0

15

1

15

0000
1

1

115

4

000
11212

22

2

3

2

2

2

2

2

3

2

2

2

22

1

11

2

22

1

121

2

2

1

1

12

211

1

1

12

2121

1

1

2

11

1

11

υυ

υυ

υ

υ

υ

υ

υ

υ

υυ

EeEe

EeEee

E

e

E

e

E

Eee

E

Eeee

EeEe

A  (2) 

( ) ( )





























+++−

−












 +−+−−

−

=

00000

00100

10
5

112

5

112
10

2
1

5

1

5

1

2
1

00100

22

2

11

1

2

2

2

1

11

EeEe

e

EE

e

B υυ

υυ

 (3) 



   

( ) [ ]

( )
( ) ( ) ( )( ) [ [

( ) ( ) ( )( ) ] ]





































−+∈−






 −−−−−
+

=

∈+






 −+−−−
+

=





























+

+−

+∈























−












 +

=

22

2
3

22

2
3

1
3

11

2
3

11

2
3

1
3

22

2

2

2

2
3

1
3

,
222

,
222

0

1
5

112
5

1
0

,

1

1

1

1

1

2

aLLLxif
b

F
a

L

b

F
LaaLxx

b

FF

Laxif
b

F
a

L

b

F
LaaLxx

b

FF

with

Ee

E

LLLxifLxx
b

FF

C

FFF

F

FFFF

δ

δ
υ

υ

δ

 (4) 

The shear stress ( )x2,1
1τ  at the interface between layers 1 and 2, which is a function of the main unknowns of 

system (1), is obtained analytically from the M4-5n equation of interface shear behavior (5) between layers 1 

and 2. 
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The normal stress ( )x2,1ν  at the interface between layers 1 and 2, which is a function of the derivative of the 

main unknowns of system (1), is also obtained analytically by means of the M4-5n equilibrium equation of 

shear forces (6). 

( ) ( )xQx '1
1

2,1 −=ν  (6) 

Moreover, all layer shear forces have been summed in order to verify the equilibrium condition set forth in 

(7). 
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The expression of total energy eW  of the the M4-5n is given in [46, 48]. For a case of plane strain 

assumptions, its expression is written in the following equation (8) 
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Where 
in

cw5 ,
inw5

ν  and 
in

Qw5  are M4-5n energies of the layer i of the plane stresses, the out of plane stresses 

and
 
the shear stresses respectively. For each zone of the specimen (Fig. 1a), it is expressed analytically. For 

this elastic case, Hun’s work [51] proved that the dead weight of each material is neglegible  ( )03 =iF . 

According to the figure 1b, and that an artificial delamination crack, denotes a, is happening on the right side 

of the specimen, it becomes (9).  
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(9) 

The interested reader should refer to [51] for a complete description of  this equation (9). 

 
Then classically, for a little variation of a, denotes “ aδ ”, it becomes possible to study, by means of the M4-

5n [46, 50-51],the initial state of delamination along with the total strain energy release rate using equations 

(10) . 
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To interpret these test results, the delamination criteria based on energy considerations must involve the 

strain energy release rates relative to each fracture mode. The virtual crack closure technique (VCCT) offers 



   

a more useful and simpler approach to deriving these results with the help of the M4 formulation. For 

specific tension problems occurring with the composite materials, each M4 strain energy release rate relative 

to each fracture mode (GI , GII , GIII ) is expressed as a quadratic function of interfacial stresses at the crack 

tip [46, 49-50]. For the bending test conditions presented in the figure 1b, the analytical expressions of strain 

energy releases rates are given in the equation (11). Only GI is a pure quadratic function of the normal 

interface stress. GII takes into account the combined terms containing the shear interface stress, shear force 

and load. 
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2.3 Validation of the numerical M4-5n results 

Boundary conditions of the central bi-layer zone where system (1) is solved are listed in Table 2. The 

equations are numerically solved by applying a non-dimensional method along with the finite difference 

method, according to the Newmark scheme used in [32, 54] and implemented in the French open source 

software for numerical computations known as Scilab. 

The solution to M4-5n equations has been successfully validated by comparison with 2D finite element 

simulations [35]. Althought the M4-5n equations can take into account the dead–weight contribution of each 

material as given in equation (4) and (7), as previously mentioned, Hun had proved that in elasticity it 

doesn’t affect so much the results (that representents only 3.5% on the edge value of interface stresses) [51]. 

