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Abstract 
 
The increasing demand for newer materials with versatile properties such as high strength-to-weight ratio; has made fiber reinforced 
composite materials a favourable choice in various applications, particularly in the automotive, aerospace, marine, sports and defense 
industries. Moreover, the properties of a composite material could be tailored for specific functions or applications. Despite its many 
attractive features, composite material fails in a complex manner involving matrix failure, fiber failure and delamination. This failure 
behaviour needs to be well established. The objective of this study is to perform failure analysis on a woven Kevlar/Epoxy composite 
laminate subjected to uniaxial tension and establish its failure trend. The lamination sequence is (θ4/04/-θ4)S where the angle, θ, ranges 

from 0o to 90o. The failure analysis was carried out using a commercial finite element software, Ansys and comparisons were made using 
analytical methods (Matlab). The values of stresses were computed and Maximum Stress Theory was employed to check for failure. The 
trend of failure, in terms of the failure curves (normalized first ply failure and last ply failure loads), for woven Kevlar/Epoxy was estab-
lished. This study had produced new failure datas for woven Kevlar/Epoxy and thus, contributes significant knowledge about the failure 
behaviour of composite materials. 
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1. Introduction 

Applications of composites have been expanded widely in various 

fields such as aircraft, sporting goods, automotive and in biomedi-
cal industries. Kevlar is one of the many kinds of fibers which has 
been used extensively due to its excellent mechanical properties, 
light weight, toughness, tensile strength, unique flexibility and 
resistance to impact damage [1][2].  Kevlar fiber hybridized with 
other synthetic fibers can improve the compressive strength and 
delamination strength of Kevlar composites [2][3].  
Presently, either physical test or any advanced computational 

method could be used to evaluate the performance of a composite 
to withstand crucial loading. The drawbacks of physical experi-
ments are repetitive tests need to be carried out as well as adequate 
number of samples need to be prepared [4]. Thus, it is a time and 
cost consuming process. Computational methods such as finite 
element analysis, FEA, eliminate the limitations associated with 
physical experiments. This has led to many composite related 
investigations to be conducted using FEA tools such as Ansys, Ls-

Dyna and Abacus. In 2016, Sukirmar has evaluated ballistic re-
sponse of the Kevlar/epoxy laminates for different velocities, 
thickness, lay-up and orientations using finite element approach 
[5]. 
There are several failure criteria available to be used in failure 
analysis. In this study the Maximum Stress Theory was used. 
Failure in the composite material is considered when the stress in 
the principal axis exceeds the corresponding strength in that direc-

tion [4][6].  
The objective of this study is to perform failure analysis on a wo-
ven Kevlar/Epoxy composite laminate, subjected to uniaxial ten-

sion and establish its failure trend, using a commercially available 
finite element software and analytical method; and to compare the 
results obtained from the two approaches. This is novel as no 
similar study adapting this approach, has been reported before.  

2. Methodology 

Fig. 1 provides a flowchart detailing the methodology used in 
carrying out the intended investigation. The investigation includes 
two stages, i.e., the validation stage and failure analysis stage.  
 

 
Fig. 1: Flowchart detailing the adopted methodology 
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3. Validation 

To prove that the current FE model and FE implementation is 
acceptable, the numerical validation procedure was performed first. 
In FE simulation, this initial stage is crucial before proceeding to 
the actual case study (the main objective of the current study). For 

the numerical validation purposes, an established case study con-
ducted by other researchers [7][8] related to the current study was 
selected, where the current FE were compared to exact solutions 
[8]. Composite laminates made of Graphite/ Epoxy subjected to 
uniform transverse loads with several lamination schemes were 
modelled and simulated using a commercially available software, 
Ansys (v16.0 2014 SAS IP, Inc). The composite laminate geome-
try is shown in Fig. 2 and the material properties are shown in 

