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ABSTRACT 

Carbon fiber reinforced polymer (CFRP) composites have occupied more important position for 

excellent mechanical properties, which are limited by brittle failure under loads meanwhile. For this 

reason, recent researches are mainly focused on improving non-linear behaviour of CFRP. This 

non-linear behaviour can be thought as a pseudo-ductile response. This paper proposes a 

three-dimensional (3-D) mesoscale model for the finite element analysis of nonlinear stress–strain 

responses of CFRP angle-ply [±] 2s and cross angle-ply ([/-/(90+/(90-]s laminates. One ply of 

the laminate model contains three fiber layers. Fiber orientation varies from 15º to 45º for angle-ply 

laminates and varies from 10º to 35º for cross angle-ply laminates, respectively. Predictions of the 

nonlinear stress-strain responses of various angle-ply agree well with previous experimental results, 

which verifies that the present mesoscale model is available for the prediction of the pseudo-ductile 

behaviour of angle-ply laminates. Cross angle-ply laminates give about 50% lower pseudo-ductile 

strain than that of angle-ply laminates. Large fiber orientation angle yields high pseudo-ductile strain 

for both of angle-ply and cross angle-ply laminates.  

 

1. Introduction  

Carbon fiber reinforced polymer (CFRP) composites are widely used in many industrial products, 

such as aircrafts, aeronautic structures, automobiles, transportation vehicles, and wind turbine blades 

due to the outstanding mechanical properties, such as superior specific strength and specific modulus, 

thermo-stability, etc. However, their benefits are often limited by their sudden, brittle and catastrophic 

failure with little or without warning [1]. For the sake of safe operation, much higher safety margins 

are usually applied to CFRP composites in the design of composite structures than to relatively ductile 

materials, such as metals. These design limitations reduce the advantages of light weight, high 

stiffness and high strength of CFRP and preclude the realization of the full potential in many practical 

applications. For this reason, achieving more non-linear stress–strain response, with the ability to yield 

and extension as metals, is highly desirable in recent years [2-5]. A parameter, pseudo-ductile strain is 

newly introduced to describe the non-linear behaviour of composites to distinguish the conventional 

ductile behaviours of metals from the ductile-like nonlinear stress-strain behaviours of fiber reinforced 

polymer (FRP) composite materials [3]. Several ways are developed to enhance the non-linear 

property of CFRP composites.  

One way is adding other fiber laminas into CFRP, which yields hybrid fiber reinforced composites. 

These two sorts of fiber laminas possess high and low failure strain, respectively. Therefore, a proper 

hybrid of these two fiber laminas can make the hybrid composites bear more stress at a relative high 

strain, compared to original CFRP. Czél et al. [3] calculated the mode II inter-laminar fracture 

behaviour of a three layer ply-by-ply glass/carbon hybrid composite laminate and predicted the 

allowable central carbon layer thickness for stable pull-out. Stable failure to high strains has been 

successfully demonstrated on thin carbon prepreg reinforced hybrid composites. The crucial role of the 

central carbon ply in a unidirectional (UD) laminate, through observing the changes of fracture, is 

mainly affected by the carbon layer thickness. Jalalvand et al. [4] proposed a FEM model to simulate 

all the possible damage models in [G/Cn/G] (n=1~2) and [G2/Cm/G2] (m=1~4) glass/carbon hybrid UD 

composites in uniaxial tension tests. The proposed method is validated against the experimental results 



Xi Deng, Wen-Xue Wang, T. Matsubara 

and then used to simulate the progressive damage process of other hybrid configurations. As a result, a 

damage-mode map was produced for this material set, with which the method can easily be applied to 

other hybrid composites to assess their performance.  

