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Abstract: In this study, an effective microscale model for fiber-reinforced composites with initial 
damages is presented to investigate local stress distribution and damage evolution at constitutive 
material level. To validate the proposed numerical model, experimental data of uniaxial stress-strain 
responses and off-axis failure strength are employed for a comparison, and a good agreement by 
comparing with numerical results can be found. To represent the microscale damage evolution in 
the representative volume element, stiffness degradation coefficients are subtly applied to describe 
the failure sub-cells. Moreover, microscale damage evolutions and local stress distribution in the 
composites subjected to uniaxial and biaxial loads are both investigated. The effect of three different 
modes of initial damage in the composites are studied. The influences of the distribution, location 
and orientation of initial damage on damage evolutions are also studied.  
Keywords: Stiffness degradation, Initial damages, Microscale damage evolution, Composites. 

1. Introduction 

In recent years, composites have increasingly become one of the most commonly-used structural 
materials. They have been used, for example, to form large airplane components such as fuselage 
and aerofoil, etc [1-3], due to their high strength and low density [4-6]. However, it is inevitable that 
voids or some initial defects are introduced in the manufacturing process of fiber reinforced 
composites [7-8]. These initial defects result in not only a degradation of the materials, but also 
further cracking when the materials are under service loads. Naturally, damage evolution causes 
reduction in the stiffness of composites, and has also a significant influence on their functions [9-
11]. Thus, investigations on microscale damage evolutions and the effect of initial defects on a wide 
range of composite properties and the mechanisms leading to failure have become an attracted 
research topic. 

Experimental tests by X-ray micro-computed tomography (micro-CT) technology have been used 
to detect internal voids/damages on advanced composite structures [12-13], and demonstrated that 
the technology is capable of evaluating damage evolutions in composites. Barbière et al. [14] studied 
the induced fatigue damage mechanisms of woven composites by acoustic emission and micro-CT. 
The related images revealed that cracks were derived from the coalescence of partial debondings at 
the interfaces between yarn and matrix. Cai et al. [15] effectively evaluated initial damage/void ratio 
and damage distribution in anisotropic polymer composites by micro-CT. According to the statistical 
results of fiber projection on two coordinate planes perpendicular to each other, a 3D microscale 
model was presented to predict their elastic modulus. Fritz et al. [16] employed micro-CT to 
quantify morphology in aerospace-grade fiber prepreg composites, and concentrated on exploring 
overall void fractions. To clearly observe the process of internal damage evolution, an in-situ micro-
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CT monitoring system may be used. Zhang et al. [17] studied the damage evolution in 3D braided 
composites. The research revealed that the damage modes under transverse loading were mainly 
attributed to interfacial debonding and matrix cracking. Cosmi and Bernasconi [18-19] studied the 
damage evolution in composite specimens subjected to fatigue load by means of micro-CT. 
Although micro-CT plays an important role in the identification of microscale damages, the test 
procedure with consideration of fatigue cycling or tensile condition has to be interrupted at various 
stages. This makes micro-CT test extremely time consuming in visualizing microscale damages with 
a desired resolution. For instance, a scan test executed on a specimen may require 4 hours or more 
[20].  

As an effective supplement to the experimental method, numerical modeling shows attractive 
development potentials in studying void formation [21], void ratio and their influences on the 
mechanical properties of composites [22-23]. To study the mechanical properties of continuous 
fiber-reinforced composite structures, such as composite laminates, fibers are normally assumed to 

be periodically distributed in a matrix as shown in Fig. 1(a). Herein 1 2 3( , , )x x x=x   and 

1 2 3( , , )y y y=y  denote global and local coordinate systems, respectively. Through discretizing the 

representative volume element (RVE) with a series of rectangular meshes, the finite-volume direct 
averaging micromechanics (FVDAM) was used with the consideration of displacement and traction 
continuity between adjacent sub-cells derived from a direct volume averaging technique in the fluid 
mechanics [24-25]. Later, the rectangular mesh is reconstructed by a parametric mapping relation 
(Fig. 1(b)), and the new numerical method is named as parametric FVDAM [26-28]. For the 

parametric element in the 2 3y y−  coordinate system, it can be easily acquired by employing a linear 

mapping relation, which is capable of predicting macroscopic mechanical behaviors of composites 
with consideration of thermal residual stress [29], nonlinear deformation [30] and thermo-electro-
elastic coupling [31]. Recently, the parametric FVDAM has been extended to study the effect of 
initial damages/voids on nonlinear behaviors and local stress distributions of continuous fiber-
reinforced composites [32]. To this end, elastic modulus and Poisson’s ratio of the failed sub-cells 
were assumed to be 0.5 MPa and 0.01, respectively. However, studies on microscale damage 
evolutions in composites with initial voids/damages are rarely found in the literature. 
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Fig. 1. The discretized procedure of the RVE (a) Composite laminates with periodically 