In the case of the specimen geometry described in Section 2.4 and materials tested under the displacement-

controlled condition laid out in Section 3.1, at edge point x = a1 (Fig. 1), the figure 2 then illustrates the 

excellent level of convergence of the M4-5n interface normal and shear stress values (5, 6). Along the x-axis 

of the bi-layer zone II, for two different temperature conditions applied in the following tests, their intensities 

are well within the range of values given previously in the literature (see Table 1). Between the two external 

force points (i.e. B and C in Fig. 1), M4-5n interface stress intensities (Fig. 2), especially for normal stresses 



   

(Fig. 2b), are quite small and remain constant in comparison with the values from zones I and II near the 

edges. From these results, 1,200 elementary segments of the x variable exceed the requirement for obtaining 

good numerical accuracy of interface stresses (around 99.98%) at edge point 2aLx −= . Each simulation 

consumes no more than 2 seconds (in CPU time). Based on the interface stress field, this test should yield an 

interface fracture in mixed mode (i.e. modes I and II combined). 

For the specimens tested and presented in this paper, depending on the interface stress intensity at the edge of 

an initially symmetrical specimen ( )mmaa 7021 ==  (Fig. 3), GI is greater than GII (Fig. 3b). The evolution 

in energy release rate is given as a function of the normalized crack length a/LF where a varies along the x-

axle from 2aL −  to FFF LL + . The figure 3a validates the simulation of energy release rate calculated by 

means of the VCCT method (11), in comparison with the total strain energy release rate obtained 

conventionally (10). 

In addition, from the sign of the derivative of energy release with respect to the crack length, the crack 

expected to propagate along the interface is unstable before turning quite stable. 

In the following section, the finite intensity of the M4-5n stresses at the edge location will subsequently be 

used in the parametric calculation in order to favor delamination over fracture by the bending mode. These 

stresses are primarily correlated with the tension at the bottom of layer 2, provided the modulus of layer 1 

material is very small compared to the layer 2 modulus. 

 

2.4 Influence of specimen geometry and material characteristics on the stress field 

In this section, M4-5n simulations will be run on the global specimen geometry, which takes into account 

both the space constraints of the test and the heterogeneities of the material. This set-up yields a span length 

covering 420 mm, a width of 120 mm and a 60-mm thickness for each layer. Half of the 5-kN total load will 

be applied on each third of the span length. The loads and the and reaction forces are applied on the cement 

concrete material (layer 2) solely as a means of avoiding boundary condition problems during the test with 

the viscoelasticity and thermo-susceptibility of the bituminous material constituting layer 1 (Fig. 1). 

According to the NF EN 13108-1 Standard, the bituminous material tested in Section 3 is a conventional 

French bituminous mix obtained by using aggregate size 0/10 and 5% of bitumen with 35/50 penetration 

grade; it features a high air void content (9.59%). The parameters of the Huet-Sayegh (HS) law [55-57] for 



   

the bituminous material selected herein (denoted BBSG 0/10) are listed in Table 3. The HS law depends on 

both frequency ω  (with tje ω  as the time variation) and temperature θ  (12). 
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where ∞E  is the instantaneous elastic modulus, 0E  is the static elastic modulus, k and h are the exponents 

of parabolic dampers( )01 >>> kh , and δ  is a positive coefficient. In relation (12), 

( ) ( )2
210exp θθθτ AAA ++=  is a function of temperature and involves three scalar parameters. The 

frequency value is correlated with loading rate conditions under some commonly used assumption [1]. For 

the displacement-controlled condition at a 0.7-mm/min loading rate, under the assumption described in 

Section 3.2 below, the equivalent modulus value of the bituminous material equals approximately 2,000 MPa 

at 20°C and 11,000 MPa at 5°C. The Poisson's ratio υ is assumed to be an elastic scalar. 

The cement concrete material (denoted BC6) is made with a CEM I 52.5R cement (NF EN 206-1) and 

aggregate size 0/11. Its characteristics are given in Table 4; moreover, Rt and Rc classically denote the tensile 

and compressive strength values, respectively, of the material. 

The following simulations have been performed for 1 < E2/E1 < 30 in a symmetric case: a1 = a2 = 70 mm. 

Figure 4 indicates that as the Young's modulus ratio between the concrete material (layer 2) and the 

bituminous material (layer 1) decreases, the tensile stress intensity at the bottom of layer 2 shows a 

maximum at points A and D relative to points B and C. Intensities of the normal and the shear interface 

stress rise in absolute value terms at these points.  

