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A particle discrete element method (DEM) was employed to simulate transverse cracking in laminated fiber reinforced composites. The microstructure of the laminates was modeled by a DEM model using different mechanical constitutive laws and materials parameters for different constituents, i.e., fiber, matrix and fiber/matrix interface. Rectangular, hexagonal and random fiber distributions were simulated to study the effect of fiber distribution on the transverse cracking. The initiation and dynamic propagation of transverse cracking and interfacial debonding were all captured by the DEM simulation, which showed similar patterns to those observed from experiments. The effect of fiber volume fraction was also studied for laminae with randomly distributed fibers. It was found that the distribution and volume fraction of fibers affected not only the transverse cracking path, but also the behavior of matrix plastic deformation and fiber/matrix interface yielding in the material.

Introduction

The inherent multi-phased microstructure of fiber reinforced composites, e.g. fiber volume fraction, fiber direction and interfacial strength, results in complex failure modes dominated by fracture of constituent elements. The damage evolution and failure mechanism of composites are obviously far more complex than those of monolithic materials due to the interactions of constituents. The complicated nature of failure/damage modes and physical composition of composite materials make the prediction and evaluation of progressive damage a challenging task. It is very important for material design and structural optimization in composite manufacturing to have the predictive capability on the dynamic failure/damage process. For instance, the properties of a laminate depend very much on the properties of its lamina and ply interface; the behavior of each lamina is, in turn, governed by its constituents, i.e. the properties of the fibers, the surrounding matrix, the interface and the relative amount of fibers and matrix in the lamina. When a composite is under external loading, damage, such as delamination, debonding, matrix cracking and fiber breakage, may occur. The accumulation of the damage during the loading process may eventually cause collapse of the whole material. Therefore a study of the damage or failure modes at micro scale with the consideration of microstructure is a more direct approach to predict the mechanical behavior of the composites.

Traditional micromechanical models focused mainly on the analysis of stress field [START_REF] Asp | Prediction of matrix-initiated transverse failure in polymer composites[END_REF][START_REF] Asp | Effects of fiber and interphase on matrix-initiated transverse failure in polymer composites[END_REF][START_REF] Trias | Random models versus periodic models for fibre reinforced composites[END_REF], or predicting crack propagation using a prescribed failure criterion for composites with small numbers of fibers [START_REF] Zhang | Effects of fibre debonding and sliding on the fracture behaviour of fibre-reinforced composites[END_REF][START_REF] Rao | Micro-mechanical modeling of machining of FRP composites -Cutting force analysis[END_REF][START_REF] Vejen | Transverse crack growth in glass/epoxy composites with exactly positioned long fibres[END_REF]. The ability to cope with inhomogeneity or/and disorder is essential in order to predict the damage process of a composite from micro cracking to catastrophic failure. Transverse cracking, which normally is formed by matrix cracking and fiber/matrix interfacial debonding, is a familiar phenomenon in a lamina or laminated composite when it is subjected to transverse tension. Finite element method (FEM) has been widely used in this analysis on the basis of imposing various failure criteria [START_REF] Berthelot | Transverse cracking of cross-ply laminates: Part 2. Progressive widthwise cracking[END_REF][START_REF] Sjögren | The effects of matrix and interface on damage in GRP cross-ply laminates[END_REF][START_REF] Okabe | Numerical modeling of progressive damage in fiber reinforced plastic cross-ply laminates[END_REF]. However, many of these criteria do not have a rigorous physical basis that can be related to the microstructure of composite materials. Furthermore, the stress field that is calculated to meet the failure criteria of a composite is normally obtained by assuming that the material is not damaged. Thus stress redistribution in the material arising from, e.g., strain softening induced by localized damage cannot be taken into account. Some of the FEM models may agree well with experimental results, but it is very difficult for them to explain how the damage starts and develops in a composite during the entire loading process. Therefore, it is very challenging for a conventional continuum mechanics based numerical model to predict the whole dynamical damage/failure process, from matrix cracking initiation to final laminae/laminates collapse.

