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Introduction

Composite materials, owing to various superiorities such as a high specific stiffness and strength ratio as well as design flexibility, have gradually replaced traditional metallic materials and have been applied for structures in aircraft and automobiles. However, their poor impact resistance, which is the most unfavorable characteristic of a composite material, poses a threat to the load-bearing ability of the composite following impact. With regard to dynamic impact investigations of composites, attention has gradually shifted from experimental testing to numerical simulation due to the high cost of testing and the inability to accurately monitor the damage states, especially for low-velocity impacts that can induce damage that is nearly imperceptible. Among well-developed numerical techniques, the progressive damage model (PDM) has become the most popular simulation scheme that considers initial damage detection and subsequent stiffness degradation. However, the effects of different failure criteria and damage accumulation laws on low-velocity impact prediction for composite materials have not yet been systematically investigated and need to be explored further.

Developed initially from theories proposed for isotropic materials, failure criteria for composites have experienced continuous improvement during recent decades and have been classified into two general groups: non-interactive criteria and interactive criteria [START_REF] Sleight | Progressive Failure Analysis Methodology for Laminated Composite Structures[END_REF][START_REF] Tay | Progressive failure analysis of composites[END_REF][START_REF] Liu | Recent developments on damage modeling and finite element analysis for composite laminates: A review[END_REF]. Maximum stress and strain criteria, which do not involve shear stress and strain components, usually serve to estimate rarely-occurring fiber damage induced by low velocity impacts [START_REF] Faggiani | Predicting low-velocity impact damage on a stiffened composite panel[END_REF][START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF][START_REF] Tan | Predicting low velocity impact damage and Compression-After-Impact (CAI) behaviour of composite laminates[END_REF][START_REF] Abir | Modelling damage growth in composites subjected to impact and compression after impact[END_REF]. As for interactive criteria, the Tsai-Wu criteria [START_REF] Tsai | A General Theory of Strength for Anisotropic Materials[END_REF] with polynomial equations, which were originally proposed to determine the failure surface of a composite and cannot specify damage modes, are now being applied to detect matrix damage of composites under low-velocity impact [START_REF] Abir | Modelling damage growth in composites subjected to impact and compression after impact[END_REF]. Later, interactive failure criteria based on direct-mode determining theories [START_REF] Sleight | Progressive Failure Analysis Methodology for Laminated Composite Structures[END_REF] were created with separate expressions to diagnose fiber and matrix damage under tensile and compression loading and have been used widely; these include the Hashin [START_REF] Hashin | A Fatigue Failure Criterion for Fiber Reinforced Materials[END_REF], Chang-Chang [START_REF] Chang | A Progressive Damage Model for Laminated Composites Containing Stress Concentrations[END_REF] and Hou [START_REF] Hou | Prediction of impact damage in composite plates[END_REF][START_REF] Hou | A delamination criterion for laminated composites under low-velocity impact[END_REF] criteria. To account for the strengthening effect on shear strength when a composite is subjected to transverse compression loads, Puck and Schürmann [START_REF] Puck | Failure analysis of FRP laminates by means of physically based phenomenological models[END_REF] subsequently modified the Hashin criteria by introducing the concept of a fracture plane for matrix damage so as to precisely describe the brittle fracture behavior.

Following damage initiation (satisfaction of failure criteria), the damaged region of a composite becomes fragile, with gradually decreasing load capacity due to a reduction in local stiffness caused by the propagation of visible or invisible cracks. Although mixed experimental-numerical approaches to simultaneously identify the stiffness of a composite laminate have been realized, the ability to detect the extent of damage and impact energy during tests are limited for published methods; moreover, the effective stiffness tensors are typically extracted from test data with inevitable simplifications, which means that improvements are still needed to facilitate wider application [START_REF] Kim | Local stiffness reduction in impacted composite plates from full-field measurements[END_REF][START_REF] Devivier | Damage detection in composite materials using deflectometry, a full-field slope measurement technique[END_REF][START_REF] Gu | Towards the design of a new standard for composite stiffness identification[END_REF].

