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In this paper, numerical simulations have been conducted to investigate how damage initiates and propagates at mastic materials. Mastic is known as the matrix component of asphalt concrete. The 2D specimen digital model has been created by using a layer of mastic material which is inserted between two coarse aggregate. Cohesive elements have been inserted into mastic to simulate crack initiation and propagation. The effects of loading and stiffness modulus will be investigated. Many important conclusions will be given.

I. INTRODUCTION

Asphalt concretes (AC) are complex biphasic materials composed of asphalt binder, fine and coarse aggregate. Fine aggregate are mixed with asphalt binder to formulate the mastic [START_REF] Fakhari Tehrani | Twodimensional/three-dimensional biphasic modelling of the dynamic modulus of bituminous materials[END_REF], [START_REF] Fakhari Tehrani | Heterogeneous numerical modeling of asphalt concrete through use of a biphasic approach: Porous matrix/inclusions[END_REF], [START_REF] Fakhari Tehrani | Investigation into the impact of the use of 2D/3D digital models on the numerical calculation of the bituminous composites complex modulus[END_REF]. In general, fracture occurs mostly at mastic and at the interface between coarse aggregate and mastic [START_REF] Song | A bilinear cohesive zone model tailored for fracture of asphalt concrete considering viscoelastic bulk material[END_REF], [START_REF] Yin | Multiscale fracture simulation of three-point bending asphalt mixture beam considering material heterogeneity[END_REF]. Recently, many researchers have been concentrating on the simulation of damage and fracture within AC. Song et al [START_REF] Song | A bilinear cohesive zone model tailored for fracture of asphalt concrete considering viscoelastic bulk material[END_REF] and Yin et al [START_REF] Yin | Multiscale fracture simulation of three-point bending asphalt mixture beam considering material heterogeneity[END_REF] investigated about fracture by simulation of the three point bending beam, in this studies, cohesive element approach was used.

In this paper, 2D fracture simulation at mastic will be modelled. The RVE is represented as a layer of mastic which is placed between two coarse aggregate. Crack initiation and propagation within mastic will be shown. The effects of the loading rate and stiffness modulus will be investigated.

The objectives of this work are :

• Numerical simulations of damage initiation and fracture within mastic. • Evaluating the impact of loading on the crack propagation.

• Identifying influence of stiffness modulus on damage initiation and evolution.

A. Numerical model description 1) Cohesive element approach: Cohesive element approach is a numerical method that can be used to simulate cohesive damage at mastic. Cohesive element behaviour is shown in Figure 1, cohesive element behaves elastically until the maximum stress criterion is reached ( Initiation of damage).

The elastic behaviour can be written as described in equation ( 1) [START_REF]Defining the constitutive response of cohesive elements using a traction-separation description[END_REF]. 

  τ n τ s τ t   =   K nn 0 0 0 K ss 0 0 0 K tt   *   δ n δ s δ t   (1) 
Where τ n , τ s and τ t are the normal and two shear traction direction stresses respectively. K nn is the stiffness in the normal compressive direction, K ss is the stiffness in the first shear direction and K tt is the stiffness in the second shear direction.

The strain components are denoted as ε n ,ε s and ε t . The separation values can be defined as [START_REF]Defining the constitutive response of cohesive elements using a traction-separation description[END_REF]:

ε n = δ n T , ε n = δ s T , ε n = δ t T ( 2 
)
Where T is the initial thickness of the interface element. δ n , δ s and δ t are the separation values toward each direction.

The criterion of damage is given in equation 3 :

M ax{ τ n τ 0 n ; τ s τ 0 s ; τ t τ 0 t } = 1 (3) 
Where τ 0 n τ 0 s and τ 0 t are the strength toward normal, first and second shear directions respectively.

After damage initiates, the stiffness of mastic will be degraded. Stiffness degradation ratio is evaluated by a scalar variable named D. D varies from 0 to 1. When D equals 1, the stiffness of mastic is totally degraded. The stress components at the stiffness degradation are given in equations 4,5 and 6 as :

τ n = (1 -D)τ n (4) τ s = (1 -D)τ s ( 5 
)
τ t = (1 -D)τ t ( 6 
)
Where τ n τ s and τ t are the stress components predicted by the elastic traction-separation behaviour for the current strains without damage [START_REF]Defining the constitutive response of cohesive elements using a traction-separation description[END_REF].

After degradation of the stiffness of mastic, fracture will occur. The fracture energy can be expressed as below in equation 7 :

φ = 1 2 τ 0 (n,s,t) δ f (n,s,t) (7) 
Where δ f (n,s,t) is the separation value at fracture.

2) Cohesive elements insertion: Cohesive elements are inserted between the original solid elements of mastic. The method of insertion can be found in [START_REF] Tarasovs | [END_REF]. Figure 2 illustrates the cohesive element insertion steps. The first step is to mesh the layer of mastic on ABAQUS, triangle finite elements for 2D specimen is used (figure 2a). The second step is to modify the initial mesh, every common node between two or more solid elements is duplicated. Moreover, cohesive elements with zero thickness are inserted between faces of neighbouring solid elements and joining them together (figure 2b).