A fiber reinforced composites can be imaged as discrete fibers being inserted into a continuous matrix and bonded together by the interfaces between them. The discrete fibers interact with each other through the matrix between them. The analysis of the composite can be carried out through the analysis of the interaction of the discrete fibers. Since a large number of fibers are used in a fiber reinforced composite material, the interaction of these fibers was conventionally studied by the Monte-Carlo method [START_REF] Okabe | Characterization of tensile damage and strength in GFRP cross-ply laminates[END_REF][START_REF] Mishnaevsky | Statistical modelling of compression and fatigue damage of unidirectional fiber reinforced composites[END_REF]. However, the Monte Carlo method cannot take into account the matrix effect, and the numerical results can hardly interpret the experimental investigations. On the other hand, discrete element method (DEM) [START_REF] Cundall | A discrete mumerical model for granular assemblies[END_REF] combined the statistical analysis with the concept of physical bonds from Molecular Dynamics (MD), and offered an intrinsic advantage over other numerical methods in modeling microscopic and multiphased materials. DEM was proposed by Cundall in the context of rock mechanics [START_REF] Cundall | A discrete mumerical model for granular assemblies[END_REF] and has been implemented in many other fields, such as geomaterials [START_REF] Hunt | Modelling the Kaiser effect and deformation rate analysis in sandstone using the discrete element method[END_REF], granular materials [START_REF] Sheng | Numerical studies of uniaxial powder compaction process by 3D DEM[END_REF], concrete [START_REF] Frédéric | Discrete element modeling of concrete submitted to dynamic loading at high strain rates[END_REF], ceramics [START_REF] Tan | Study of polycrystalline Al2O3 machining cracks using discrete element method[END_REF][START_REF] Tan | Discrete element method (DEM) modeling of fracture and damage in the machining process of polycrystalline SiC[END_REF], particle-fluid [START_REF] Feng | Coupled lattice Boltzmann method and discrete element modelling of particle transport in turbulent fluid flows: Computational issues[END_REF] and particle-gas two phase flow [START_REF] Chu | CFD-DEM modelling of multiphase flow in dense medium cyclones[END_REF]. Kim et al. [20,[START_REF] Kim | Numerical fracture analysis on the specimen size dependency of asphalt concrete using a cohesive softening model[END_REF] used DEM to simulate the damage of asphalt concrete which is a typical example of two-phase composite materials. Yang et al [START_REF] Yang | Discrete element modeling of the microbond test of fiber reinforced composite[END_REF] used DEM to simulate the dynamic process of microbond test of single fiber reinforced composite with the consideration of matrix cracking as well as fiber/matrix interfacial debonding. Donze et al. [START_REF] Magnier | Numerical simulations of impacts using a discrete element method[END_REF][START_REF] Shiu | Penetration prediction of missiles with different nose shapes by the discrete element numerical approach[END_REF] simulated the impacts of rigid spherical nose shaped missiles on concrete beams with reinforcements. The existing studies concluded that DEM could provide unique insight into damage evolution at both micro and macro scales in the process of the dynamic characterization of fracturing. Van Mier et al. [START_REF] Van Mier | Influence of microstructure of concrete on size/scale effects in tensile fracture[END_REF][START_REF] Van Mier | Some Notes on Microcracking, Softening, Localization, and Size Effects[END_REF] used a lattice beam model, which is equivalent to the DEM model using regular particle arrangements, to study the fracture behavior of concrete from micro-cracking initiation and macro-crack failure in both two and three dimensions. Wittel et al. [START_REF] Wittel | Discrete element simulation of transverse cracking during the pyrolysis of carbon fibre reinforced plastics to carbon/carbon composites[END_REF][START_REF] Wittel | A study of transverse ply cracking using a discrete element method[END_REF] has applied a lattice spring model, which is a simple form of DEM, to simulate ply transverse cracking of cross-ply laminates, in which the nodes represent fibers and the springs with random breaking thresholds represent the disordered matrix. It has been confirmed by the existing studies that DEM is particularly suitable to simulate dynamic instability in crack propagation and the collective behaviour of many interacting cracks. However, the spring models used for the matrix and interface by Wittel et al. [START_REF] Wittel | Discrete element simulation of transverse cracking during the pyrolysis of carbon fibre reinforced plastics to carbon/carbon composites[END_REF][START_REF] Wittel | A study of transverse ply cracking using a discrete element method[END_REF] are too simple to represent the mechanical properties of real materials and interfaces. Matrix cracking cannot be correctly simulated by this model and, only regular distribution of fibers with a fixed volume fraction can be considered.