Therefore, in terms of simulating the process of damage accumulation around the damaged area, quantification techniques and theories to represent the stiffness-softening behaviors of composites at present are mainly empirical and semi-empirical methods that consider either instantaneous or gradual unloading [START_REF] Sleight | Progressive Failure Analysis Methodology for Laminated Composite Structures[END_REF]. For empirical methods, which correspond to different damage modes, stiffness is reduced by predefined constants. Obviously, it is difficult to verify whether or not these constants will fit the test data well. However, for semi-empirical approaches, although the determination of the extent of current damage combines mechanical parameters such as strain, stress and displacement near the damaged zone when calculating damage evolution variables, linear or exponential trends of stiffness degradation must be previously defined. Due to the involvement of mechanical parameters, methods based on fracture energy, which are typical of semi-empirical methods, are now widely employed by researchers for predicting the progressive damage behavior of composite materials [START_REF] Faggiani | Predicting low-velocity impact damage on a stiffened composite panel[END_REF][START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF][START_REF] Tan | Predicting low velocity impact damage and Compression-After-Impact (CAI) behaviour of composite laminates[END_REF][START_REF] Abir | Modelling damage growth in composites subjected to impact and compression after impact[END_REF][START_REF] Zhao | A multi-scale modeling framework for impact damage simulation of triaxially braided composites[END_REF][START_REF] Long | Delamination prediction in composite laminates under low-velocity impact[END_REF][START_REF] Shi | Modelling damage evolution in composite laminates subjected to low velocity impact[END_REF][START_REF] Qiu | Modelling low-speed drop-weight impact on composite laminates[END_REF][START_REF] Zhang | Finite element modeling of damage development in cross-ply composite laminates subjected to low velocity impact[END_REF][START_REF] Caputo | Numerical study for the structural analysis of composite laminates subjected to low velocity impact[END_REF].

Recently, combinations of different failure criteria and damage accumulation methods have been realized for analyzing dynamic progressive damage in composites under low-velocity impact. Zhang and Zhang [START_REF] Zhang | An efficient approach for predicting low-velocity impact force and damage in composite laminates[END_REF] used Hashin criteria [START_REF] Hashin | A Fatigue Failure Criterion for Fiber Reinforced Materials[END_REF] and defined degradation constants to reduce the stiffness of the laminates. In addition, Air et al. [START_REF] Abir | Modelling damage growth in composites subjected to impact and compression after impact[END_REF] used the Tsai-Wu criteria [START_REF] Tsai | A General Theory of Strength for Anisotropic Materials[END_REF], and Long et al. [START_REF] Long | Delamination prediction in composite laminates under low-velocity impact[END_REF] adopted Hashin criteria [START_REF] Hashin | A Fatigue Failure Criterion for Fiber Reinforced Materials[END_REF], while Tan et al. [START_REF] Tan | Predicting low velocity impact damage and Compression-After-Impact (CAI) behaviour of composite laminates[END_REF] used modified Puck criteria [START_REF] Puck | Failure analysis of FRP laminates by means of physically based phenomenological models[END_REF] and Shi et al. [START_REF] Shi | Modelling damage evolution in composite laminates subjected to low velocity impact[END_REF] combined Puck's matrix compression criterion and Hashin's fiber and matrix tensile criteria in their numerical simulations; the damage evolution in all of these studies was controlled by fracture energy-based methods that involve equivalent strain. In other studies, Qiu et al. [START_REF] Qiu | Modelling low-speed drop-weight impact on composite laminates[END_REF], Zhang et al. [START_REF] Zhang | Finite element modeling of damage development in cross-ply composite laminates subjected to low velocity impact[END_REF], and Caputo et al. [START_REF] Caputo | Numerical study for the structural analysis of composite laminates subjected to low velocity impact[END_REF] all chose Hashin criteria [START_REF] Hashin | A Fatigue Failure Criterion for Fiber Reinforced Materials[END_REF] and linear damage evolution methods by calculating the equivalent displacement.

World Wide Failure Exercise (WWFE) has made great contributions by evaluating different failure criteria on the theoretical level by defining test cases and conducting blind predictions of failure envelopes [START_REF] Hinton | Failure criteria in fibre reinforced polymer composites: the world-wide failure exercise[END_REF][START_REF] Kaddour | Maturity of 3D failure criteria for fibre-reinforced composites: Comparison between theories and experiments: Part B of WWFE-II[END_REF][START_REF] Kaddour | A comparison between the predictive capability of matrix cracking, damage and failure criteria for fibre reinforced composite laminates: Part A of the third world-wide failure exercise[END_REF]. However, its conclusions for wider application under more complicated loading conditions (e.g., low-velocity impact or crush events, etc.) are still limited and detailed differences regarding the damage information are not clear. In addition, Reddy and Reddy [START_REF] Reddy | Three-dimensional finite element progressive failure analysis of composite laminates under axial extension[END_REF] concluded that maximum stress criteria tend to over-predict failure loads for composites under axial tension, while the Tsai-Wu criteria under-predict them. Based on the analysis of laminated beams subjected to low-velocity impact in a three-point bending configuration, Santiuste et al. [START_REF] Santiuste | A comparison of progressive-failure criteria in the prediction of the dynamic bending failure of composite laminated beams[END_REF] concluded that the Hashin criteria perform better for detecting damage of ductile composites, while the Hou criteria are more suitable for brittle composites. Additionally, in a comparison to the matrix compression criterion proposed by Puck, Hashin's matrix compression failure criterion predicts more severe matrix compression damage in the upper and middle plies of laminates under low-velocity impact, as found in an investigation by Liu et al. [START_REF] Liu | Finite element analysis of dynamic progressive failure of carbon fiber composite laminates under low velocity impact[END_REF]. Moreover, Farooq and Myler [START_REF] Farooq | Finite element simulation of damage and failure predictions of relatively thick carbon fibre-reinforced laminated composite panels subjected to flat and round noses low velocity drop-weight impact[END_REF] found that failure criteria with polynomial expressions-including the Tsai-Wu [START_REF] Abir | Modelling damage growth in composites subjected to impact and compression after impact[END_REF] and Tsai-Hill criteria-cannot predict the initiation of ply failure in thick laminates due to the absence of through-thickness stresses in these failure criteria.