distributed fibers (b) Discretized RVE with parametric elements  
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Predicting stress distribution at constituent material level and understanding microscale failure 
mechanism are critical to estimate service life of composite structures. This study aims to explore 
microscale damage evolutions of composites with initial voids/damages under uniaxial and biaxial 
loads. To this end, the parametric FVDAM is coupled with selected failure criteria and stiffness 
degradation laws to study three different microscale damage modes. The outline of this study is as 
follows: In section 2, a microscale modeling scheme with consideration of matrix nonlinear 
deformations is presented. A comparison of off-axis stress-strain behaviors and failure strength of 
composites between numerical results and experimental data is shown in Section 3. Modeling 
procedure of damage evolutions with respective to initial damages is introduced in Section 4. 
Microscale damage evolutions under uniaxial and biaxial load are studied in Section 5. The 
conclusions are shown in Section 6. 

2. Nonlinear modeling scheme 

From the homogenization theory and sub-cell geometric equations, the sub-cell displacements 
( )q

iu′  and the macroscopic average strains ijε  can be expressed as follows: 
( ) ( ), ( , ) ( ( , ))q q
i ij j iu x uξ η ε ξ η′= +x y y（ ）                        (1) 

where superscript q   represents the sub-cell number. ( )2 3= ,x xx   denote the global coordinate 

system shown in Fig. 1(a). ξ  and η  are the local coordinate system shown in Fig. 1(b). 

For the thq   sub-cell, the average stresses ( , )ˆ i q
ijσ   on the sub-cell interfaces ( 1,2,3,4)iF i =  , as 

shown in Fig. 1(b), can be determined by the Hooke's law, that is, 

( , ) ( ) ( , ) ( , )ˆˆ ˆi q q i q pl i q
ij ijkl kl ijCσ ε σ= −                        (2) 

where ( )ˆ i
klε  are the surface-averaged strain components on the sub-cell interface iF . ( )ˆ pl i

ijσ  and 

( )q
ijklC  are plastic stresses and sub-cell stiffness matrix, respectively. From the sub-cell equilibrium 

equation 
4

( ) ( , )

1

ˆd 0q p q
pS

p
s l

=

= =∑∫ t t  , the surface-averaged traction ( )qt   and the surface-averaged 

displacement ( )ˆ q′u  of the thq  sub-cell are given by 

   ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )ˆ ˆ ˆq q q q q pl q q pl q= + + −′ -1t N C ε K u ANΦ Z N C σ                     (3) 

where ( )qC   and ( )qK   denote sub-cell stiffness and local stiffness matrices, respectively. The 

matrices, Φ  and A , contain the dimension and the material properties of the sub-cell. ( )ˆ pl qσ  and 
( )qN  are the sub-cell average plastic strain and sub-cell vector, respectively. plZ  can be obtained 

from the average plastic strain and co-ordinates of the sub-cell vertexes. The details of calculating 

the surface-averaged tractions of the thq  sub-cell can be found in Pindera and Chen [28, 33]. 

The surface-averaged tractions and displacements between the adjacent sub-cells must satisfy the 

continuity conditions. With the consideration of periodic boundary conditions, the global stiffness 

can be written as, 

ˆglobal = ∆ +′K U Cε G                           (4) 
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where globalK  and ˆ ′U  are the global stiffness matrix and unknown surface-average displacement 

vector, respectively. ∆C  is the change in stiffness between adjacent sub-cells. G  is a force vector 

related to plastic deformation. 

The sub-cell average strains, ( )qε , can be determined by solving Eq. (4), and the sub-cell average 

stresses will be obtained. The relationship between the sub-cell average strains and the macroscopic 

strains is  

( ) ( ) ( )q q q= +ε A ε D                           (5) 

where ( )qA   and ( )qD   are sub-cell strain concentration matrix and sub-cell plastic deformation 

vector, respectively. 