The second way is changing the design of the fiber orientation and stacking order of laminates [6, 

7], which can improve the non-linear property of the composites as well. Fuller et al. [6] used a thin 

angle-ply carbon–epoxy prepreg material with a cured ply thickness of 0.03 mm, which is developed 

via High Performance Ductile Composite Technology program (HiPerDuCT) [8, 13, 14], and gained a 

highly non-linear behavior of stress–strain response. The pseudo-ductility of the angle-ply laminate of 

thin ply CFRP increases with the increase of the fiber angle from 15° to 45°. Laminates [±25]5s and 

[±30]5s show failure strains of 3.6% and 5.4% (an increase by a factor of 1.5), and the pseudo-ductile 

strains of 1.2% and 2.88%, respectively, whilst the tensile strength reduces by only 25% for [±30]5s. 

Based on the X-ray computed tomography and microscopy, it is proved that fiber rotation and matrix 

plasticity considerably affect the failure strain and the pseudo-ductile strain. However, existing studies 

involved the development of pseudo-ductility of CFRP composites are limited to one direction 

pseudo-ductility composite materials or UD composite materials.  

In the present work, more than one directional ductility, that is, pseudo-ductility in two 

perpendicular directions of CFRP laminates is taken into account. A new type of CFRP laminates 

[/-/(90+/(90-]s is proposed based on idea of the combination of angle-ply laminate and 

cross-ply laminate and is named cross angle-ply laminates. This type of laminates has two mutually 

perpendicular angle-ply layers and is expected to have identical non-linear material property in the two 

perpendicular directions of the laminates and have better failure tolerance. Numerical simulations for 

the cross angle-ply laminates subjected to tensile loading are carried out using a finite element analysis 

(FEA) code of MSC MARC 2011. The nonlinear and pseudo-ductile responses of the cross angle-ply 

laminates are predicted for various angle  For the comparison and validation of numerical analysis 

results, numerical simulations of angle-ply laminates [±]2s subjected to tension are also conducted. 

The predicted nonlinear stress-strain curves of angle-ply laminates [±]2s for various angle  are 

compared to the previous experimental results [6]. The effect of angle  on the nonlinear stress-strain 

behavior of the cross angle-ply laminates [/-/(90+/(90-]s is investigated.  

 

2. Numerical analysis  

2.1 Microscale model and material constants 

   A three-dimensional and full thickness microscale model is developed in this paper, which is 

different from previous two-dimensional models [7-9] based upon classical laminate analysis theory, 

from the homogeneous and orthotropic elastoplastic models [10-12, 17]. One ply contains three layers 

of fibers and the thickness of one ply is 0.03 mm. Figure 1 shows partial region of one ply with fiber 

 

 
Figure 1: Partial region of one ply with fiber angle 45° in the microscale model. 

 

angle 45° in the microscale model. An ideal uniform distribution of fibers is assumed for the first 

research step and the fiber is approximated by a regular octagonal prism for the simplicity of mesh of 
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the model. The pink parts represent fibers and orange parts represent matrix resin. The carbon fiber 

volume fraction of the model is 0.42 for the convenience of comparison with previous experimental 

[6]. There is no interface element inserted between the fiber and matrix in the present analysis due to 

the limitation of computational ability of our personal computer. The fiber is considered as linearly 

elastic and transversely isotropic and the matrix resin is assumed as elastoplastic. The material 

constants of fiber and resin are listed in Table 1, in which shear modulus G23 for fiber is calculated 

using transversely isotropic material theory. 

 

Constants Carbon fiber Resin 

E1(MPa) 234000 3300 

E2=E3(MPa) 13000  

μ12= μ13 0.2 0.38 

μ23 0.3  

G12=G13(MPa) 15000 1200 

G23(MPa) 5000  

 
Table 1 Material constants of carbon fiber and resin 

 

 

 
Figure 2: Stress-equivalent plastic strain curve of matrix resin. 

 

In order to describe the nonlinear stress-strain behavior of angle-ply and cross angle-ply laminates, 

suitable description of elastoplastic behavior of resin is quite important because the stress-strain 

response of resin in the microscale region in the composite is different from that in block material 

scale of resin [6]. In present study, the relationship of stress and effective plastic strain is expressed by 

following equation. 

