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Abstract

In this paper, a new phase field method is proposed for modelling of progressive failure in 

multi-phase materials. Material properties of the interface between inclusion and matrix are 

regularized by an auxiliary interface phase field. In addition, crack initiation and propagation are 

simulated by using another crack phase field. Different failure mechanisms such as interface 

debonding, matrix cracking and the interaction between these two failure mechanisms are modelled 

in a unified framework. For general application of the framework, an image processing method is 

employed to identify the individual phases for a given multi-phase material. The proposed method 

is implemented into the commercial software ABAQUS through a user subroutine UEL (user 

defined element). The derived method is validated through an example of a single fiber reinforced 

composite system. Moreover, a procedure for choosing parameters of the proposed phase field 

model is discussed. Further, the validated method is applied to fracture analysis of a multi-phase 

concrete structure and complex failure mechanisms within and across the phases are captured.

Keywords: Phase field model; interface debonding; matrix cracking; multi-phase material; 

ABAQUS UEL

1. Introduction

Meso-scale modelling of progressive failure in materials with multiple phases such as concrete 

[1-3], fiber-reinforced composite [4-6], bones [7, 8] and braided composites [9-12] has received 

much attention in the past few decades. The multi-phase materials are usually characterized in terms 

of inclusion, matrix and interface in between. The inclusions can be arbitrary in size and shape and 

are distributed in the matrix. The meso-scale modelling can provide unique insight into the material 

fracture behavior since a number of progressive failure processes cannot otherwise be simulated, 
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e.g., interface cracking/debonding [13]. In the past few decades, a few numerical approaches have 

been applied and widely acknowledged for modelling these complex mechanisms. Grassl et al., 

employed a lattice approach in simulating cracks in concrete [14]. Benkemoun et al. proposed a 

particular finite element meso-scale model in which a number of bar elements were employed to 

represent material heterogeneities and local failure [15]. In addition, different ratios of critical energy 

release rate and fracture strength between interface and matrix were studied [3, 4]. It has been shown 

that the mechanical behavior of the interface between matrix and inclusion could play an important role 

in the overall response of the material. In order to model the interface precisely, cohesive zone model 

(CZM) were widely used mainly due to the convenience for implementing the interfacial properties 

and accuracy in reproducing experimental results [5, 16-18]. The cohesive zone model was first 

proposed to overcome the unrealistic stress singularity in front of the crack tip [19, 20] and then 

implemented into finite element framework by Needleman to simulate interface debonding of the 

inclusion [21]. Since then, CZM has been widely applied for solving various crack propagation 

problems including interface debonding and crack propagation [22-24]. However, there are still 

some difficulties when dealing with the interactions between matrix cracking and interface 

debonding in a unified modelling platform [25]. For example traditional cohesive elements (CEs) 

along interface cannot deal with the stress transfer very well. Hence in order to model interactions 

between interface debonding and matrix cracking, adaptive splitting of CEs to comply complex 

crack configuration is needed [26, 27]. In the modelling of progressive failure of heterogeneous 

material, the interaction between matrix cracking and interface debonding should be well addressed. 

Hence, a unified numerical approach considering all the failure mechanisms and their interactions 

would be highly desirable.

In recent years, a variational approach of brittle fracture based on Griffith’s theory [28] was 

proposed by Francfort and Marigo [29]. In this framework, the total energy is assumed to contain a 

surface term which is associated with the energy required to form a crack. The displacement field 

as well as the set of cracks can be obtained by minimizing the total energy. This method can 

overcome some limitations of Griffith’s theory and linear elastic fracture mechanics (LEFM) such 

as inability to predict crack initiation and branching. Numerical methods dedicated to implement 

this framework and the Ambrosio-Tortorelli regularizations [30] are termed as phase field models 

of fracture [31-34]. In the phase field model, cracks are regularized by a continuous scalar phase 

field and crack nucleation and propagation can be simulated without additional ad-hoc criteria [35-