Considering the sub-cell average plastic stresses, the sub-cell average stresses ( )qσ   can be 

expressed as the function of sub-cell average strains in the following form: 
( ) ( ) ( ) ( )q q q pl q= −σ C ε σ                         (6) 

Substituting Eq. (5) into Eq. (6), the sub-cell average stresses ( )qσ  is given as 
( ) ( ) ( ) ( ) ( ) ( )q q q q q pl q= + −σ C A ε C D σ                    (7) 

To compute the macroscopic average stress σ  , the sub-cell average stress ( )qσ   in Eq. (7) is 

averaged over the entire RVE, that is, 

pl= −*σ C ε σ                            (8) 

where the equivalent elastic stiffness matrix *C  and the macroscopic average plastic stress plσ  

can be obtained by the homogenization theory, that is, 

* ( ) ( ) ( )

1

qN
q q q

q
v

=

= ∑C C A                            (9) 

( )( ) ( ) ( ) ( )

1

qN
pl q pl q q q

q
v

=

= −∑σ σ C D                        (10) 

where ( ) ( ) /q qv V V= , denotes the volume ratio of the thq  sub-cell. ( )qV  and V  are the volumes 

of the sub-cell and RVE, respectively.  

Due to the large difference between the elastic moduli of the constituent materials, fibers are 

normally considered linear elastic before matrix failure occurs. The improved Bonder-Partom model, 

one of the commonly-used viscoplastic constitutive models, has been proved to be effectiveness in 

describing nonlinear deformations of polymer matrix materials [34-35]. In determining the inelastic 

deformation, the total strain rate ε  is assumed to be a sum of elastic strain rate eε  and inelastic 

strain rate plε  . The vector plε   is written as a function of the deviatoric stress tensors ijs  , the 

effective stress eσ  , and the second-order invariant of the deviatoric stress tensor 2J  , in the 

following form:  

2
0

2

12 exp[ ( ) ]( )
2 2

ijpl n
ij ij

e

sZD
J

ε αδ
σ

= − +          (11) 
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where 0D  and n  represent the maximum inelastic strain rate and sensitivity control parameter 
related to inelastic strain rate, respectively. The parameters Z  and α , are internal state variables. 

3. Off-axis failure strength of continuous fiber-reinforced composites 

3.1. Failure criterion 

When microscale damage evolution in composites is considered, an effective failure criterion is 

critical to estimate the sub-cell performance. The failure criteria can be classified into two main 

categories: the mode-independent failure criteria (Maximum stress, Maximum strain, Tsai-Wu, etc.) 

and mode-dependent failure criteria (Chang, Puck, etc.) [36-37]. Hashin criterion, one of the mode-

dependent failure criteria, shows an excellent performance in predicting multiple damage modes 

(fiber breakages or matrix cracks). The specific descriptions of the two-dimensional Hashin failure 

criterion [38] in determining sub-cell failures are as follows: 

When tension is in the fiber direction ( 11 0σ > ), tensile failure occurs in fibers, as defined by the 

following equation. 
2 2 2

12 1311
2

12

1
TX S

σ σσ
β
   +

+ =  
   

                       (12) 

where TX   and 12S   denote longitudinal tensile and axial shear strengths, respectively. 12σ    

and 13σ  are longitudinal shear stresses. β  is a coefficient, which determines the contribution of 

shear stress to longitudinal fiber failure. 

When compression is in the fiber direction ( 11 0σ < ), fiber collapse failure occurs. The relation 

between the longitudinal compressive strength CX  and the compressive stress 11σ  is given by 
2

11 1
CX

σ 
= 

 
                             (13) 

If the tension is in the direction perpendicular to the fiber direction ( 22 33+ 0σ σ > ), the tensile 

failure mainly occurs in the matrix materials. The failure criterion is as follows: 

       ( ) ( )
2

2 2 222 33
23 22 33 12 132 2 2

22 23 12

1 1 1
S S S

σ σ
σ σ σ σ σ

 +
+ − + + = 

 
             (14) 

where 22S , 23S , 12S  are transverse tensile, transverse shear and axial shear strengths, respectively. 

In addition, 22σ   and 33σ   denote transverse stresses along 2 -directiony   and 3 -directiony  , 

respectively. 23σ  is the corresponding shear stress component.  

If the compression is perpendicular to the fiber direction ( 22 33+ 0σ σ <  ), crush failure mainly 

occurs in matrix. The matrix failures can be determined by 

   ( ) ( )
2 2

2 2 222 33 22 33
23 22 33 12 132 2

23 23 23 12

1 11 1
2 2

c

c

Y
S S Y S S

σ σ σ σ
σ σ σ σ σ

    + +
 + − + − + + =   
     

    (15) 
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where cY  is the transverse compressive strength.  
3.2. Model validation 

To validate the model, constituent material properties of the carbon fiber-reinforced epoxy matrix 

(CFREM) composites are shown in Table 1 [39]. The fiber volume fraction of the composite is 56%. 