Hence, the main purpose of the present work is to compare the different failure criteria and damage evolution methods and to further investigate their applicability for composite laminates under low-velocity impact. First, the maximum stress criteria, Tsai-Wu [START_REF] Tsai | A General Theory of Strength for Anisotropic Materials[END_REF], Hashin [START_REF] Hashin | A Fatigue Failure Criterion for Fiber Reinforced Materials[END_REF], Hou [START_REF] Hou | Prediction of impact damage in composite plates[END_REF][START_REF] Hou | A delamination criterion for laminated composites under low-velocity impact[END_REF] and Puck [START_REF] Puck | Failure analysis of FRP laminates by means of physically based phenomenological models[END_REF] criteria, combined with linear degradation models, are integrated and implemented using the VUMAT subroutine in ABAQUS and are validated against the experimental results reported by Hongkarnjanakul et al. [START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF]. The effects of different failure criteria and damage evolution methods on global mechanical response and local damage predictions for laminates are then discussed in detail.

Composite damage model

Damage model for a lamina

Transversely isotropic constitutive equations

For a composite laminate, each lamina is generally treated as a transversely isotropic material, for which a transversely isotropic constitutive equation with five independent constants is employed for the undamaged lamina. By introducing different damage variables to account for deterioration of the material during subsequent loading, modified constitutive equations can be used to describe the damaged stress-strain relationship of the lamina. In this work, the degraded compliance matrix S d is represented as (1) 
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where d f and d m denote the fiber and matrix damage variables, respectively. Meanwhile, (1 
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where d ft , d fc , d mt and d mc are the damage variables for fiber and matrix damage under tensile and compression loads that were obtained using damage evolution methods. In addition, the coefficients S mt and S mc are introduced to eliminate element distortion due to shear stiffness degradation; their values are postulated as 0.9 and 0.5, respectively [START_REF] Liu | Finite element analysis of dynamic progressive failure of carbon fiber composite laminates under low velocity impact[END_REF][START_REF] Lee | Initial and progressive failure analyses for composite laminates using Puck failure criterion and damage-coupled finite element method[END_REF]. The newly-proposed form of d m in this paper can compensate for the underestimation of damage evolution that results when the plastic deformation of the matrix is disregarded.

Damage initiation criteria

Fiber damage

Maximum stress criteria are adopted to predict fiber tensile and compression damage, as shown in Eq. (1). Here, X T and X C are the tensile strength and compression strength along the fiber orientations, respectively.
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where r ft and r fc are failure criteria values for fiber tensile damage and compression damage, respectively.

Matrix damage

As for the matrix failure criteria, the following five kinds of formulae are considered in this study: Y T and Y C are the tensile and compression strength perpendicular to fiber orientations, respectively; and S 12 , S 13 , and S 23 represent the inplane and out-of-plane shear strength. 2

Maximum stress criterion
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where r mt and r mc are the failure criterion values for matrix tensile and compression damage; r m is the Tsai-Wu criterion value; σ nn , σ nl and σ nt are stresses along the normal, longitudinal shear and transverse shear directions of the fracture plane, respectively, as calculated using Eq. ( 10); and θ is the fracture angle, which is approximately 53° for a unidirectional composite under uniaxial transverse compressive load as found by Donadon et al. [START_REF] Donadon | A progressive failure model for composite laminates subjected to low velocity impact damage[END_REF]. In addition, is the out-of-fracture-plane shear strength; μ nl and 23 μ nt , which are friction coefficients based on Mohr-Coloumb failure theory, are calculated using Eq. ( 10).
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A summary of the obvious differences among the failure criteria mentioned above is provided in Table 1.

Damage evolution methods

Fracture energy-based damage evolution methods with linear degradation trends are often classified into two broad types, equivalent strain or equivalent displacement, which are introduced separately below. In the equations below, i represents the damage mode and j denotes the longitudinal or transverse direction of the laminate.