  

This M4-5n parametric analysis reveals that the tensile stress at the bottom of concrete layer 2 is in 

competition with interface stresses; this stress depends on the equivalent elastic value of the bituminous 

material modulus and hence on the test temperature. Depending on the tensile strength value of the cement 

concrete material, as well as interface properties and material heterogeneity, the specimen fracture mode 

during the test will also be influenced. 

Due to the symmetry of a specimen's preliminary results, as presented in Hun et al. [35], delamination may 

occur first or simultaneously with failure in concrete on either side of the specimen. To force the 

delamination failure mode onto just one side of the specimen, asymmetric specimens will be numerically 



   

explored in the following discussion. The length a1 is set at 40 mm maximum with respect to the allowable 

distance from support to the edge of layer 1. For a lower value of the bituminous material modulus (i.e. E1 = 

2,000 MPa), Figure 5 shows M4-5n simulations for various a2 lengths. In Figure 5a, as length a2 increases, 

the tensile stress intensity at the bottom of concrete layer 2 increases under loading point C and the interface 

normal and shear stresses increase at the edge (x = L-a2) (Fig. 5b). The parametric analysis confirms that the 

intensity of interface stresses at the edge (x = L-a2) increases from 20% to 60%, in comparison with stresses 

on the other side when only the length a2 is increasing. For this test, a compromise must still be found 

between the tensile stress at the bottom of the cement concrete layer and both the shear and normal stresses 

at the edge of the interface. 

 

3. Experimental results on bi-material beam for composite pavement 

In [35,51], the modeling was first validated for tests on bi-layer specimen composed of aluminum as the first 

layer and PVC as the second. Debonding between these two materials was observed according to 

expectations. The elastic M4-5n simulation fits the elasticpart of experimental load-displacement curves.  

This section will present the initial experimental results obtained on a bi-material specimen for the composite 

pavement made with cement concrete and bituminous materials, as described above. The first subsection will 

discuss the experimental set-up, both types of interface characteristics (type I for UTW, type II by using a 

tack coat), and the initial visual observations on failure events during testing. The second subsection will 

examine the load displacement curves, as well as the load vs. strain measured at the bottom of the 

bituminous layer, focusing solely on delaminated specimens. Depending on material properties, a first 

interpretation of these results can then be provided by means of observations made on the experimental and 

some simulation curves. 

 

3.1 Description of test specimens and initial observations  

For the bituminous material and cement concrete materials described above in Tables 2 and 3, two types of 

interfaces have been tested. The type I interface pertains to a cement concrete overlay on bituminous material, 

known as the Ultra Thin Whitetopping (UTW) type. The type II interface corresponds to a bituminous 

material with the cement concrete material being bonded by means of a tack coat layer. 



   

For type I specimen, the cement concrete layer was cast directly onto the prefabricated bituminous slab. 

After one month, 3 composite slabs were sawed into 3 specimens (using the last number of the specimen 

numbering). For type II specimen, the cement concrete material was initially kept 28 days in a controlled 

chamber at 20°≤2°C and 50≤10% of humidity rate before putting the tack coat. The porosity of this material 

is about 2.3%. The surface of the cement concrete layer was cleaned by water blasting before placing the 

tack coat. The surface roughness of this material is similar to a smooth surface texture according to the study 

given in [20]. The tack coat is a French emulsion (C69 B4) used conventionally on top of the cement 

concrete layer. It is normally kept in a climatic chamber at 45°C prior to use. The emulsion, i.e. 0.4 kg/m² of 

residual binder, was applied to the concrete layer and left for 24 hours before being covered by the 

bituminous material layer. The bituminous material was then compacted by using the linear kneading 

compactor developed by LCPC. Lastly, the composite slabs were sawed into the same mandatory dimensions 

as the Type I specimen. 

The common dimensions of each specimen are: Ltotal = 480 mm for an L = 420 mm dimension between 

supports, e1 = e2 = 60 mm, and a2 = 70 mm. Two width values, as well as symmetrical and non-symmetrical 

specimens, have been tested. These geometries were designed by M4-5n calculations to simulate maximum 

stress intensity towards the interface edges. Under assumptions of elastic, homogeneous and isotropic 

materials and according to Figure 5, a higher value of a2 compared to a1 (Fig. 1) should favor delamination 

on the a2 side first. If such idea is proven and observed experimentally, then only one side needs to be 

instrumented in order to measure the crack propagation length. Tests were performed on a hydraulic press; 

during the test, the specimen temperature was controlled in a climatic aquarium chamber (Fig. 6a). The main 

advantage of this chamber is to offer the possibility to follow with visual or digital image inspection, every 

side and fracture zone of the specimen during the test. The test temperatures, loading rates, specific 

dimension and fracture observations for each specimen have been summarized in Table 5. 