To describe the inelastic deformation, the improved Bodner-Partom constitutive model is introduced 

and the viscoplastic parameters are presented in Table 2 [40]. The fiber tensile and compressive 

strengths are 2656MPa  and 1558MPa , respectively. The matrix tensile, compressive and shear 

strengths are 56MPa , 250MPa and 50MPa , respectively.  

Table 1. Material properties of composite materials 

Materials 11 / GPaE  22 / GPaE  12G / GPa  12v  23v  

Carbon-Fiber 230 20 20 0.26 0.40 

Epoxy 3.45 3.45 1.28 0.35 0.35 

Table 2. Viscoplastic parameters of each component material 

Materials 0 /D s  n  0 /MPaZ  1 /MPaZ  0α  1α  q  

Carbon-Fiber 0.0 - - - - - - 

Epoxy 1×106 0.63 391 803 0.04 0.11 280 

It should be noted that the microscale model is developed in the coordinate system 2 3y y−  (see 

Fig. 1(a)), while the load is applied in the 1-directionx . Thus the following off-axis stress-strain 

relation is used, 

( )1 * 1 T

θ θ
− −=σ T C T ε                           (16) 

where θ  is the fiber off-axis angle. θσ  and θε  are the off-axis stress and strain components, 

respectively. *C  is the effective stiffness matrix. 1−T  is a 6 × 6 transformation matrix, the details 

of which can be found in the Appendix. 

Fig. 2 shows the nonlinear stress-strain responses of the CFREM composite, where, the 

experimental results from [40] are also shown for comparisons. The test results were obtained by 

applying quasi-static tensile strain (strain rate 510− ) on the specimens. For each loading condition, 

three identical specimens were tested, and the test results shown in Fig.1 are the average. In general, 

the numerical results have a very good agreement with the experimental data. In addition, the 

capability of the proposed method in predicting strength is also verified by comparing with the 

strength from the off-axis tensile tests in Table 3. The maximum relative error is 4.82% when fiber 

off-axis angle is 30°.  



 

7 

 

Pa
ge
7 

/M
Pa

xx
σ

/M
Pa

xx
σ

/M
Pa

xx
σ

/M
Pa

xx
σ

xxε xxε

xxε xxε

  

  

Fig. 2. Stress-strain curves of the CFREM composites with respective to four off-axis angles 

Table 3. Comparison of tensile strength between numerical results and experimental data 

Off-axis angle Experiment /MPa Prediction/MPa Relative error 

30° 141 147.80 4.82% 

45° 77 77.87 1.13% 

60° 43 42.74 -0.60% 

90° 38 38.41 1.10% 

4. Modeling procedure of damage evolutions with respective to initial damages 

4.1. Microscale initial damages 

Composites have microscale initial defects/voids originated from manufactural process and 

thermal residual stresses. It is difficult for researchers to observe internal damage evolution by 

experimental methods. In order to qualitatively study the influence of initial defects on damage 

evolution, three preset damage patterns, as shown in Fig. 3, are considered. The initial damages are 

embedded only in matrix due to its lower failure strength. Herein initial damage “A” is placed at the 

same location in the three RVEs, while initial damages “B” and “D” are placed at different locations 

to assess the interactions between the defects and study damage evolution. The white and gray sub-
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cells denote matrix and fibers, respectively. The initial defects/voids are marked with red color. 

 

 

         

 

 
 

4.2. Modeling scheme of damage evolution 

Sub-cell stiffness degeneration in composites occurs once local stress or strain reaches to the 

failure strength of constituent materials. To effectively describe damage evolutions in composites, 

a failure criterion has to be properly integrated with a stiffness degradation model. At present, 

stiffness degradation models, including the models proposed by Gotsis [41], Mayes [42], Huang [43] 

and McCartney [44], have been developed to be suitable for describing the stiffness degradation of 

polymer-matrix composites. 

For the failure modes of polymer-matrix composites under tensile or compressive load, Huang 

and Mayes models are accurate in predicting the failure and damage of constituent materials. The 

degradation coefficients of the constituent materials under different load condition are shown in 

Table 4, where the symbol “-” denotes that the elastic moduli or/and Poisson’s ratio keep constant, 

independent of sub-cell failure. In the process of simulating damage evolution, the elastic constants 

of a sub-cell are degraded by multiplying them with the degradation coefficients once the stress or 

strain has reached the strength of the constituents. 