Table 1. E1, E2, E3 are referring to the Elastic Modulus in the prin-
cipal directions 1, 2 and 3 respectively. ν12, ν23, ν13 refer to the 
Poisson’s ratio in the principal planes 12, 23 and 13 respectively. 
G12, G23, G13 refer to the Shear Modulus in the principal planes 12, 
23 and 13 respectively. The composite laminate was meshed into 
18 elements using eight-noded shell elements (shell 281). The 
laminate was simply supported and 0.1 psi uniformly distributed 
load (UDL), qo, was applied on top of the laminate in the trans-

verse direction (negative z-direction). The maximum deflection of 
these FE models were determined, recorded and compared to the 
exact solutions. The results from the FE solution are presented in 
Table 2. The results clearly show that the current FE models and 
solutions are valid, where the errors are less than 1% for all lami-
nation schemes.  
 

 
Fig. 2: Geometry of the composite laminate subjected to uniformly trans-

verse load. 

 
Table 1: Material properties of Graphite/Epoxy [8] 

Elastic  

Parameters 
Values 

E1 19.2 x 10
6
 psi 

E2 = E3 1.56 x 10
6
 psi 

ν12 = ν23 0.24 

ν13 0.49 

G12 = G13 0.82 x 10
6
 psi 

G23 0.49 x 10
6
 psi 

Ply thickness, hi 0.005 in./ply 
 

 
Table 2: Current FE solutions (maximum deflection, z-displacement) 

compared to exact solutions [8] 

Lamination  

scheme 

UDL 

(psi) 

Exact 

Solution (in.) 

ANSYS 

(in.) 

Error 

(%) 

[0/90/0/90] 0.1 0.134 0.135 0.75 

[0/90/90/0] 0.1 0.229 0.23 0.44 

[45/-45/45/-45] 0.1 0.1086 0.109 0.37 

[15/-15/15/-15] 0.1 0.2515 0.2519 0.16 

[45-/45] 0.1 1.6006 1.603 0.15 

[15-/15] 0.1 2.6039 2.607 0.12 

4. Failure Analysis 

The objective of this study is to perform failure analysis on a 
woven Kevlar/Epoxy composite laminate subjected to uniaxial 
tension and establish its failure trend. Fig. 3 shows the typical 

loading and boundary conditions for a uniaxial tension model. 
Therefore, a square composite laminate with the dimensions of 
20mm×20mm (a x a) made of 24 layers of woven Kevlar/epoxy 
was considered. The composite laminate was arranged in the se-
quence of (θ4/04/-θ4)S where the angle, θ, ranges from 0o to 90o. 
The material properties of a single lamina of woven Kevlar/epoxy 
are given in Table 3. As stated earlier in the previous section, E1, 

E2, E3 are referring to the Elastic Modulus in the principal direc-

tions 1, 2 and 3 respectively. ν12, ν23, ν13 refer to the Poisson’s 
ratio in the principal planes 12, 23 and 13 respectively. G12, G23, 
G13 refer to the Shear Modulus in the principal planes 12, 23 and 
13 respectively. The strength of the Kevlar/epoxy lamina is de-
noted in Table 3 by XT and XC, the strength of fiber in tension and 
compression respectively; by YT and YC, the strength of matrix in 
tension and compression respectively; and S, its shear strength. An 
aspect ratio, S= a/h = 150 was considered, and therefore the plate 

thickness, h = 0.133mm with a cross sectional area of 2.666mm2.  
 

 
Fig. 3: Uniaxial tension model 

 
Table 3: Material properties for woven Kevlar/epoxy [9] 

Elastic & Strength  

parameters 
Values 

E1 26.18 GPa 

E2 = E3 26.18 GPa 

ν12 = ν23 = ν13 0.11 

G12 = G23 = G13 1.53 GPa 

XT 420 MPa 

XC 150 MPa 

YT 420 MPa 

YC 150 MPa 

S 106 MPa 
 

 
For the element simulation, a commercially available software, 
ANSYS (v16.0 2014 SAS IP, Inc) was used. The Kevlar/epoxy 
composite laminate was meshed using eight-noded shell elements 
(shell 281). The boundary conditions for uniaxial tension model as 
shown in Fig. 3 was applied. When uniaxial tensile load, P was 

applied, stresses induced into the laminate. Failure occurred when 
the applied load induced principal stresses greater than the lamina 
strength (fiber, matrix or shear strength). Therefore, for the FE 
failure analysis using Ansys, the failure predicted was based on 
the available built in failure theories and failure criteria available 
in Ansys, which is Maximum Stress Failure Criterion as shown in 
Eq. (1). In the general FE failure procedure, Ansys indicates the 
laminate failure when the failure index is 1.  