𝜎𝑚 = 𝐴(휀𝑚
𝑝

)
𝑟

+ 𝜎𝑦                               (1) 

Where A is a constants, 𝜎𝑚 means matrix stress, 𝜎𝑦  means initial yield stress and 휀𝑚
𝑝

 means matrix 

effective plastic strain. It is seen that the effective plastic strain is expressed by a power law term. 

According to the curve fitting in previous studies [6, 7], A=109.7, r=0.259, 𝜎𝑦=35MPa are used in 

present analysis. The stress- equivalent plastic strain curve of resin is described in Fig. 2. 

   To predict the failure of laminates, maximum strain criteria are applied for the failure prediction of 

both carbon fiber and resin, respectively. Referring to previous data [6, 7], failure parameters listed in 

Table 2 are used in the present analysis. In addition, progressive failure of the laminate is adopted with 

residual stiffness factor of 0.01. That is, as soon as the strain in an element arrives at its critical value 

the element the stiffness value is reduced to the 0.01 of its initial stiffness. 

Microscale models of through thickness for angle-ply laminates [45/-45]2s and cross angle-ply 

laminate [30/-30/120/60]s are presented in Fig. 3 and Fig. 4. The cross angle-ply laminate 

[θ/-θ/90+θ/90-θ]s is newly proposed laminate in this research to develop laminates with 



Xi Deng, Wen-Xue Wang, T. Matsubara 

pseudo-ductility in two orthogonal directions because angle-ply laminates can achieve at excellent 

pseudo-ductility and acceptable strength in only one direction and has poor mechanical properties in 

the perpendicular direction. It is expected that the cross angle-ply can provide reasonable 

pseudo-ductility and acceptable strength in two orthogonal directions. Each microscopic model 

contains four plies, each ply is 0.03 mm thick and contains three fiber layers. The thickness of both 

models is 0.12 mm. The x-axis direction is parallel to the loading direction, y-axis direction is along 

the width direction of the laminate, and z-axis direction is along the thickness direction of the laminate. 

Only upper half of the laminate is modeled because of the symmetry of the laminates. Symmetrical 

boundary conditions are applied to the z = 0 plane (the mid-plane of the laminate) and stress free 

conditions are applied to the top surface of the model. The other four surfaces are subjected to periodic 

boundary conditions. The details will be described in next subsection. 

 

Maximum strain criterion Carbon fiber Resin 

Max tensile strain X  0.019 0.08 

Max compress strain X  0.013 0.12 

Max tensile strain Y/Z  0.08  

Max compress strain Y/Z  0.1  

Max shear strain S12,S13 0.35 0.35 

Max shear strain S23 0.35  

 
Table 2  Failure criteria of carbon fiber and resin 

 

 

 
 

Figure 3: Microscale model for [45/-45]2s angle-ply laminate. 

 

 
 

Figure 4: Microscale model for [35/-35/125/55]s cross angle-ply laminate. 
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2.2 Meshes and periodic boundary conditions 

From Fig. 3 and Fig. 4, it is seen that the microstructures of both models are quite complicate 

although they are still far from the real composite laminates in which there are much and much more 

fibers. It is difficult to make the regular meshes for both models. Auto-mesh function of the software 

of MSC Marc 2011 is utilized to make the meshes of both models based on the pre-made 3-D solid 

models. According to the instructions related to nonlinear analysis of MSC Marc 2011, high-order 10 

nodes isoparametric tetrahedral element (element number 127) is used because of the strong nonlinear 

behaviors of angle-ply laminates reported in [6, 7]. Besides, cohesive interface element is not used in 

the present analysis since little delamination occurs in the laminates consisting of present such thin 

plies [13-17]. The model for angle-ply laminate has 70208 elements and 99707 nodes, and the model 

for cross angle-ply laminate has 117101 elements and 164362 nodes. It is worth noting that more large 

models containing more fibers and having the same width and gauge length as the standard CFRP 

tensile specimen are desirable to simulate the tensile testing of these laminates. However, it is almost 

impossible to make such large microscale models because of the limitation of computational ability of 

our personal computers. Thus, a periodic repeatable representative model is necessary to reduce the 

computational cost. As seen in Fig. 3 and Fig. 4, the width and length of the present models are less 

than the thickness due to the limitation of computational ability of our personal computers. Therefore, 

proper periodic boundary conditions must be applied to the surfaces of x = 0 and x = a, and surfaces of 

y = 0 and y = b to ensure the compatibility of the displacement fields on the opposite faces of the 

model, as expressed follows.   