3) Numerical model: The 2D numerical model chosen for this paper is represented in Figure 3. The model is composed of two coarse aggregate and a layer of mastic which is inserted between them. The 2D specimen with dimensions of 40 mm × 25 mm. The dimensions of each coarse aggregate is 40 mm × 10 mm. The mastic is with dimensions of 40 mm × 5 mm.

In general, aggregate behaves elastically. While mastic is thermal-sensitive material, it is viscous at higher temperature, visco-elastic at medium temperature and elastic at lower temperature respectively [START_REF] Fakhari Tehrani | Twodimensional/three-dimensional biphasic modelling of the dynamic modulus of bituminous materials[END_REF], [START_REF] Fakhari Tehrani | Heterogeneous numerical modeling of asphalt concrete through use of a biphasic approach: Porous matrix/inclusions[END_REF]. Fracture tests of asphalt concrete were conducted at -10 • C by H. Kim et al [START_REF] Kim | Discrete fracture modeling of asphalt concrete[END_REF], the test results are given in table I. Abaqus software is used to carry out the finite element analysis. The quasi-static simulations are considered with a step time of 1 s. The displacement is applied at the top surface of the upper aggregate, it increases linearly from 0 to 0.5 mm The free meshing method is considered. An overall mesh 

B. Results and discussion

The maximum nominal stress criterion (Equation 3) is evaluated by MAXSCRT (Output of ABAQUS varies from 0 to 1). If MAXSCRT is inferior than 1, damage will not initiate, whereas damage is assumed to begin when MAXSCRT achieves 1.

The scalar damage variable D is evaluated by SDEG (Output of ABAQUS varies from 0 to 1). For example, if SDEG=0.2, 20% of the stiffness of mastic will degrade. Fracture is assumed to begin when SDEG achieves 1.

1) Effect of loading: In this section, the effect of loading on fracture will be shown. The applied displacement increases linearly from 0 to 0.5 mm during the step time of 1 s. Cracks initiation and propagation are observed in 2D model of AC specimen with upon increment of loading. The detailed crack initiation and evolution are presented in figure 5, in this figure, only mastic bloc is shown without the aggregate and the mastic size scale is increased to visualize the cracking paths. Figs 5a, 5b, 5c and 5d show the status of the 2D digital specimen at step time of 0, 0.2, 0.3 and 1 s respectively. It can be seen that two cracks are initiated and propagated as the loading increases. The first crack is initiated at the top-left region of mastic, it propagates horizontally from the left side to the right one of specimen. However, the second crack is created at the bottom-right region of mastic and propagates horizontally from the right side to the left one for a distance almost equals 10 mm.

MAXSCRT (Damage criterion) and SDEG (Stiffness degradation) for two cohesive elements are plotted in figure 6 . On the one hand, the first cohesive element is where the first crack tip appeared (top-left region of mastic). On the other hand, the second cohesive element is where the crack tip of the first crack ended (top-right region of mastic). For the first cohesive element, damage initiates at t=0.01 s In the meantime, SDEG value exceeds 0 and achieves 1 at the time t=0.1 s. For the second cohesive element, damage starts at t=0.17 s and SDEG value exceeds 0 and achieves 0.9997 at t=1 s. The second cohesive element has not been fractured yet (SDEG is still less than 1). Fracture might occur if the loading rate exceeds 0.5mm. 2) Effect of stiffness modulus: One of the important parameter affecting the fracture behaviour is the stiffness modulus of mastic. The stiffness modulus K used in the previous case is 18.2 GP a/mm, to investigate how K affects the overall fracture behaviour, 50 % of K, K and 150% of K are assigned to the mastic material at the same loading condition (0.5 mm). Figure 7 illustrates the crack paths at mastic. Figures 7a and7b show the crack paths of stiffness of 9100 MPa (50 % of K) and 27300 MPa (150 % of K) respectively. For stiffness of 9100 MPa, it reveals that only one crack appears and the mastic is divided to two parts. For stiffness of 27300 MPa, it reveals that the crack paths are almost identical to the crack path found in the case of stiffness equals K. The difference between the two crack paths is that in the case of the second crack (crack at the bottom-right region), there is one more cohesive element which is separated in the case of stiffness which equals 27300 MPa (see figs 7b and 5d).

II. CONCLUSION

The present work presents numerical simulations of fracture at asphalt materials using cohesive element method. Cohesive elements are inserted into mastic to inquire into cracking initiation and propagation. Based on the above results, the following conclusions are drown :

• Cracks were initiated and propagated at mastic with upon increment of loading. • The stiffness modulus value can influence the cracking paths at mastic.
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 1 Fig. 1: Cohesive element behaviour
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 2 Fig.2: Original mesh (a) and embedded cohesive element (b)[START_REF] Tarasovs | [END_REF] 
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 3 Fig. 3: Numerical model, loading and boundary condition
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 4 Fig. 4: Mesh configuration of the numerical model
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 5 Fig. 5: The status of cracks initiation and propagation within mastic at different step times
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 6 Fig. 6: MAXSCRT and SDEG variation

TABLE I :

 I The input parameters of the numerical simulation

	Aggregate	Mastic
	Elastic modulus	56.8 GP a	Initial stiffness	18.2 GP a/mm
			Fracture energy	270 J/m 2
	Poisson's ratio	0.15	Tensile strength	3.78 MPa