In the research presented in this paper, DEM was used to simulate transverse cracking in laminae, including onset and propagation of the matrix cracking and fiber/matrix interface debonding. Composite laminae with regular distributions of fibers were modeled first and the numerical results were compared with the existing experimental results to validate the developed DEM model. The model was then modified to include random distribution of fibers with different fiber volume fractions. Based on the numerical results from the DEM modelling, the effect of microstructure of the composite laminae on the onset and the propagation path of transverse cracking, and the resulting residual damage within the material can be assessed. The DEM model proposed in this paper can be used for the analysis of more complex composite systems, such as cross-ply laminates.

Discrete Element Method (DEM)

The particle discrete element method used in this research assumes that the particle elements are rigid spheroids (3D) or discs (2D), and can overlap or detach from each other. The contact forces between any two particles are determined from the overlap and relative movements of the particle pair according to a specified force-displacement law. In 2D DEM, the motion of a particle over a time step ∆t is governed by the Newton's second law as below [START_REF] Cundall | A discrete mumerical model for granular assemblies[END_REF][START_REF] Sheng | Numerical studies of uniaxial powder compaction process by 3D DEM[END_REF]:

Translational motion (1)
Rotational motion [START_REF] Asp | Effects of fiber and interphase on matrix-initiated transverse failure in polymer composites[END_REF] where i (= 1, 2) denotes, respectively, the x-and y-co-ordinate directions; F i is the resultant force of the particle; v i is the translational velocity; m is the mass of the particle;. g i is the body force acceleration vector (e.g., gravity loading); M 3 is the out of balance moment referred to the out-of-plane axis; w 3 is the rotational velocity about the out-of-plane axis; I is the rotational inertia of the particle; t is time and ∆ is the increment. Damping, e.g., local damping or viscous damping, can be added in the DEM model to dissipate the kinetic energy together with particles' frictional sliding, such that a steady-state solution can be obtained more efficiently [START_REF]PFC2D (particle flow code in 2-dimensions), Version 3.10[END_REF]. Equations ( 1) and ( 2) are solved by a finite difference scheme. Both the specified force-displacement law and Newton's second motion law are used in the calculation cycle of the discrete element method.

DEM allows particles to be bonded together at contacts and to separate when the bond strength or energy is exceeded. Therefore it can simulate the motion of individual particles and also the behavior of a bulk material which is formed by assembling many particles through bonds at contacts with different constitutive laws. In a DEM model of bulk material, elementary micro scale particles are assembled to form the bulk material with macroscopic continuum behavior determined only by the dynamic interaction of particles [START_REF]PFC2D (particle flow code in 2-dimensions), Version 3.10[END_REF][START_REF] Potyondy | A bonded-particle model for rock[END_REF]. Unlike the traditional solution using the strain and stress relations, contact properties are the dominating parameters in a DEM solution, combined with size and shape of the particles. Subject to external loading, when the strength or the fracture energy of a bond between particles is exceeded, flow and disaggregation of the particle assembly occur and the bond starts breaking. Consequently, cracks form naturally at micro scale. Hence, damage modes and their interaction emanate as the process of debonding of particles. The way that DEM discretizes a material domain gives the most significant advantage over the traditional continuum methodologies, as dynamic material behavior of composites, crack tip singularities and crack formulation criteria can all be avoided due to the naturally discontinuous representation of composite materials via particle assemblies.

In a DEM model for composite materials, damage initiation and propagation will take place at the particle contacts under the applied load. There is no requirement for additional failure criteria and the damage of different constituents can be taken into account simultaneously. The damage interaction will also be addressed through the dynamic motion of particles and contacts. The simulation results of a DEM model are naturally discrete and collected at microscopic level. The statistical analysis of the DEM results can also reveal material and structural behavior at macro scale by studying the bonds that have been broken or has yielded.

DEM Simulation of Laminae under Transverse Tension

Constitutive models

A DEM model of a solid material is usually constructed by packing discrete particles into an assembly through rectangular, hexagonal or random arrangement. Random arrangement is the most general approach in which the disperse particles are compacted or expanded to reach a dense contacting network, as shown in Fig. 1.