u𝑖
+(𝑎, 𝑦, 𝑧) − 𝑢𝑖

−(0, 𝑦, 𝑧) = 𝛿𝑦𝑧−𝑖         (𝑖 = 𝑥, 𝑦, 𝑧)                (2) 

u𝑖
+(𝑥, 𝑏, 𝑧) − 𝑢𝑖

−(𝑥, 0, 𝑧) = 𝛿𝑥𝑧−𝑖        (𝑖 = 𝑥, 𝑦, 𝑧)                (3) 

Where 𝑢𝑖
+and 𝑢𝑖

− are the nodal displacements on the opposite pair surfaces of the model, 𝛿𝑦𝑧−𝑖 and 

𝛿𝑥𝑧−𝑖 are unknown constants, a and b are the length in x-direction and width in y-direction of the 

model, respectively. These periodic boundary conditions imply that both of the opposite pair surfaces 

of the models must have parallel deformation, as depicted in Figure. 5.  

 

 
 

Figure 5: Periodic boundary conditions for a representative model. 

 

In order to easily apply the periodic boundary conditions to the opposite pair surfaces of the model, 

congruent meshes on the pair surfaces are desirable. In other words, it should be better that the pair 

surfaces have the same mesh configuration and same in-surface node coordinates. In the case of 

angle-ply laminate, it is not difficult to make the congruent meshes for opposite pair surfaces of x = 0 

and x = a, and pair surfaces of y = 0 and y = b. On the other hand, it is hard to make the exact 

congruent meshes for opposite pair surfaces in the case of cross angle-ply laminate since there are four 

plies with different fiber orientation, and there are errors between the theoretically calculated and 

actually used digital values of node coordinates. A little modification is adopted to the model to ensure 

the congruent meshes for opposite pair surfaces in the case of cross angle-ply model. As a result, the 

fiber orientation  in the modified model may have slight deviation (less than 0.3°) from originally 

designed angle. Once the congruent meshes are made for the opposite pair surfaces of the model, the 

periodic boundary conditions can be applied using the option of ‘‘servo-links’’ in MSC Marc 2011 [18, 

19]. Servo-links allow prescribing multi-points nodal displacements as a linear function with constant 

coefficients, as expressed by Equation. (2) and (3). 𝛿𝑦𝑧−𝑖 and 𝛿𝑥𝑧−𝑖 are prescribed by creating two 

new unconstrained nodes, and linking the nodes on the corresponding opposite faces to these two 

nodes, respectively, which is depicted in Figure 6 (left picture). A symmetrical boundary condition 
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𝑢𝑧(𝑥, 𝑦, 0) = 0  is applied to the bottom (mid-plane of the laminate) of the model, a fixed 

displacement 𝑢𝑥(0, 𝑦, 0) = 0 is applied to the left surface of the model, and fixed displacements 

𝑢𝑦(0,0, 𝑧) = 0 and 𝑢𝑦(𝑎, 0, 𝑧) = 0 are applied to the middle nodes on the left and right surfaces to 

prevent rigid movement. Uniform tensile displacement is applied to the right surface of the model by 

applying a displacement to the right unconstrained node.   

 

  
                 (a) Servo-links                       (b) Boundary conditions 

Figure 6: Servo-links to apply the periodic boundary conditions to the representative model. 