Table 4. Stiffness degradation coefficients under different failure modes 

Failure model 11E   22E  33E  23G   12G   13G  23v   12v  13v  

Fiber tensile failure 0.01 - - - 0.01 0.01 - 0.01 0.01 

Fiber compression failure 0.2 - - 0.01 0.01 0.01 - 0.01 0.01 

Matrix tensile failure - 0.01 - 0.01 0.01 - - 0.01 - 

Matrix compression failure - 0.2 - 0.2 0.2 - - 0.2 - 

The investigation on damage evolution has three main steps: 1) Solving the microscopic stress 

distributions in the RVE. 2) Analyzing the sub-cell failure, and 3) Evaluating Fiber/matrix stiffness 

degradation. The detailed procedures are as follows: 

  1) A RVE with initial damages is firstly determined and further divided into a series of sub-cells. 

Type-Ⅰ preset damage Type-Ⅱpreset damage Type-Ⅲ preset damage 

Fig. 3. Three types of preset damages 
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According to the coordinates of the sub-cell vertex, as well as the continuity relations of traction 

and displacement components between adjacent sub-cells, a parametric FVDAM model is 

established.  

2) Initial sub-cell strains and stresses are imposed as inputs, and a maximal macroscopic strain 

maxε  is preset. 

3) From the numerical results of sub-cell stresses or strains derived from the thn  iteration step, 

the Bodner-Partom constitutive model is employed simultaneously to obtain plastic deformation of 

the matrix and used as the inputs in the ( +1)thn iteration.  

4) The parametric FVDAM model is employed to calculate microscopic stress distributions under 

the macroscopic strain 1nε + . 

5) The failure criterion is introduced to evaluate whether any sub-cell failure has occurred. If sub-

cell failure has occurred, the effective elastic constants of the failed sub-cells are reduced by 

multiplying them with the respective degradation coefficients. 

6) A full analysis of the RVE with failed sub-cells is performed to study microscale damage 

evolution and failure strength of the material.  

  A computer program in Fortran was written to study damage evolution. To ensure the program 

work as intended, issues such as matrix singularity, data overflow, etc., may be avoided by 

implementing the followings: 

1) Due to the huge difference of load-carrying capacity between fiber and matrix materials, a 

large load increment may result in divergence of the numerical results. A suitable strain step should 

be firstly determined priori to balance calculation efficiency and computation accuracy. 

2) To simulate the effects of initial damages/voids on microscale damage evolution in composites, 

some initial damages are firstly set in the RVE. To avoid singularity of the global stiffness matrix
globalK  in the parametric FVDAM, the elastic constants of the initially damaged sub-cells are 

determined by multiplying the original elastic constants with the respective stiffness degradation 

coefficient.  

5. Microscale analysis with respective to initial damages 

5.1. Uniaxial failure analysis 

To discuss the effect of initial damage/void modes (Fig. 3) on the microscale damage evolution 
and stiffness of the CFREM composites, uniaxial transverse tensile and compressive loads along 

the 2 -directiony  are applied on the RVE, respectively. 

5.1.1. Failure strength 

Fig. 4 shows the transverse stress-strain relation for the three modes of initial damage shown in 
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Fig. 3. For comparisons, composites without initial damage is also considered. As expected, the 

present of damages tends to decrease the stiffness and the failure strength of the material. In details, 

Type-I damage causes the greatest reduction in transverse tensile strength and stiffness. The other 

damage modes show the similar stress-strain relations. In other words, the reductions in stiffness 

caused by Type-II and Type-III initial damages are approximately the same. However, an obvious 

distinguish in transverse tensile strength can be found by damage modes. The predicted transverse 

tensile strength of the composite with Type-II and Type-III damages are 36.4MPa. 37.1MPa, 

respectively.  

22 / %ε

22
/M

Pa
σ

 

Fig. 4. Transverse tensile properties of CFREM composites with 

 respect to the three microscale preset cracks 

5.1.2. Microscale damage evolution 

1) Uniaxial tension 

Fig. 5 shows the transverse stress distributions and microscale damage evolution of the 

composites with Type-I preset damage (Fig. 3(a)) under uniaxial tensile strain. Fig. 5(a) and Fig.5 

(d), respectively, show the local stress field and the damage extension when the total transverse 

strain is 0.476%. It shows that the maximum transverse tensile stress occurs in the vicinity of the 

tips of the initial damage, as shown in Fig. 5(a), and the damage propagation is perpendicular to the 

load direction. Fig. 5(b) and Fig. 5(e) show, respectively, the stress contour and the damage 

progression of the composites when the tensile strain is 0.497%. When the strain is increased to 

0.518%, the stress contour and damage of the composite are shown in Fig.5 (e) and Fig. 5(f), 

respectively. It can be seen from Figs. 5(d)-(f) that the damage path is always perpendicular to the 

load direction until the preset cracks are connected, resulting in the ultimate failure of the whole 

RVE. In addition, it is interesting to mention from Figs. 5(a)-(c) that lower stress amplitude will be 

found with a further increasing of uniaxial tensile strain. This attributes to the damage extension in 

Tensile strength 
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the RVE, resulting in the stress unloading around the damage tips.  