Equivalent strain method
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f eq i ε failure strain, respectively; X i is the fiber or matrix strength; E 0, j is the initial modulus of the composite lamina in the corresponding direction; G i is the critical fracture energy for the specific damage mode; and l c is the characteristic length of the element, which is introduced to eliminate the mesh sensitivity. In the present study, l c , is considered to be equal to the cube root of the element volume.

Equivalent displacement method

The equivalent displacement method can be described by the following equation.
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f eq i δ and fully damaged equivalent displacements, respectively; r i is the value of the corresponding failure criterion; G i is the critical fracture energy for the specific damage mode, the same as in Eq. ( 11); and σ0 eq, i is the equivalent stress at the instant of damage initiation. Detailed expressions for calculating the equivalent displacement and equivalent stress for each failure mode can be found in Zhang et al. [START_REF] Zhang | Progressive damage simulation of triaxially braided composite using a 3D meso-scale finite element model[END_REF].

Damage model for the interface

The built-in cohesive elements in ABAQUS based on a bilinear traction-separation relationship are employed to simulate delamination at the interface. Both the quadratic failure criterion and the Benzeggagh and Kenane (B-K) criterion [START_REF] Benzeggagh | Measurement of mixed-mode delamination fracture toughness of unidirectional glass/epoxy composites with mixed-mode bending apparatus[END_REF], which are governed by mixed-mode fracture energy laws, are used to predict the initiation and propagation of delamination damage, as expressed in Eq. ( 13) and Eq. ( 14 ( )
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where and are the critical normal and shear fracture energy, respectively; G S is the amount of dissipated energy in the out-of-plane shear directions; and G T is the total dissipated energy for all three directions; and where the relevant material coefficient η involved in the B-K formula is set as 1.45.

Finite element model

A T700CG/M21 carbon/epoxy composite laminate with stacking sequences of [0 2 , 45 2 , 90 2 , -45 2 ] and a geometry size of 100×150×4 mm is adopted here for the numerical analysis; detailed material properties for this composite are listed in Table 2. To improve computational efficiency, every two adjacent plies having the same ply orientation are treated as a single layer and are meshed in ABAQUS/Explicit using C3D8R, an eight-node linear brick, reduced integration element. The relax stiffness hourglass-control method is chosen to reduce zero-energy modes in the ABAQUS/Explicit simulations. In addition, cohesive interfaces with a thickness of 1e-3 mm are modeled with COH3D8, an eight-node three dimensional elements and are inserted between adjacent plies to simulate delamination damage. In this numerical model, element deletion is not allowed in view that no penetration was observed during the low-velocity impact tests reported by Hongkarnjanakul et al. [START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF]. The central area with a size of 60×40 mm is meshed with an element size of 1.2×1×0.5 mm, and the inplane mesh size becomes gradually coarser with increasing distance from the target domain. The total number of elements for the discretized plate is 82889. The steel impactor is considered as a discrete rigid body with a lumped reference mass of 2 kg and is meshed with R3D4 (four-node 3D bilinear rigid quadrilateral) elements. The diameter is 16 mm and velocity is 5 m/s, which depends on the impact energy (25 J).

For the drop test published by Hongkarnjanakul et al. [START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF], the rectangular composite plate is supported along all four edges, leaving an inner region of 75×125 mm. The four corners of the plate are clamped so as to prevent large out-of-plane movement of the specimen. In the present study, a rigid supporter with all directions restrained, as shown in Fig. 1, is placed below the plate, which was adopted by some researchers [START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF][START_REF] Tan | Predicting low velocity impact damage and Compression-After-Impact (CAI) behaviour of composite laminates[END_REF][START_REF] Liu | Finite element analysis of dynamic progressive failure of carbon fiber composite laminates under low velocity impact[END_REF].

Displacement in the Z-axis direction of selected nodes around the four corners of the plate is also constrained to simulate the constraints of the four rubber clamps in the test fixture. In addition, given that the impactor could not penetrate the composite plate entirely in a low-velocity impact, a general contact algorithm in ABAQUS/Explicit is adopted to simulate contact between the impactor, the composite laminate and the support as well as ply-to-ply contact in the laminate. Hard contact and the penalty method with a friction coefficient generally set as 0.3 are employed to describe the normal and tangential contact behaviors, respectively. The total simulation period lasts 4 ms, and the stable incremental time is set to below 1e-4 ms to achieve numerical convergence.