To control and measure the imposed displacement, a linear variable differential transducer (LVDT) sensor 

was placed mid-height on the specimen section at the mid-span (Fig. 6b). Both types I and II specimens were 

delaminated according to this proposed test protocol (see Table 5, Figs. 6a and 9a). 

For ambient temperature values around 20°C, most type I specimens (80%) were delaminated at the interface 

between layers either under load or controlled displacement conditions. Figure 7 shows that delamination 

occurs exactly at the interface location between layers even though the cement material has been flowing on 



   

top of the bituminous material, as is conventionally anticipated for a UTW structure. This finding implies 

that even if cement concrete fills the bituminous material voids and then assumed to strengthen the interface 

in the bituminous material just under the interface (Fig. 7a), the present four-point bending test is still able to 

delaminate the bi-material layers under the controlled conditions set forth in Table 5. On Figure 7b, it is nice 

to observe that this test produces an adhesive fracture for this Type I of interface. This test should yield 

valuable results for characterizing this type of interface.  

For just a single specimen (Type I-PT-3-2), failure was observed in the central zone between the loading 

location points. In this case, the crack started in the middle of the specimen and at the bottom of the cement 

concrete layer. The central crack propagated vertically from the bottom of the concrete layer near the 

interface location into each part of the two materials (Fig. 8a). For an E2/E1 ratio value of around 20, Figure 

4a demonstrates that a maximum tensile stress exists in this central part of the beam between loading 

locations B and C. In this zone, if a defect exists in the material, a crack may occur at the same spot. 

Moreover, for the two specimens I-PT-2.1 and I-PT-2.2, a bending failure in cement concrete occurred at 

x=a1 (i.e. point D in Fig. 4a). At a lower temperature (4°C - E2/E1 ratio of approx. 3) for the type I-PT-1-2 

specimen, failure was also located at the bottom of the concrete layer very close to point D of the edge zones 

(Fig. 4a). In addition to previous comments regarding the competition between tensile stress and interface 

stresses, these last failures are mainly facilitated by a strong bond between the layers and the irregular 

thickness of bituminous layers. For two specimens, the cement concrete layer thickness in the middle of the 

beam is indeed greater than at the edge (Fig. 8b). More precisely, the variation in thickness layer is due in 

particular to the method of compaction used for the bituminous material plates during the production phase. 

This finding suggests that considerable care must be taken during specimen fabrication. Consequently, the 

results on Type I-PT-3-2, I-PT-2.1 and I-PT-2.2 specimens have not been reported on the curves appearing in 

the following section (3.2). In addition, for few type I specimens and results stemming from the literature [7, 

24, 34], some additional cracks at the bottom of the cement concrete under point B or C in Figure 4a may 

have occurred prior to delamination at location point A or D. 

For specimen type II, much care was taken to introduce a regular thickness for all bituminous slabs during 

the compaction phase. Hence, for all Type II specimens, both the symmetric and non-symmetric specimens 

were ultimately delaminated at the interface between layers not only at ambient temperature (around 20°C) 

but also, as depicted in Table 5, at lower temperatures (near 5°C). As for Type I specimens, the exact 



   

location of debonding occurred between the 2 layers, as illustrated in Figure 9. Yet failure still happened 

twice as fast as for the previous type of interface (Table 5), which provides an interesting result when 

comparing these two types of interfaces. As for Figure 7b, the Figure 9b gives the typical fracture area of the 

the broken interfaces. It is observed that for that Type II interface (with tack coat), as expected, it’s a 

cohesion debonding. It has happened in the middle of the viscoelastic tack coat and makes the test much 

more complicated to interpret by an elastic model under no dead weight assumptions. 

Furthermore, some observations have displayed the presence of a non-negligible effect from the bituminous 

layer self-weight on type II interfaces (i.e. with use of a tack coat). For this type II specimen, experimental 

results will likely be poorly modeled under the assumptions exposed in the first part of this paper regarding 

elasticity and the lack of self-weight effects. The test should be modified in order to deepen the level of 

understanding on this type of interface. In particular, this modification should be introduced in a completely 

opposite manner when loads originate from the bottom. Such a modification proved impossible with the 

hydraulic press used in this study. 