(a) (b) (c)

(d) (e) (f)
 

 

  Fig. 6 presents the transverse stress distribution and damage extension of the composites with 

Type-II preset damage (Fig. 3(b)) under uniaxial tensile strain. The figures show again that the 

maximum transverse stresses are located at the crack tips, and maximum transverse stress amplitude 

tends to slightly decrease with further damage propagation. It is noted, as shown in Fig. 6(d), that 

crack “A” extends perpendicular to the load direction, and some new failed sub-cells located at “C”, 

“D” and “E” occurs. With a further increase of the transverse load, as shown in Fig. 6(f), the damages 

located at “A”, “C”, “D” and “E” extend along the 3 -directiony  . Moreover, the final failure is 

attributed to the damage coalescence between “A” and “D”. In addition, it is worth noting that new 

sub-cell failure is hardly found around the initial damage “B” as shown in Figs. 6(d)-(f). This is due 

to the fact that the applied tensile strain is parallel to the surface of damage B, causing little stress 

concentration. However, as shown in Fig. 6(a)-(c), significant stress concentration occurs around 

the initial damage A whose damage surface is perpendicular to the applied tensile strain.  

Fig. 7 shows the stress distribution and damage evolution due to Type-III preset damage when 

the RVE is subjected to uniaxial tensile strain, and the two initial damage “A” and “B” (Fig. 3(c)) 

are both perpendicular to the external load. Once the external transverse load is applied on the RVE, 

damage evolution occurs first at the tip of initial damage “A”, as shown in Fig. 7(a). Similar to the 

effect of Type-II initial damage, new cracks occur at the same locations, i.e., “C”, “D” and “E”, as 

shown in Fig. 7(d). With a further increase of the external load, the damages located at “A” and “D” 

propagate along the interface between fiber and matrix, and are finally connected at “B”, as shown 

in Figs. 7(e)-(f). The final failure is attributed to the coalescence between the new damage “D” and 
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Fig. 5. Stress distribution and damage evolution of Type-I preset damage under tensile strain in the  
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the initial damages “A” and “B”. There is no new sub-cell damage found near the regions of “C” 

and “E” even when the whole RVE fails. 

(a) (b) (c)

(d) (e) (f)

C D

E
 

(a) (b) (c)

C

D
E

 

 

 

2) Uniaxial compressive analysis 

  To investigate compressive failure of the composites with initial damage, a transverse 

compressive load in the 2 -directiony  is applied on the RVE. Similarly, the three preset damages, 

as shown in Fig. 3, are considered in the example, and the stress-strain curves are shown in Fig. 8. 

In comparison to the tensile performance (Fig. 4), it can be seen that the CFREM composites, with 

and without initial damage, both show better performances, due to the higher compressive strength 

of the constituent materials. It also shows that the Type-I initial damage significantly reduces the 

stiffness and the transverse compressive strength of the material. The composites with the Type-II 

 

 

Fig. 6. Stress distribution and damage evolution of Type-II preset damage under tensile strain 
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Fig. 7. Stress distribution and damage evolution of type- III preset damage under tensile strain 
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damage has a higher failure strength than that with the Type-III damage. Once the sub-cell fails, the 

RVE fails almost immediately. 

22 /%ε

22 /M
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Fig. 8. Transverse compression of the CFREM composites with respective to three microscale preset damages 

 
Fig. 9 shows the microscale properties of the composites with respective to Type-I preset damage 

under compressive strain in the 2 -directiony . From Fig. 9(a) and Fig. 9(d), it is found that the RVE 

is subjected to a combination of compressive and shear stresses. The maximum transverse 

compressive stress 22σ  and the maximum shear stress 23σ  are, respectively, occur in the matrix 

and the fiber. Once the sub-cell stress reaches the compressive strength, the corresponding sub-cell 
fails. The damage propagation is perpendicular to the load direction, and limited in the matrix 
material (Fig. 9(g)) due to the huge differences of shear and compressive strengths between the fiber 
and the matrix. As shown in Figs. 9(b)-(c), a further increase of the compressive strain, the 

maximum compressive stress 22σ  stays within the matrix, while the maximum shear stress 23σ  

is shifted from the fiber to the matrix (Fig. 9(f)). From Figs. 9(g)-(i), it can be seen that the sub-cell 
damages always extend perpendicular to the external loading direction, and the final compressive 
failure in the composites is attributed to the damage coalescence between “A” and “D”.  