Since a lamina is an inhomogeneous material which includes three phases: fiber, matrix and fiber/matrix interface, individual DEM models for each of the three phases are developed and virtual material tests (e.g., tensile and compressive tests) are carried out on all the phases, respectively, before the construction of the whole lamina model. The fiber material is represented by a parallel bond model whose constitutive behavior is illustrated in Fig. 2. A parallel bond can be regarded as a set of elastic springs with constant normal and shear stiffness, uniformly distributed over either a circular or rectangular cross-section lying on the contact plane and centered at the contact point. The bond can transmit both forces and moments. A contact softening model which is similar to the cohesive zone model (CZM) [START_REF] Hu | Stable numerical simulations of propagations of complex damages in composite structures under transverse loads[END_REF] in continuum mechanics is used to account for the matrix and fiber/matrix interface. The only difference between these two models is the unloading and reloading paths after yielding, as shown in Fig. 3. The contact softening model describes plastic deformation by linearly softening the bond after the contact force reaches the bond strength. In both tension and shearing, the bond strength decreases to zero when the plastic displacement reaches the maximum plastic displacement U pmax that is related to the fracture energy release rate G. The interfacial crack may be classified as mode I, mode II or mixed mode according to the stress field at the crack tip. In order to automatically capture the three fracture models, the maximum plastic displacement U pmax is kept constant, while the normal and shear strengths of the bond are defined individually. Hence, in a two dimensional system, the fracture energy release rate for mode I and mode II are, respectively:

(

In 2D DEM, the contact stresses at the bond are taken as the average stress between the two contacting particles [START_REF]PFC2D (particle flow code in 2-dimensions), Version 3.10[END_REF], as calculated below:

(

Where, R 1 and R 2 are the radii of the two contacting particles, respectively; δ is the dimension in the out-of-plane direction. k is in place of n or s that indicates normal or shear direction, respectively. Under tension or shearing , the bond starts to yield when the contacting force exceeds the strength and eventually breaks when the plastic displacement reaches the maximum plastic displacement U pmax . In the situation of mixed mode fracture, the bond strength F max (in force unit), is calculated from the two strength parameters (i.e. F c n and F c s , also in force unit) as a function of the current direction of the contact force. It is assumed that the contact strength varies linearly with the angle, α:

(7)
Where α is the angle between the directions of the contact force and the line segment connecting the centers of the two particles. The yielding of the bond in tension is determined by comparing the resultant contact force, i.e.

(

) 8 
with the contact strength. The bond yields if the contact force is larger than the contact strength:

The maximum plastic displacement U pmax is calculated from the displacements in the normal and shear directions. In each computation step, the increments of normal and shear plastic deformation, which are denoted by ∆, are subjected to a consistence condition of:

When the plastic displacement reaches U pmax ,

The fracture energy release rate can be calculated as: [START_REF] Hunt | Modelling the Kaiser effect and deformation rate analysis in sandstone using the discrete element method[END_REF] In which σ n and σ s are the normal and shear stresses of the bond when yield occurs, i.e., equations ( 8) and ( 9) are satisfied. For the mixed mode, the fracture energy release rate is somewhere between the rates of the two single fracture modes. 

Convergence study

Since displacement loading is used in this research, including the fiber, matrix and the laminae tensile tests shown in the following sections, the influence of loading velocities on the solutions is studied by comparing the stress-strain curves obtained from a parallel bond model subject to different tensile loading velocities, as shown in Fig. 4. It is found that for all loading velocities below 0.1m/s, the tests lead to almost identical results. Therefore, v=0.1m/s is chosen as the loading velocity in all subsequent cases to achieve the quasi-static conditions. After the convergence study on velocity, a Double Cantilever Beam (DCB) virtual test [START_REF] Meo | Delamination modelling in a double cantilever beam[END_REF][START_REF] Li | Use of mode-I cohesive-zone models to describe the fracture of an adhesively-bonded polymer-matrix composite[END_REF], which has been widely applied to investigate interface strength, is conducted by the 2D DEM model with square arrangement of particles. The test is to assess the effect of particle size on the failure of the contact softening model. The model consists of two identical material layers [START_REF] Ouyang | Local Damage Evolution of Double Cantilever Beam Specimens During Crack Initiation Process: A Natural Boundary Condition Based Method[END_REF], as shown in Fig. 5, each of which is further divided into 2 plies. The contacts between the particles within each layer are modeled by the parallel bond, while the interface between the two layers is represented by the contact softening model. The length of the plies is 45mm and the thickness is 3mm. An initial interfacial crack of 20mm length from the left end of the beam is generated by removing the interfacial bonds between the two layers. The right end of the beam is fixed. The loading is applied by assigning a constant separation velocity in the vertical direction to the particles at the left ends of the two layers, which results in a variable opening end displacement. Different particle sizes are used in this simulation to examine their effect on the interfacial fracture and the results are illustrated in Fig. 6.
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It is found that the model shows good convergence and numerical results agree very well with the theoretical solution by the J-integral theory in [START_REF] Ouyang | Local Damage Evolution of Double Cantilever Beam Specimens During Crack Initiation Process: A Natural Boundary Condition Based Method[END_REF], though the results for R=0.75mm are slightly distanced from the group, which is due to the fact that for this case only one ply of particles is used in each layer. The good convergence of the contact softening model indicates that the influence of particle size on the model is not significant as long as the particle size is sufficiently small and the model can be adopted to simulate the fracture of matrix and fiber/matrix interface. 