 

3.2 Experimental curve data 

In this section, only the curves associated with tests that ultimately produced delamination failure under 

controlled displacement conditions are reported for the two width values of bi-layers (i.e. b = 100 and 120 

mm). The equivalent Young's modulus value of the bituminous material has been calculated through its HS 

law (12) at the test temperature. In an initial approximation for all tests conducted under the controlled 

displacement rate of 0.7 mm/min, the frequency is chosen as a function of test duration, which is to be 

determined by both experimental results (Table 5) and the M4-5n model with respect to the tensile stress 

limit within the cement concrete material (Fig. 5). This time (T = TRt=3.5MPa) corresponds to the maximum 

load FRt=3.5MPa, equal to 5 kN and 7.2 kN at high and low temperatures, respectively (see Figs. 10 and 12). 

From these loads, the test duration is determined by reviewing the experimental time-load result; it amounts 

to roughly 5.3 s for the two specimens tested at high and low temperature. In (12), the equivalent modulus of 

the bituminous layer is assumed to equal 2,000 MPa under ambient temperature conditions (around 20°C), 

though its value rises to 11,000 MPa at low temperature (approx. 5°C). 



   

In the following curves, all results from Table 5 under controlled displacement conditions are displayed in 

the same graph. The load has been normalized by a coefficient that depends on the interface length and 

specimen width, both of which are parameters of the interface surface area. 

First, for ambient temperature conditions, strong differences appear between the two types of interfaces, as 

observed in Figure 10. The static four-point bending test in static mode yields some highly repeatable results 

for Type I specimens, even though results are more widely dispersed for Type II. In addition, the average 

maximum load value for the Type I interface is about 50% higher than for the Type II interface. Except for 

the type I-PT-1-1 specimen, which raised certain difficulties with the displacement sensor, the global linear 

response of the Type I specimen can be simulated by an elastic M4-5n before the load reaches its maximum 

value and cracking occurs. This comment is also valid for strain measurements at the bottom of the middle 

part of the bituminous layer on the curves shown in Figure 11. 

In order to experimentally determine if cracks occur before or after the maximum load value, first specimen 

type II-PT-1-3 and then type II-PT-2-2 (with fewer loadings) were subjected to several loadings before 

conducting the static test, and this was repeated until reaching the failure state. With respect to previous 

observations, it seems obvious that the dead weight of the bituminous material influences debonding of the 

viscoelastic tack coat. More specifically, this effect could explain why the elastic M4-5n does not fit very 

closely over the first part of these curves (Fig. 10). Such is especially true for type II-PT-1-3, which remains 

in the same position for quite a long time. The maximum load value is smaller here than for the other 

specimens (Figs. 10 and 11). To properly test this type of interface, which is not exactly the ultimate 

objective of this work, the present test would need to be improved. Nevertheless, it is important to point out 

that this test is able to provode some results for the two different types of interfaces.  

Under the same controlled displacement rate (0.7 mm/min) as for previous results, only one test on each 

interface has been performed at a lower temperature, i.e. set around 5°C (Fig. 12). Compared to results 

obtained at ambient temperature (see Fig. 10), we observe on Figure 12, that small visco-elactic effects exists 

in Type I specimen in regards to Type II ones. As a general indication for the type I specimen, the maximum 

force value of this test carried out at 5°C was of the same intensity as the value obtained for tests at 20°C. 

The M4-5n curve perfectly fits the experimental displacement and strain result before failure occurs in the 

cement concrete layer. For the type I-PT-1-2 specimen, no interface debonding was observed, as opposed to 

the type II-PT-1-1 specimen failure mode (Table 5). Once again, for the type II specimen, before failure can 



   

occur at the bottom of the cement concrete layer, dead weight effects of the bituminous layer on the 

viscoelastic tack coat may complicate this analysis. The linear portion of the curve is in fact shorter than the 

elastic simulation performed with M4-5n before the presumed cement concrete failure (Fig. 12b). A much 

greater number of tests must naturally be completed in order to confirm these results. 

According to the M4-5n simulations illustrated in Figure 4b however and in comparison with observations 

and experimental results for ambient temperature (i.e. around 20°C), each type of interface appears at 5°C to 

resist higher values of both normal and shear interface stresses at point D. In considering that these M4-5n 

interface stresses might provide a good indicator of delamination criteria when very few visco-elastic effect 

exists (as for the Type I specimen), it could then be interpreted that the behavior of the composite interface 

between the cement concrete and the bituminous material should be considered as thermosusceptible. 