Numerical results and discussion

Validation of the established damage model

To demonstrate the proper setup of the finite element model, the numerical results for a representative model with Hou's failure criterion and a displacement-based damage evolution model was selected for comparison with experimental results for a T700CG/M21 composite from Hongkarnjanakul et al. [START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF]. As shown in Fig. 2(a) and 2(b), the numerical predicted force-time and force-displacement curves match with the experimental results reasonably well, despite some deviations that were probably produced by the immeasurable clamp force on the four corners of the laminate during testing. Moreover, the predicted distribution of delamination damage correlates well with the experimental data, showing a slightly larger area for the top interface near the impact side.

During the numerical simulation, at around t = 0.18 ms, which is approximately 0.05 ms later than in the experiments, the contact force shows a slight tendency to decline until t = 0.35 ms. During this period, no matrix compression damage is initiated on the impact side, while obvious expansion occurs in regions of matrix tensile and delamination damage. Afterwards, both the experimental and the numerical contact forces show a decreasing trend in the growth rate from t = 0.35 ms to t = 1 ms, accompanied by a remarkable degradation in stiffness. Followed by a further increase in force and a reduction in stiffness, the impactor reaches the lowest position and rebounds at t = 1.6 ms, which is consistent with test observations. Meanwhile, the outof-plane displacement of the laminate recovers gradually, and the matrix and interface damage continue to propagate for a certain time. Overall, the computational algorithm realized by the VUMAT subroutine and the low-velocity impact model is considered to be validated, with a capability to predict well the dynamic progressive damage of a composite laminate under low-velocity impact.

Evaluation of failure criteria

For the purpose of analyzing the effect of different failure criteria on the global mechanical response and local damage of the laminate, the fiber failure formula and damage evolution model are fixed at the maximum stress criterion, and the equivalent displacement method is adopted. It is assumed that the fiber failure criteria do not affect the numerical predictions to a great extent, as fiber damage is rarely observed during a low-velocity impact. Also, considering the necessity of distinguishing the damage modes for the damage evolution model, the Tsai-Wu criterion were modified to specify matrix tensile (σ 22 >0) and compression damage (σ 22 <0).

Global mechanical response

Fig. 3 exhibits force-time and force-displacement curves obtained from the experiments and the numerical simulations. Little difference was found between the numerical results of models with different matrix-damage failure criteria. This suggests that all the studied matrix failure criteria can adequately predict the global mechanical response of a laminate under low-velocity impact.

Table 3 summarizes the numerically predicted properties and their errors in comparison with the test data. For the prediction of peak force, the Hashin criterion exhibits the maximum value of the five criteria and the value is indisputably closest to the test data, while the maximum stress criterion is the next closest. Meanwhile, the Hou criterion shows the highest predicted deviations followed by the Tsai-Wu criterion.

With regard to the prediction of maximum displacement, the errors for maximum stress, Tsai-Wu and Hashin criteria range between +7% to +8%, while the error for the Hashin criterion is the lowest, at +7.05%. The Hou criterion and the Puck criterion both produce relatively large errors (more than +9%). For the prediction of contact time, the maximum stress criterion and the Hashin criterion both present the lowest error (+3.3%), while the Tsai-Wu criterion and the Puck criterion rank second, with an error equal to +5.6%. The Hou criterion presents the worst prediction for both maximum displacement and contact time. In terms of dissipated energy, the prediction using the Tsai-Wu criterion correlates better with the experimental value, followed by the Hou criterion. In addition, the Hashin criterion and the Puck criterion provide relatively low values of dissipated energy (10.4 J and 10.62 J, respectively), while the maximum stress criterion ranks last. Overall, the errors for the predicted mechanical response for finite element models with all failure criteria are consistent in terms of positive or negative deviation. Models using the Tsai-Wu criterion and the Hou criterion are better at predicting the dissipated energy, at the cost of comparatively higher errors in predicting the peak force, maximum displacement and contact time. The results also suggest that the matrix failure behavior of composite laminates do not significantly affect the global mechanical response.

Matrix tensile damage

Fig. 4 compares the matrix tensile damage distribution in each layer of the numerical models when adopting different failure criteria. The region shown in red represents locations where elements failed completely, while blue represents undamaged regions, which is also defined for all the damage contours in this study. The matrix tensile damage of all models shows the same propagation direction: along the fiber orientation of each ply. Concerning the damage shape, there are obvious differences in the top four layers near the impact side for the five models that use different failure criteria. However, the shape of the damaged region in the back four layers is more or less the same. The deviation in the shape of the damaged area can be explained by the deformation and failure mechanism of the laminate, where matrix compression damage first initiates on the impact side and expands to the back side, while matrix tensile damage is induced originally on the back side and propagates to the upper layers [START_REF] Lou | Failure analysis of composite laminate under low-velocity impact based on micromechanics of failure[END_REF]. Thus, matrix tensile damage generated near the impact side can be affected by the corresponding distribution of compression damage in the matrix, which contributes to final differences in the shape of regions of tensile damage in the top four layers. On the other hand, the predicted damage contours of the model using the Hashin criterion exhibit a hollowed shape in the top four plies, which is distinct from those of the other models. This finding is attributed to the fact that the Hashin criterion uses the summation of transverse and out-of-plane normal stress to evaluate the loading status (tension or compression) for matrix-type failure, while the other criteria use only the transverse stress or the out-of-plane normal stress (see Table 1).