DEM simulations

Glass fiber reinforced composites are taken as examples in this paper, where the glass fiber and the epoxy matrix are both considered as linear isotropic materials. The matrix, the fiber and then the composites are all generated using the particle assembly model [START_REF] Tan | Study of polycrystalline Al2O3 machining cracks using discrete element method[END_REF][START_REF]PFC2D (particle flow code in 2-dimensions), Version 3.10[END_REF]. Particles with a radius between R min and R max are randomly generated according to the normal distribution law in a cell. Since the particles are randomly packed, it is not realistic to derive directly a rigorous and theoretical relationship between the micro properties and the macro mechanical properties, such as between particle stiffness, contact stiffness and contact strength and the elastic modulus, Poisson's ratio and tensile strength. However, each of the macro mechanical properties is related to one or several of the micro parameters. For instance, the elastic modulus is only related to the particle and contact stiffness, but not the contact strength and particle size. Based on this observation, virtual simulation tests are usually carried out to determine the micro properties in order to obtain the required macro mechanical properties. Virtual tensile tests on the DEM model of the glass fiber and the epoxy matrix are carried out to validate the main mechanical properties, as listed in Table .1. Figures 7 and8 show the respective strain-stress relationships, where both the longitudinal and transverse strains are recorded against the applied tensile load. The parameters in the above calibrated DEM models are then incorporated in the laminae model satued in the following sections. In this study transverse cracking of a glass/epoxy lamina under tensile loading, as shown in Fig. 9, is studied, where three types of fiber distribution and three fiber volume fractions are considered. The interface strength is smaller than that of the matrix, with both the tensile and shear strength being 50 MPa, and the interface fracture energy is chosen as 100 J/m 2 . A large length-to-depth ratio is used to eliminate the far field loading effect. The particles with a minimum radius of R min= 5 µm (R max =1.5R min ) are generated first within a rectangular square of 1.5 mm × 1.0 mm in the middle of the specimen, where the fibers are inserted, to represent the composite. The central part is then extended to the both sides by a sequence of four rectangular assemblies composed of larger matrix particles. The final size of the model is 1.5 mm × 5 mm. The fibers are located in a small square area of 650 µm × 650 µm in the middle of the specimen in order to create a fiber reinforced composite laminae. An initial crack of length a was created in the matrix at the top of the mid-span by deleting the corresponding particle elements. This is used to ensure that a transverse crack would propagate towards the fiber reinforced area to simulate the experimental study in [START_REF] Vejen | Transverse crack growth in glass/epoxy composites with exactly positioned long fibres. Part I: experimental[END_REF]. A constant displacement loading with a velocity of 0.1m/s is applied at the both ends of the specimen.

In order to study the effect of fiber distribution on the transverse cracking, rectangular, hexagonal and random distributions of 49 fibers are used in the DEM models as shown in Fig. 10. The numerical results are compared with the experimental observations of transverse cracking path in Fig. 11. As the load applied at the two ends increases, matrix cracking, which is initiated from the preset crack, propagates into the interior area of the material and subsequently interacts with interfacial debonding. The cracks finally propagate through the entire matrix as illustrated in Fig. 10 (i) and Fig. 10 (ii). In all of the three cases of fiber distribution, when the force between two matrix particles exceeds the bond strength of the material, the matrix exhibits plastic deformation (represented by the black lines in Fig. 10) and finally breaks when the fracture energy is reached. At this moment, the black lines are replaced by the red lines in Fig. 10 to show the formation of cracks. Similarly, fiber/matrix interface started to yield when its strength is exceeded (represented by the brown lines in Fig. 10), and debonding occurs when its strength is softened to zero, represented then also by the red lines. From Fig. 10, it can be seen that the entire dynamic damage process of the initiation and propagation of cracking can be naturally simulated by the DEM model. 