 

3.3 Discussion 

M4-5n simulations (Fig. 4), in correlation with cement concrete material characteristics (Table 3) and initial 

experimental observations (Table 5, Fig. 8a), indicate that a competition exists between tensile stress at the 

bottom of the cement concrete layer and interface normal and shear stresses. As opposed to tests conducted 

on ALU/PVC specimens, the experimental determination of strain energy release rate by means of the 

classical compliance method [58] and crack mouth opening measurements seems more complicated to apply 

to the bi-layer specimen made from cement concrete and bituminous materials [52]. 

The competition between stresses described above can be summarized and discussed briefly at certain points 

on the load displacement curves using simple elastic calculus. Some values will be given below. Previous 

experimental curves of load displacements (Figs. 10 and 12) have indicated three distinct zones: A, B and C. 

These zones are illustrated in Figure 13 for specimen I-PT-1-3 and II-PT-2-1 only. Cases 1 through 4 

illustrate the finite element (FEM) simulations. 

Zone A corresponds to the linear part of the curves, before either the possible failure at the bottom of the 

cement concrete layer or the viscoelastic effect of the bituminous material. In this zone, M4-5n curves 

generally fit all tests of the type I specimen with its average material modulus values for each temperature 

(Figs. 10-12). For type II specimens, focusing in particular on the load versus strain curves at the bottom of 

the bituminous layer, the M4-5n curves do not all fit the experimental curves (Figs. 11 and 12b). As 

explained in the previous section, this finding is probably due to the dead-weight effects of the bituminous 



   

layer on the viscoelastic tack coat. For the type II interface, on the contrary to the type I interface, this effect 

must therefore be taken into account in the model or else the test schematic diagram needs to be modified. In 

zone B, cracks may occur anywhere (either in the cement concrete material or on the interface location). The 

end of zone B is chosen to be associated with the complete debonding case, without any cracks appearing at 

the bottom of the concrete layer (Fig. 13). This calculation has been performed according to classical four-

point bending theory (RDM: strength of materials) on the cement concrete beam only. The curves at ambient 

temperature match the maximum load value (Fig. 13). At lower temperatures, this value corresponds to a 

point on the curve just after the maximum load value (Fig. 12). Regardless of the case, zone B is small and 

delamination cannot by itself describe the entire curve. As a matter of fact, even if viscoelastic effects of the 

bituminous layer are taken into consideration, three failure possibilities exist in zone B: only one crack 

appears at the bottom of the cement concrete layer (case 1); total delamination of just one side of the beam 

(case 2) until point B or C (Fig. 1); or a small vertical crack at the bottom of the cement concrete layer, 

coupled with a total delamination of one edge (case 3), as can be observed as well in Figure 9a for a II-PT-2-

1 specimen. Under these assumptions, zone C, where both cracks at the bottom of layer 2 and delamination 

are sure to be found, should then mainly correspond to the propagation zone for the crack in the cement 

concrete until the end of the test (case 4). 

In subsequent studies, these investigations will need to be improved and validated by further details along 

with both the introduction, in the M4-5n simulation, of vertical failure in the cement concrete layer and the 

use of a digital image correlation technique. To complete this first effort and provide some indicators, if no 

cracks occur at the bottom of the cement concrete layer before delamination (i.e. case 2), then additional 

values of the M4-5n interface stresses at point D (or A) in Figure 1 and the strain energy release rate have 

been listed in Table 6. These values have been calculated for two force intensities (Ft=5.3s: end of zone A; and 

Fmax: end of zone B) for tests carried out at ambient temperature. If debonding initiates from the edge of the 

beam only, then the critical experimental interface stresses or G intensities should lie between these values, 

which are in the range of values given in the literature (Table 1) [27]. 

In subsequent studies, these values will need to be complemented by interface normal and shear stress values 

near the vertical concrete crack (case 1 of Fig. 13) so as to precisely determine which intensity is higher. 

 

4. Conclusions  



   

In order to deep the knowledge about the characterization of interface bond, this aim of this article is to give 

some answers to the three questions given in the introduction and not to examine the debonding interface 

problems with great details on interface characteristics in a well-known test and not to propose a practical 

test for being standardized. The term “mechanical analysis” is used to indicate that this experimental and 

modelling work is voluntary not performed at a micro scale level (as for instance at the level of cohesive 

zone behind the crack). This paper doesn’t pretend either at all to do similar statistical investigations to 

compare results of different tests such as those done in [59]. Actually, the work presented in this paper gives 

some answers to the three points of the objectives given in the introduction. A 4PB test on bi-layer structures 

has been analyzed using a specific elastic model. The influence of geometry on the delamination 

phenomenon in specimens has been studied. First, one shows that the elastic model used is really efficient to 

design the geometry of the specimen. The elastic solutions compute into Scilab are obtained very quickly 

which allows making different parametric studies. As expected, this test shows significant rupture at the 

interface in mixed mode (modes I and II combined) conditions, though mode I should be recognized as the 

main failure mode. The VCCT method helps separate the two modes from the strain energy release rate. 