For a quantitative comparison, refer to Fig. 5(a), which summarizes and compares the matrix tensile damage area on a layer-by-layer basis. It should be noted that the presented area is based on elements where the matrix tensile damage variable exceeds 0.5, which can be regarded as severe damage that would make an obvious contribution to the reduction in stiffness of the laminate. As can be noticed from Fig. 5(a), it is evident that for all failure criteria, the predicted matrix tensile damage area is larger when the corresponding layer is farther away from the impact side. In addition, the deviations in the predicted damage area are more apparent on the impact side and the back side (the back side in particular). The predicted area of maximum stress criterion is the lowest in comparison with other criteria, because it disregards the contribution of shear stress to the tensile failure of the matrix. It was also found that the failure criterion that predicts a larger matrix tensile damage area on the impact side usually predicts less damage area on the back side-except for the maximum stress criterion, which always predicts a relatively smaller area of damage. Overall, the numerical deviations produced by different failure criteria are not evident, and the predicted damage area in all layers is nearly the same for the Hou and Puck criteria due to their use of identical formulas for the matrix tensile criteria.

Matrix compression damage

Fig. 6 shows the effect of the failure criterion on the prediction of matrix compression damage. Obviously, the deviation of matrix compression damage prediction is more significant than that of matrix tensile damage. For the majority of cases, only the upper layers near the impact side are identified with matrix compression damage, except for models using Hashin and Puck criteria, where the matrix compression damage was detected in nearly every ply. The predicted compression damage contours of the top two layers for all failure criteria are presented in Fig. 6(a). Moreover, the areas of predicted damage on the impact side are remarkably distinct when using different criteria. The areas of predicted damage when using the Hashin, Hou, and Puck criteria are all greater than 100 mm 2 , while the areas are around 50 mm 2 for the maximum stress and Tsai-Wu criteria. Although these apparent differences in estimates of matrix compression damage cannot create much derivation in the prediction of the global mechanical response, uncertainty and risk still exist for subsequent unpredictable loading during the real serve life of a composite structure if the predicted matrix compression damage area presents such a large variation.

Therefore, further judgments assisted by damage detection technologies need to be proposed to identify experimental matrix compression damage behavior during an impact test. In the present study, the matrix compression damage area predicted by the Hashin criterion is larger than that predicted by the Puck criterion, which is also in agreement with the numerical results reported by Liu et al. [START_REF] Liu | Finite element analysis of dynamic progressive failure of carbon fiber composite laminates under low velocity impact[END_REF]. From the perspective of engineering applications, the matrix compression failure formula proposed by

Hashin is regarded as a better choice due to its extremely conservative prediction (more damaged layers and a larger area of damage in each ply) and its easily-understandable mathematical expression in comparison with Puck's criterion. 5(c) and 7, the predictions of delamination damage for all the interface layers of different models are within an acceptable range, where L6 and L7 interfaces present relatively larger deviations. This means the selection of the failure criterion in the finite element model affects the numerically calculated stress state, especially that for the back side of the laminate, which will then considerably influence the subsequent damage prediction.

Equivalent damage volume and energy dissipation

Table 4 summarizes the total damage area of all damage modes, irrecoverable outof-plane displacement on the back side of laminate and dissipated energy of impactor that were obtained from simulation results using the five different failure criteria. Here, a newly-defined variable, the equivalent damage volume, is introduced and calculated by multiplying the total damage area A d and permanent displacement U z along the thickness direction. It can be found that the rank of the equivalent damage volume for each failure criterion is in accordance with that of dissipated energy, which suggests both the damage area and the permanent displacement of a laminate will determine its capability to absorb energy. Moreover, the introduction of equivalent damage volume introduces an alternative variable for quantitatively analyzing the low-velocity impact performance of composite laminates.