 

2.3 Definition of pseudo ductility 

Pseudo-ductility of laminates is affected by fiber fracture in different layers, fiber reorientation 

variation, and plastic deformation of matrix. Here the word “pseudo” means that the ductility has been 

achieved through damage development in the composite rather than the ductile behavior which occurs 

in metals due to sliding of layers of atoms relative to each other at dislocations. This pseudo-ductility 

of laminates has been proved by loading-unloading-loading test presented in [14, 15]. It can be 

characterized by pseudo ductile strain, εd, which is defined by the difference between the failure strain 

and the strain at the same stress level on a straight line of initial modulus, as described in Figure 7.  

 

 
Figure 7: Diagrammatic defination of pseudo-ductile strain 

 

3. Numerical results 

3.1 Angle-ply laminates 

Simulation results of nonlinear stress-strain curves of [(±θ)2]s angle-ply laminates loaded under 

quasi-static tension are presented in Figure 8, together with previous experimental results of [(±θ)5]s 

angle-ply layups [6]. It is worth noting that it is difficult to construct a full microscopic model for 

[(±θ)5]s angle-ply laminates due to the limitation of computational ability of our personal computer.  
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                        (a)                                   (b) 

Figure 8: Stress-strain curves of various angle-ply laminates 

 

 

Layups 
Failure stress 

(MPa) 

Failure strain 

(%) 

Pseudo-ductile 

strain (%) 

 [(±15º)2]s 1313 1.70 0.12 

 [(±20º)2]s 1157 2.20 0.41 

 [(±25º)2]s 925 3.03 1.07 

 [(±30º)2] s 785 5.04 2.24 

 [(±45º)2]s 338 16.88 13.22 

 

Table 3 Failure stress, failure strain and pseudo ductile strain of angle-ply laminates 

 

 

 
 

Figure 9: Trade-off relationship between failure stress and pseudo-ductile strain 

 

Instead of the full [(±θ)5]s laminates, [(±θ)2]s laminates are simulated using a representative model. As 

displayed in Figure 8, [(±15º)2]s laminate exhibits a nearly linear response. For the laminates of θ >
15°, all stress-strain curves display three different response regions: an initial linear region, followed 

by a deviation from the linear region and finally a stiffening region. Fiber breakage dominates the 

laminate failure due to the fiber arriving at its tensile strength in the laminates of θ < 30° and matrix 

failure dominates the laminate failure in the laminates of θ ≥ 30°. From Figure 8, it is seen that 

present simulation curves agree well with the previous experimental results within certain strain range. 

However, in the cases of very large strain, there are still relatively large difference in both results of 

present simulation and previous experiment. There are two reasons which may cause the difference. 

One is the different in the simulation model laminates and the laminated tested in [6]. Another one is 
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that the simulation model is only a representative model, not a full tensile specimen model. It cannot 

exactly simulate the damage progression from the specimen edge as usually observed during the 

tensile testing at large tensile strain level. Detail values of tensile failure stress, failure strain, and 

pseudo-ductile strain are listed in Table 3. Failure stress decreases, failure strain and pseudo-ductile 

strain increase as the fiber angle increases. Laminates of [(±15º)2]s and [(±20º)2]s show very little 

pseudo-ductile strain, laminates of [(±25º)2]s and [(±30º)2]s show reasonable pseudo-ductile strains and 

acceptable high failure stresses. In contrast, [(±45º)2]s gives very large pseudo-ductile strain but very 

low failure stress, as fully described in Figure 8b. The trade-off relationship between failure stress and 

pseudo-ductile strain is depicted in Figure 9, which may be useful for the design of angle-ply 

laminates. 

 

3.2 Cross angle-ply laminates 

Cross angle-ply laminates are newly proposed laminates in this research to develop laminates with 

pseudo-ductility in two orthogonal directions. Simulation results of stress-strain curves of 

[θ/-θ/(90+θ)/(90-θ)]s cross angle-ply laminates loaded under quasi-static tension are presented in 

Figure 10a. Effects of fiber angle on the failure stress, failure strain, and pseudo-ductile strain are 

described in Figure 10b. Detail values of failure stress, failure strain and pseudo-ductile strain are 

listed in Table 4.  