These initial results on various types of interfaces tested under controlled static conditions have been 

presented. Actually, in a pavement, a concrete layer can be covered by a bituminous surface course and a 

tack coat is used to ensure the bond between the layers. As second case, a bituminous layer can be covered 

by a cement concrete without using a tack coat. The two possibilities of construction during laying process 

give two kinds of interface. In each case, the interface bond needs more investigation in laboratory and one 

proposes in this paper some tests to evaluate the interface bond meanly at ambient temperature. These 

preliminary experiments have been done to check the capability of the four-point bending test to distinguish 

between the two types of interface. In the same way, some tests have been also conducted at lower 

temperatures. Different failure mechanisms, primarily including delamination, have been observed. This 4-

point bending test has been able to highlight differences between interface types. Due to the strong self-

weight effect of the bituminous layer for interface specimen type II (bituminous layer placed on the cement 

concrete layer by means of a tack coat film), this test needs to be modified in order to improve the study of 

this type of interface. In considering the deflection behavior of specimens, both experimental and analytical 

results have been compared. Interface normal and shear stress intensities between layers at the edge of the 

specimen, as output from the model, are in the range of values found in the literature for type I interfaces 



   

(UTW type). For this type of interface (Type II), the four point bending test investigated here is very 

interesting for its capability to debond such a bi-material specimen. We conclude that the statistical work 

(with different temperatures/loading conditions, roughness of material, moisture or water effect …) can be 

planned. As for composite materials [45, 48-49], delamination can be predicted using the quadratic failure 

criterion in terms of these M4 interface stresses. For the pair of materials tested however, it would appear 

that strong competition exists between a crack at the bottom of the cement layer and a debonding crack, 

which further complicates crack length measurements by means of classical techniques.  

In looking to future studies, additional simulations for the purpose of introducing, under loading points of the 

specimen, an initial crack at the bottom of the concrete layer into the model should help determine the exact 

cracking and debonding mechanisms of these specimens. Through the use of image analysis techniques, this 

information should be also provided and the parameters of mixed mode criteria should also be indicated. 
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Table 2: Illustration of some mechanical strength data between a cement concrete overlay on a bituminous 

material (ν and τ are the normal and shear interface stresses respectively) 

: Bituminous material : Cement concrete  

Test Results  
Direct tensile test (Mode I) 

- Cores from a pavement with continuous slabs after 2 years of service [25] : ν = 0.3MPa F

F  

- Cores from a thin bonded (milled surface) cement concrete pavement after 6 months of  

traffic [26]: ν = 0.5MPa  

Wedge splitting test (Mode I) 

F

 

- Cores from a bonded (milled surface) thin cement concrete pavement after 4 months of  

traffic [27] : ν = 2,6 à 3,2MPa (test at -10°C), ν = 1.3 à 1.6MPa (test at 10°C), ν = 0.7MPa 

70J/m2 < G < 100J/m2 (test at 22°C) 

Shear test (Mode II) 

- Cores from a concrete slab over a bituminous material base [ 28]:τ = 0.8MPa 

- Cores from a bonded (milled surface) thin cement concrete pavement after 6 months of  

traffic [26]:  τ = 0.7MPa 

- Cores from a bonded (milled surface) thin cement concrete pavement [29]: τ = 0.4MPa 

F

F  
Cores from a bonded (milled surface) thin cement concrete pavement after 1 year of  

traffic [30]: τ = 0.5 à 0.7MPa 

EPCF test (Mixed mode) 

F

 

Specimens from a laboratory test without any interface treatment [1] : 

ν= 0.6 to 1MPa, τ = 0.3 to 0.8MPa (static test at 0°C – 0.11mm/min) 

ν < 1.8MPa, τ < 0.8MPa (fatigue test at 0°C and 10Hz) 

 



   

Table 2: Numerical boundary conditions of the bilayer modelled (zone II of Figure 1) 
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Table 3: Bituminous material characteristics with high level of void content (IFSTTAR A476) 