As shown in Table 4, the total predicted damage area of laminate using the maximum stress criterion is the smallest, resulting in the lowest amount of dissipated energy and equivalent damage volume. The Tsai-Wu criterion predicts the largest dissipated energy, and its prediction of permanent displacement is notably larger, which may be attributed to the subjective partitioning of tensile and compression damage in this study. The separation of tensile and compression damage can further affect the stiffness softening process and ultimately lead to a larger irreversible deformation. The limitation of the Tsai-Wu criterion is the lack of an effective way to realize the appropriate separation of tensile and compression damage, which is required for a progressive failure analysis in combination with damage evolution methods. On the other hand, the Hashin criterion predicts the largest area of damage, which can be attributed to its high prediction for the area of matrix compression damage. However, the dissipated energy predicted when using the Hashin criterion is comparatively less than for all other criteria, as the occurrence of matrix compression damage does not degrade the stiffness of the composite by much or significantly reduce the load-bearing capacity.

Evaluation of damage evolution methods

A damage evolution model is a necessary component for the modeling of progressive damage behavior in a composite structure. In this section, the maximum stress-based fiber damage criterion and Hou's matrix damage criterion are selected and implemented concurrently, along with two linear damage evolution methods (equivalent strain and equivalent displacement), so as to investigate the influence of the damage evolution method on the prediction of low-velocity impact behavior and the mode of failure for a composite laminate.

Global mechanical response

Fig. 8 compares the numerical predictions for mechanical responses using two different damage evolution models, the equivalent strain method and the equivalent displacement method. From Fig. 8, it can be noticed that the force-time and forcedisplacement curves predicted by the equivalent strain method show better correlation to the experimental data as compared to those of the equivalent displacement method.

Evidently, as a consequence of controlling the stiffness degradation, the selection of damage evolution method has a more significant effect on the prediction of the global mechanical response than the change of failure criteria. However, quantitatively, the calculated dissipated energy of the impactor is similar for the two damage evolution models, which are 11.1 J and 11.3 J for the equivalent displacement method and equivalent strain method, respectively.

Matrix and interface damage

Fig. 9 presents a comparison of the predicted matrix tensile, matrix compression and delamination damage distributions of a laminate for models using the equivalent strain and equivalent displacement methods. This figure shows that the damage shapes and propagation directions for matrix tensile and delamination damage contours in each layer are similar, although a slight difference is observed for the lamina plies and interfaces near the impact side and back side of the panel. Only the top two plies are shown to illustrate the variation in the prediction of matrix compression damage. It is found that the predicted shapes of the matrix compression damage using the two different damage evolution models are altogether different for the first two layers (near the impact side), and no damage is predicted to occur in the second layer for the equivalent strain method. These results indicate that the selection of the damage evolution method has a greater effect on the damage distribution on the impact side and back side than on the shape of the matrix compression damage, which is similar to the effect for different failure criteria.

Fig. 10 shows the predicted matrix damage area and delamination area using the two different damage evolution methods. The equivalent displacement method is found to produce a larger area of damage than that obtained by the equivalent strain method, especially for the top and bottom layers of the laminate. The prediction of delamination area, as presented in Fig. 10(b), is similar for the two different damage evolution methods except for the bottom two interfaces, where obvious deviation can be seen.

Damage accumulation process

The effect of the damage evolution model on the damage accumulation process is investigated by comparing the damage variable profiles shown in Fig. 11. The damaged elements at the center of top and bottom surface, which can be found inside the boundaries of the grey rectangles in Fig. 11(b), are selected to present the time history for the matrix tensile and matrix compression damage variables for the interval from t = 0 ms to t = 2 ms. The value of matrix damage variables remains at one after t = 2 ms, so the data for the interval from t = 2 ms to t = 4 ms is not shown. In the meantime, an irreversible operation is imposed on all damage variables to guarantee a continuous degradation of stiffness during the impact loading process.

As shown in Fig. 11(a), the matrix tensile damage variable d mt rises to the peak value more rapidly than the matrix compression damage variable d mc . This is because tensile deformation is more significant than compressive deformation for the studied impact load of a composite laminate. Consequently, matrix tensile damage is easier to generate, and it propagates faster than matrix compression damage. Moreover, elements typically lose their ability to bear transverse tensile loading immediately after being detected with matrix tensile damage during an impact, which contributes to a sudden growth of d mt from 0 to 1 for both the equivalent displacement method and the equivalent strain method. In addition, it is obvious that the compressive damage to the matrix at the impact point initiates earlier when using the equivalent displacement method, which predicts an earlier increase of the d mc profile, since the equivalent strain method disregards the shear strain components. Moreover, the d mc profile of the equivalent strain method shows a much sharper increase from 0 to 1 than that of the equivalent displacement method.

Fig. 11(b) shows the evolution in the morphology of the matrix compression damage (d mc ) in the top layer for two evolution methods. For the equivalent displacement method, damage initiates at the center and propagates gradually in a butterfly shape; for the equivalent strain method, the matrix compression damage first increases sharply around the point of impact and then expands through the central area.

Therefore, it can be concluded that element suffers a much faster stiffness degradation after damage initiation when the equivalent strain method is selected.