 

 
                      (a)                                         (b) 

Figure 10: Stress-strain curves of various cross angle-ply laminates 

 

 

Stacking order 

Failure 

stress 

(MPa) 

Failure 

strain (%) 

Pseudo-ductile 

strain (%) 

Failure 

control 

[10º/-10º/100º/80º]s 969 1.93 0.048 Fiber 

[15º/-15º/105º/75º]s 927 2 0.065 Fiber 

[20º/-20º/110º/70º]s 875 2.17 0.079 Fiber 

[25º/-25º/115º/65º]s 778 2.34 0.143 Fiber 

[30º/-30º/120º/60º]s 701 3 0.351 Fiber 

[35º/-35º/125º/55º]s 546 4.1 1.335 Fiber 

 
Table 4 Failure stress, failure strain and pseudo ductile strain of cross angle-ply laminates 

 

Similar to the angle-ply laminates, failure stress decreases, failure strain and pseudo-ductile strain 

increase as the fiber angle increases. For 10° ≤ θ ≤ 20°, the laminate shows a linear stress-strain 

curve. The fibers in the ±θ plies play a main role in bearing the tensile load, while the fibers in the 

90° ± θ plies mainly support transverse load. Hence once the±θ fibers fail, the whole laminate loses 
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its load carrying capacity instantly. For θ ≥ 20°, the laminate shows a little linear stress-strain 

response. The matrix also began to play an important role in holding the fibers together and in bearing 

the tensile load. The failure strain in two orthogonal directions (x-axis and y-axis) is higher than 2% 

for θ ≥ 15°, which is the advantage of cross angle-ply laminates compared to ordinary angle-ply 

laminate. However, the pseudo-ductile strains are many lower than those of relative angle-ply 

laminates due to the addition of [(90+θ)/(90-θ)] plies. High pseudo-ductile strain can be expected only 

in the range of 35° < θ ≤ 45°. Attention should be paid to the trade-off relationship between failure 

stress and pseudo-ductile strain or failure strain in the design of reasonable cross angle-ply laminates 

according to practical application.   

 

5. Conclusion 

Three-dimensional microscopic models for finite element analysis of angle-ply laminates and cross 

angle-ply laminates are constructed. A new orthotropic laminate, cross angle-ply laminate 

[s is proposed to make the laminate pseudo-ductile in two orthogonal directions. 

This laminate consists of two mutually perpendicular angle-ply layers, and is expected to have 

identical non-linear material property and better failure tolerance in two perpendicular directions of 

the laminate. Tensile testing of angle-ply laminates and cross angle-ply laminates are simulated using 

the present microscopic models. Numerical results lead to following conclusions. 

Nonlinear stress-strain behaviors of angle-ply laminates and cross angle-ply laminates loaded 

under quasi-static tension are well simulated using present microscopic models with linear elastic fiber 

and elastic-plastic matrix. Numerical predictions for angle-ply laminates agree well with previous 

experimental results, which prove the validity of present microscopic models. Fiber angle has 

significant effects on failure stress, failure strain and pseudo-ductile strain of laminates. Large 

pseudo-ductile strain can be obtained from the angle-ply laminates with fiber angle larger than 15°. 

Cross angle-ply laminates of θ ≥ 20° show a little linear stress-strain response in two orthogonal 

directions although the pseudo-ductile strains are many lower than those of relative angle-ply 

laminates due to the addition of [(90+θ)/(90-θ)] plies. High pseudo-ductile strain is limited to the 

laminates with 35° < θ ≤ 45°. Laminate failure is dominated by the fiber breakage for small fiber 

angle for both angle-ply laminates and cross angle-ply laminates. In the laminates with large fiber 

angle, matrix failure plays an increasing role in the laminate failure as the fiber angle increases. 

Experimental research for cross angle-ply is necessary to confirm the validity of the simulation results 

based on the macroscopic model of cross angle-ply, which is scheduled to conduct tensile testing.   
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