Bituminous material 
E0 

(MPa) 

Einf 

(MPa) 
δ k h A0 (s) A1 (s °C-1) A2 (s °C-2) υ 

BBSG 0-10 25 27535 2.38 0.23 0.69 3.8251 -0.39086 0.0016067 0.35 

 

Table 4: Cement material characteristics (IFSTTAR -A476) 

Cement Concrete Cement type Granular size Air void (%) E2 (MPa) υ Rt (MPa) Rc (MPa) 

BC6 CEM I 52.5R 0/11 2.57 34878 0.25 3.46 47.67 
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Table 5: Dimension of bi-layer specimens, test conditions and visual observations 

 

Specimen 
name 

b/a1 
(mm) 

Controlled 
conditions 

T 
(°C) 

Fmax  

(N) 
tFmax  

(s) 
Visual observations 

I-PT-1-1 120/70 0.7mm/min 21.0 12150 17.5 Interface debonding 

I-PT-1-2 120/70 0.7mm/min 4.0 12190 10.5 Bending fracture (Edge of layer 2) 

I-PT-1-3 100/70 0.7mm/min 20.0 9760 28.0 Interface debonding 

I-PT-2-1 120/70 0.7mm/min 20.0 11900 20.7 Bending fracture (Edge of layer 2) 

I-PT-2-2 120/70 500N/s 20.0 8465 22.5 Bending fracture (Edge of layer 2) 

I-PT-2-3 120/70 100N/s 23.0 - 73.3 Interface debonding 

I-PT-3-1 120/70 0.7mm/min 20.0 11560 20.0 
Cracking in cement concrete layer then 

interface debonding 

I-PT-3-2 120/70 0.7mm/min 21.0 11090 18.0 Bending fracture (middle of layers) 

I-PT-3-3 100/70 0.7mm/min 22.0 8850 25.0 Interface debonding 

II-PT-1-1 120/70 0.7mm/min 6.0 10780 13.4 Interface debonding 

II-PT-1-2 120/70 0.7mm/min 20.0 6800 13.9 
Cracking in cement concrete layer then 

interface debonding 

II-PT-1-3 100/70 0.7mm/min 20.5 4300 12.5 
Cracking in cement concrete layer then 

interface debonding 

II-PT-2-1 120/40 0.7mm/min 22.0 5600 11.0 
Cracking in cement concrete layer then 

interface debonding 

II-PT-2-2 120/40 0.7mm/min 20.0 6000 14.0 
Cracking in cement concrete layer then 

interface debonding 

II-PT-2-3 100/40 0.7mm/min 20.5 5200 9.7 
Cracking in cement concrete layer then 

interface debonding 
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Table 6: Interface stress intensity and strain energy release rate results for ambient temperature (around 20°C) 

GI (J/m²) for a crack 

length of 2mm 

Model 

Specimen 

type 

Average 

maximum 

load (N) 

Ft=5.3s  

 (N) 

)( 2
2,1 aL
MaxF −τ  

(MPa) 

)( 2
2,1

3.5 aLsFt −=τ  

 (MPa) 

)( 2
2,1 aL
MaxF −ν  

(MPa) 

)( 2
2,1

3.5
aL

sFtF −
=

ν   

(MPa) 

GFmax   GFt=5.3s 

Type I  9760-12150 5000 0.42 - 0.48 0.20 1.18 -1.34 0.55 100 – 112 44-80 
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Figure 6.  (a) Four-point bending test arrangement (b) First debonding observations of Type I specimen (I-

PT-2-3 under load controlled condition 100N/s) 

 

  

Figure 7.  Visual debonding fracture aspect of Type I specimen: a) I-PT-2-3 b) I-PT-1-3 

 

   

Figure 8.  Bending parasite failures at the: a) Middle of the beam (I-PT-3-2) b) Edge of layer 2 due to non 

regular thickness of layers (Type I-PT-2.1 example) 
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Figure 9.  Typical debonding fracture aspect of Type II specimen (II-PT-2-2)  

 

 

Figure 10. Load versus midspan deflection curves of bi-layer specimen tested under controlled displacement 

rate (0.7mm/min) 
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Figure 11. Load strain results for bilayer specimens tested under controlled displacement conditions 

(0.7mm/min)  

 

  

Figure 12. Load displacement results for bi-layer specimen tested under a lower temperature fixed at 5°C and 

a controlled displacement rate (0.7mm/min) 
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Figure 13.  Different failure scenarios of the bi-layered 4 pt bending test for pavement material 

 

 