The same compressive strain in 2 -directiony is applied on the RVE with Type-II preset damage, 

and the numerical results are shown in Fig. 10. From Figs. 10(a)-(b), the maximum compressive 

stress 22σ  firstly located at the tip of damage “A”, and then shifted to damage location “D”. With 

a further increase of compressive strain as shown in Fig. 10(c), an abrupt drop of stresses around 

damage “A” can be found. This attributes to the final failure of the RVE, resulting in the stress 

unloading around the damage “A”. A similar conclusion can be drawn from shear stress, 23σ  , 

distributions shown in Figs. 10(d)-(f). The maximum shear stress 23σ  occurs first near “A” and 

then moves the vicinity of “D”.  
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Fig. 10(g) shows that local compressive failure firstly occur at the tip of damage “A”, and then 
extend perpendicular to the external load as shown in Fig. 10(h). Subsequently, new sub-cell failures 
occur around “C”, “D” “E” in the RVE. The direction of damage growths at locations “A”, “B” and 
“D” are indicated by the black arrows in Fig. 10(h). The final failure of the RVE is the result of 
damage coalescence between “A” and “B” as shown in Fig. 10(i). It is also found that damage 
location “D” grows along the tangent to the fiber-matrix interface. It is interesting to see that the 
new damage near “C” and “E” is no longer propagate until the RVE failures. This can be understood 
from the microscale stresses variation in the RVE shown in Figs. 10(a)-(f). Although the maximum 
compressive stress around the new damage “C” and “E” is as high as that around ‘A’ (Fig. 10b), the 
shear stress at damage “C” and “E’’ is significantly lower than that around ‘A’ as the locations are 
close to the shear stress free boundary, which leads to further progressive failure around ‘A’ until 
the total failure of the RVE.    
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Fig. 9. Normal and shear stress distributions, as well as damage evolutions of Type-I preset damage  
under compressive strain in the  
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Fig. 11 presents the normal and the shear stress distributions, as well as microscale damage 

evolution for the composite with Type-III preset damage under uniaxial compression in the 

2 -directiony . For the distribution of 22σ , as shown in Figs. 11(a)-(c), the maximum compressive 

stress occurs first at the tip of damage “A” (Fig. 11(a)). Damage evolution shows apparent shifting 

of the maximum normal stress from the matrix to the fiber sub-cells as shown in Fig. 11(c). From 

Figs. 11(d)-(f), it can be concluded that the maximum shear stress 23σ  always occurs in the fibers. 

In the early stage, some new damages concurrently occur around initial damages “A” and “B” (Fig. 

11(g)), and then propagate along the tangential direction of fibers, as shown in Figs. 11(h), as the 

increase of compressive strain. Moreover, some new damages in the matrix materials marked red 

round “D” are easily seen. The final failures of the RVE is attributed to the damage coalescence 

between initial damages “A”, “B” (Fig. 3) and new damage location “D” as shown in Fig. 11(i). It 

should be noted that the sub-cell failures always occur in the matrix near an interface.  
 

(h)  

 

Fig. 10. Normal, shear stress distributions, and damage evolutions of Type- II preset damage  
under compressive strain in the  
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5.2. Biaxial tensile analysis 

To investigate biaxial failure of the composites, transverse strains of same magnitude ( 22 33=ε ε ) 

are applied simultaneously on the RVE with initial damages. Fig. 12 presents the stress-strain 

behaviors of the composite with Type-I initial damage. It can be seen that the stiffness in the

2 -directiony  is significantly lower than that in the 3 -directiony . In addition, the maximum stress 

in the two directions are, respectively, 35.1 MPa and 41.1 MPa before new sub-cell damage occurs 

in the RVE.  

Strain/%

St
re

ss
/M

Pa

 
Fig. 12. Stress-strain curves of Type-I initial damage under biaxial tensile strain 
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Fig. 11. Normal and shear stress distributions, as well as damage evolutions of Type-Ⅲ preset damage  
under  compression load 
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The stress contour plot and damage evolution of the Type-I initial damage under biaxial transverse 

load are shown in Fig. 13. The transverse stress distributions of 22σ  and 33σ  are shown in Figs. 

13(a)-(f). From Figs. 13(a)-(c), it can be seen that the maximum normal stresses 22σ  always occur 

around the damaged region in the matrix. However, the maximum transverse stress 33σ  shifts from 

fiber to matrix due to the damage propagation. Similar to uniaxial tension (Fig. 5), new damages 

occur first along the 3 -directiony , and the final failure presents coalescence of the initial damages, 

“A” and “D”, as shown in Figs. 13(g)-(i) in the matrix materials. Meanwhile, new damages, “G”, 

“H”, “I”, “F”, “J” and “B”, appear when the final failure occurs in the RVE, as shown in Fig. 13(i). 
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Fig. 14 shows the transverse stress-strain relation of the composites with Type-II initial damage, 

when tensile strains of the same magnitude are applied in the 2 -y  and 3 -directionsy  

simultaneously. Identical transverse stress-strain responses are found for 22σ  and 33σ  due to the 

symmetrical layout of damages “A” and “B” in relation to the loading directions (Fig 3).  