Conclusions

Different failure criteria and damage evolution methods are integrated into the finite element simulations for low-velocity impact behavior of a T700GC/M21 carbon/epoxy composite laminate. The variation of global mechanical response represented by the force-time curve, the force-displacement curve, energy dissipation, and local damage in each ply are investigated in detail. The applicability of different failure criteria and damage accumulation methods for predicting the low-velocity impact damage of laminates is discussed. The main conclusions are summarized as follows:

• All selected failure criteria are adequate for predicting the global mechanical response. The failure criteria that show less error in the prediction of dissipation energy usually tend to produce larger derivations in the prediction of peak force, maximum displacement, and impact contact time compared with experimental test data.

• The predicted matrix tensile damage by all failure criteria show a similar propagation direction and damage shape, except for that of the Hashin criterion, which produces a hollowing effect. The deviation of the predicted damaged area is the most significant for the top and bottom layers of the laminate.

• Matrix compression damage distributions predicted by different failure criteria are totally different in terms of damage shape, area and propagation distribution.

Hashin's matrix compression criterion could be a good choice for engineering applications due to its conservative prediction and simple expression.

• Maximum stress and Tsai-Wu failure criteria are not recommended for use in a low-velocity impact simulation. The predicted total damage area using the maximum stress criterion is the lowest since this criterion disregards the shear stress components. The Tsai-Wu criterion shows the greatest irreversible displacement due to improper separation of tensile and compression damage.

• Damage evolution methods display a more significant influence on the prediction of the global mechanical response. For local damage prediction, the matrix damage area is larger when using the equivalent displacement method, while the equivalent strain method corresponds to a more rapid reduction in stiffness.

• Both the failure criteria and damage evolution methods have little effect on the Note: "Y" denotes "include" and "N" denotes "exclude". 
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  ), respectively.

	n N t	2	2	+	2 2 s S t	+	2 2 t t S	=	1	(13)

where t n , t s and t t are normal and shear tractions; N and S are interface normal strength and shear strength, respectively; and the Macaulay bracket signifies that compressive deformation is excluded.

[START_REF] Kim | Local stiffness reduction in impacted composite plates from full-field measurements[END_REF] 

Table 1 .

 1 Characteristics for five different failure criteria

	Tables					
	Failure criteria	Max stress Tsai-Wu Hashin Puck Hou
	Separated damage modes	Y	N	Y	Y	Y
	Shear stress components	N	Y	Y	Y	Y
	Fracture plane	N	N	N	Y	N
	Tensile & compression judgment	σ 22	σ 22	σ 22 +σ 33	σ 22	σ 22

Table 2 .

 2 Material properties for T700GC/M21 composite laminates Density ρ = 1600 kg/m 3

Table 3 .

 3 Experimental and numerical parameters reflecting global response of the laminate during an impact load

		Peak force	Max. displacement	Impact time	Dissipated
		(kN)	(mm)	(ms)	energy (J)
	Test data	8.65	5.11	3.6	13.2
	Max.				
		8.49 (-1.85%)	5.51 (+7.83%)	3.72 (+3.3%)	10.0 (-24.24%)
	stress				
	Tsai-Wu	8.1 (-6.79%)	5.49 (+7.44%)	3.8 (+5.6%)	11.3 (-14.39%)
	Hashin	8.6 (-0.58%)	5.47 (+7.05%)	3.72 (+3.3%)	10.4 (-21.21%)
	Hou	8.03 (-7.2%)	5.62 (+9.98%)	3.86 (+7.2%)	11.1 (-15.9%)
	Puck	8.27 (-4.39%)	5.59 (+9.39%)	3.8 (+5.6%)	10.62 (-19.55%)

Note: Test data was obtained from Hongkarnjanakul et al.

[START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF]

.

Table 4 .

 4 Summary of total damage area, permanent out-of-plane displacement and equivalent damage volume, and dissipated energy of composite laminate after a low-

			velocity impact			
	Failure criterion	Test data	Max. Stress	Tsai-Wu	Hashin Hou	Puck
	Total damage area A d (mm 2 )	N/A	4919	5138	5720	5612	5435
	Permanent						
	displacement	0.5244	0.4791	0.6585 0.4281 0.4843 0.4560
	U z (mm)						
	Equivalent damage						
	volume	N/A	2357	3383	2449	2718	2478
	A d ×U z (mm 3 )						
	Dissipated energy (J)	13.0	10.0	11.3	10.4	11.1	10.6

Note: Test data was obtained from Hongkarnjanakul et al.

[START_REF] Hongkarnjanakul | Validation of low velocity impact modelling on different stacking sequences of CFRP laminates and influence of fibre failure[END_REF]

.
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