Results and Discussions

It can be found from the DEM results that for all the three fiber distributions the transverse cracks propagate through the middle part of the fiber reinforced area, and the crack development is altered and/or interrupted by fibers and fiber/matrix interfaces, resulting in a zigzag path, as shown in Fig. 10 (ii). Plastic deformation of the matrix and fiber/matrix interfacial yielding can be observed on both sides of the transverse cracks, but more severe plastic deformation of the matrix and fiber/matrix interfacial yielding are found in the vicinity of the transverse crack. In the laminae with rectangular distribution of fibers, interfacial debonding always occurs when the crack propagates toward the fiber/matrix interface, though some of the debondings occurs on the left hand side of a fiber, while others takes place on the right hand side. A similar phenomenon has been recorded in the experimental investigation [35], as shown in Fig. 11(a).

In the laminae with hexagonal arrangement of fibers, the transverse cracking path is slightly different. It joins the fiber/matrix interfacial debondings as well as penetrates through the matrix between two horizontally neighboring fibers, and directly propagates forward, as highlighted in zone (A) of The propagation of transverse cracking in randomly distributed fiber reinforced laminae is much more complex in reality, and is successfully simulated by the DEM model without introducing any assumptions on how the crack should propagate, as shown by the numerical results in Fig. 10c. The direction of the transverse cracking is more or less random but generally followed the middle line of the specimen. It is also a mixture of joining interfacial debonding and matrix cracking.

It is evident that the DEM results have provided a unique insight of the microscopic damage within the composite laminae. One of the unique features of the DEM model is that the dynamic simulation can record all the damage accumulated during the loading process. From these records, it can be found that the distribution of fibers not only affects the transverse cracking path, but also causes different residual damage, such as matrix plastic deformation and fiber/matrix interfacial yielding in the material. Fig. 12 presents a statistic summary of the damage accumulated in the loading process. In the laminae with rectangular fiber distributions, the number of residual damage, in terms of the total number of the particle contacts exhibiting either matrix plastic deformation or fiber/matrix interface yielding, is smaller than that with hexagonal or randomly distributed fibers. This suggests that laminae with rectangular distribution of fibers can offer better residual mechanical properties. This is due to the fact that a rectangular distribution of fibers can offer more uniform stress distribution within the laminae, resulting in a lower level of stress concentration, and then a reduction of plastic deformation and fiber/matrix interface debonding. For randomly distributed fiber reinforcement, Figures 13 and14 show the results obtained by the DEM model with different fiber volume fractions. In the laminae with lower fiber volume fractions, a more diverted transverse cracking path is observed, probably due to the fact that more matrix material between two neighboring fibers has left more freedom for the transverse crack to pass through, which creates a relatively less uniform path. When the fiber volume fraction is higher, the propagation of the transverse cracking is largely guided by fiber/matrix interfacial debonding, and therefore, the path of transverse cracking is more direct, resulting in a much smoother crack.

Also in the case of random distribution of fibers, it can be found that the total fiber/matrix interfacial yielding increases, while the number of matrix plastic deformation decreases, with the increase of the fiber volume fraction, as illustrated in Fig. 14. This is due to the reduction of matrix volume and average distance between two neighboring fibers, making the interfaces much easier to yield. 

Conclusions

Discrete element method (DEM) has been employed to simulate transverse cracking in composite laminae, due to its intrinsic advantages in modeling microscopic damage and fracturing in multiphased materials. Three types of fiber distributions, i.e., rectangular, hexagonal and random distributions, have been simulated to study the effect of fiber distribution on the transverse cracking. The initiation as well as dynamic propagation of transverse cracking has been captured by the DEM model, showing good agreement to the experimental observations. Furthermore, the DEM simulations have provided unique insights of the microscopic cracking and damage in forms of matrix plastic deformation and fiber/matrix interface yielding. The effect of fiber volume fraction was also studied by using different fractions in the DEM modeling for randomly distributed fibers.

It is a unique feature of the DEM that allows a quantitative study of the residual microscopic damage within a fractured material. This has led to the findings that the distribution and volume fraction of fibers not only affect the transverse cracking path, but also the mechanical behaviors of the material through the populations of the residual matrix plastic deformation and fiber/matrix interfacial yielding.

It can be concluded that the DEM developed in this paper is particularly suitable for the modeling of complex multi scale damage and cracking in multiphase composite materials, and can be further modified to include thermal effect and applied to model more complex composite systems in the future, such as cross-ply laminates.
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