M
axim

um
 stress sub-cells 

M
axim

um
 stress sub-cells 

 

 

Fig. 13. Stress distributions and damage evolutions of Type-I preset damage under biaxial tensile strain 
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Fig. 14. Stress-strain curve of Type-II preset damage under biaxial tensile strain  

Fig. 15 presents the stress contour diagram and damage evolution. The respective maximum 

transverse stresses 22σ  (Fig. 15(a)) and 33σ  (Fig. 15(d)) occur first near the initial damages “A” 

and “B”. With an increase of the biaxial load, it is interesting to note that the maximum stress 22σ  

is always found in the matrix materials, as shown in Figs. 15(a)-(c). Figs. 15(g)-(i) show the damage 

evolution in the RVE. In the early loading stage, as shown in Fig 15(g), the damage evolution path 

is labeled by the solid lines with arrows. As the external load increases, as shown in Fig. 15(h), 

damage coalescence occurs first between the initial damages “A” and “B”, and some new damages 

start to appear in the matrix located in the vicinity of “D” and “H”. A further damage evolution, as 

well as the final failure of the RVE is shown in Fig. 15(i), which shows symmetric damage path 

about axis T-T due to the symmetric loading and initial damages about the same axis. 

Fig. 16 indicate the stress-strain curves of the composites with Type-III preset damage subjected 

to the same biaxial tensile strains. The maximum transverse failure stresses along 2 -directiony  and 

3 -directiony   are 36.4 MPa and 39.1 MPa, respectively. A higher stiffness property and failure 

strength can be found in the 3 -directiony . 

Fig. 17 shows the stress contour diagram and damage evolution of the composites. The maximum 

transverse stress 22σ  appears first in the fiber (Figs. 17 (a)-(b)) and then moves to the matrix, as 

shown in Fig. 17(c). Similar stress variation are found for 33σ , as shown in Figs. 17(d)-(f). 

Although the maximum stress occurs first in the fiber, damage evolution only appears in the matrix 

due to their large difference in failure strengths. From Fig. 17(g), it is revealed that new damages 

appear first at the bottom of damage “A”, and propagate in the direction of the black arrow. When 

the external load reaches a certain level, as shown in Fig. 17(h), it can be found that damage 

coalescence occurs between initial damages “A” and “B”. New damages occur simultaneously at 

location “I”. The final failures of the RVE is shown in Fig. 17(i). Some new damages can be found 

close to “D”, and damage evolution is also found near region “I”. 
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Fig. 16. Stress-strain curves of Type-III initial damage under biaxial tensile strain 
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Fig. 15. Stress distributions and damage evolutions of Type-II preset damage under biaxial tensile strain 
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6. Conclusions 

 A numerical method, which is capable of modelling initial damage/voids, has been proposed in 

this paper to investigate microscale damage evolutions in fiber-reinforced composites subjected to 

uniaxial and biaxial transverse loads. Its effectiveness in predicting nonlinear deformations of the 

composites subjected to off-axis load were verified by comparing with experimental data. Stiffness 

degradation model and failure criterion were then introduced to predict failure in the RVE. The 

numerical results indicated that the occurrence and extension of sub-cell damages, as well as failure 

strength of the composites are closely dependent on initial damage mode. The conclusions are 

summarized below: 

1) For a composite with initial damages, it was shown the proposed microscale method were 

accurate not only in describing stress distribution but also in predicting damage propagation 

at constituent material level.  

2) Microscale damage evolution is closely dependent on initial defects and loading modes. It is 

interesting to observe that the Type-I preset damage shows identical damage evolution under 

tensile and compressive strains in the 2 -directiony . Similar conclusions can be found for 

Type-III preset damage.  

M
axim

um
 stress sub-cells 

M
axim

um
 stress sub-cells 

 

 

Fig. 17. Stress distributions and damage evolutions of Type-Ⅲ preset damage under biaxial tensile strain 
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3) For the Type-II preset damage, the final failure of the RVE under compressive strain in the 

2 -directiony  is attributed to damage coalescence of the two preset damages. When biaxial 

tensile load is considered, the final failure shows symmetric damage path about axis T-T. 
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