37]. Furthermore, crack tracking issues which may be very complicated for three-dimensional (3D) 

fracture problems are also overcome [38, 39]. Because of such advantages, phase field model is 

widely applied to brittle fracture problems [40-43] dynamic fracture problems [44-48], composite 

delamination [49] and anisotropic material fracture problems [50, 51]. Phase field model can also 

be applied to cohesive fracture problems. Verhoosel et al. [52] introduced a new fracture energy 

function to include cohesive traction-separation law in their model. And an auxiliary field along 

with an extra constraint was introduced to estimate crack opening displacement. However, this 
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model can only be used to model crack propagation along pre-defined paths. In the study of Freddi 

et al. [53], they introduced a new internal length scale related energy degradation function to prevent 

the surface energy from being released abruptly and the cohesive laws were reconstructed through 

a backtracking procedure. However, the results are sensitive to the internal length scale as reported 

in [34]. Wu [54, 55] proposed a unified phase field model for cohesive fracture problems, in which 

the parameterized degradation function and crack geometry function are used. General cohesive 

laws, such as bi-linear, exponential can be reproduced directly once the materials properties are 

known. The results are insensitive to the internal length scale as long as the crack surface is 

approximated precisely. However, this model is still used to model fracture problems in 

homogeneous material. Recently, a few phase field models are proposed for modelling the 

interaction between interface debonding and matrix cracking. For example, Paggi et al. [56] 

proposed a novel combined approach in which bulk brittle fracture is treated by phase field model 

and interface debonding is modelled by a compatible CE. It has been demonstrated that matrix 

cracking, interface debonding and the interactions between them can be modelled directly by using 

the proposed approach [57-59]. Nguyen et al. [60] introduced a smoothed displacement jump 

approximation of the interface by restoring to the level set method in phase field model. The 

approach allows interactions between matrix cracking and interface debonding [61, 62]. Msekh et 

al. [63, 64] applied the phase field approach to model progressive failure in polymer-matrix 

composites. More recently, Hansen-Dörr et al. [65] proposed a phase field approach for interface 

failure between two dissimilar materials, in which the discrete adhesive interface is regularized over 

a finite width. It was shown that the choice of internal length scales of crack and interface has 

significant impact on the prediction of crack propagation, and a reliable universal correction was 

proposed to improve solving accuracy.

This paper dedicates to the development of a new phase field approach for the modelling of 

cohesive zone model based matrix and interface failures in multi-phase materials. The material 

properties of the interface are regularized by using an auxiliary phase field. It results in an equivalent 

material field in which material properties across the interface and matrix change continuously. 

Moreover, another phase field is employed to model the material failure in the obtained equivalent 

material field. In the crack modelling the unified phase field method [54] is integrated into the 

present formulation for cohesive fracture. In this way, matrix cracking, interface debonding and the 

interaction between them can be considered concurrently. Further, the proposed method is 

implemented into ABAQUS through the user subroutine UEL (user defined element) [66].

2. Regularization

2.1. Regularization of the interface

It is considered that a material domain contains an inclusion, matrix and the interface between 

matrix and inclusion, as shown in Figure 1(a). Assuming the inclusion is much stiffer than matrix 

that it will keep intact during the application of stress. Therefore, a complete fracture process will 
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6. Conclusions

In this paper, a new approach with two phase fields has been developed and implemented for 

modelling the progressive failure of multi-phase materials considering matrix cracking, interface 

debonding and the interaction between them. An interface phase field is used to regularize the 

material properties of the interface and a crack phase field is used for regularizing the crack. The 

value of internal length scale of the interface phase field is recommended to be kept the same as the 

crack phase field. Based on the principle of fracture energy conservation, there exist only one 

artificial parameter of the proposed phase field model, which can be chosen according to the 

provided guidance. Moreover, cohesive crack model is employed to simulate the cracks and the 

proposed method is implemented into finite element software package ABAQUS through the user 

subroutine UEL.I It is found that a small internal length scale will increase the computational 

expanse and even lead to convergence issue, hence a reasonable higher value of the internal length 

scale is recommended in the modelling. Meanwhile, the limitation of this method has also been 

discussed. The proposed model is validated and it is proven that the complicated failure processes 

in heterogeneous material can be modelled in a unified framework.
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Figure Captions

Figure 1. Sharp (a) and diffusive (b) representation of interface and crack.

Figure 2. (a) Sharp interface in a 1-D bar. (b) Exponential interface phase field.

Figure 3. Material properties (a) for sharp and (b) diffusive interfaces.

Figure 4. Complex failure mechanisms of a body containing an inclusion. (a) Matrix cracking and 

interface debonding. (b) Interaction between matrix cracking and interface debonding.

Figure 5. (a) Sharp and (b) diffusive crack passing through the smeared interface. 


























