 

 1 ≥ XT or  1 ≤ XC;  2 ≥YT or  2 ≤ YC;  12 ≥ S (1) 

 
In determining the first ply failure (FPF) load, the lowest load, P 
that induced any first failure on the Kevlar/epoxy composite lami-
nate was actually representing the FPF load. This load was re-
corded as FPF load. The procedure was repeated for all lamination 
scheme of (θ4/04/-θ4)S as the angle θ, increased in a step size of 10o 
from 0o to 90o

. In determining the last ply failure (LPF) load, the 

lowest load, P that induced the total (final) failure of the Kev-
lar/epoxy composite laminate, where all the layers failed, was 
actually representing the LPF load. This load was recorded as LPF 
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load. And again, the procedure was repeated for all lamination 
scheme of (θ4/04/-θ4)S as the angle θ, increased in a step size of 10o 
from 0o to 90o

. 
For comparison, analytical method was also adopted to compute 
the strains and stresses (global and principal) for the Kevlar/epoxy 
composite laminate due to the uniaxial tensile load applied on it. 
The strains and stresses computation was based on the general 
mechanics of materials approach involving equations such as Eq 2 

to Eq. 10 in Appendix 1. Due to the size of the matrix calculation, 
as well as complexity in solving the mathematical equations, a 
Matlab programme was written to aid the computation. For the 
failure analysis, when the load increased, the stresses value in-
creased. Similar to the FE simulation, Maximum Stress Failure 
Criterion (Eq. 1) was employed to predict the failure of the Kev-
lar/epoxy composite laminate. The FPF load and LPF load were 
determined, recorded and used as reference for the comparison 

between FE simulation and analytical method. 

5. Results and Discussion 

The sample outputs from the Ansys simulation is shown in Fig. 4. 
The sample outputs from the Matlab programme is shown in Fig. 
5. In general, both figures display the failure index computed by 

both methods, FE simulation and analytical method. It is obvious 
to see that the main advantage of using a FE software is that it 
provides visualisation. The laminate deformation could be viewed 
instantly. However, the outputs from the Matlab programme are 
basically a table of numbers. Nevertheless, it is much better than 
computing the stresses of a laminate using hand calculation (with-
out the aid of a programme). 
 

 
Fig. 4: Sample outputs of failure index (Ansys)   

 

 
Fig. 5: Sample outputs of failure index (Matlab)   

 
The results of the first ply failure and last ply failure are shown in 
Table 4 and Table 5 respectively. The tables compare the results 
obtained from Ansys and Matlab for the respective cases. From 
the tables it can be seen that the results from Ansys and Matlab 
conform well to each other. 
 

Table 4: First ply failure 

 
 

Table 5: Last ply failure 

 
 
A plot comparing the first and last ply failure is provided in Fig. 6 
which compares the effect of ply angle on the failure stress. The 
pattern of failure is different for the first and last ply failure. In the 
case of first ply failure it can be seen that the failure stress reduces 

with respect to the ply angle up to 45o after which there is an ob-
served symmetry. Whereas, in the case of last ply failure, the fail-
ure stresses are higher in comparison to first ply failure and there 
is also an observed symmetry at 45o. However, in the case of last 
ply failure, it is noticed that the for ply angles between 0o to 15o 

there is a slight drop in the failure stress values and beyond 15o the 
values increase until ply angle of 45o. From the plot it can be seen 
that the highest and lowest maximum stress that can be withstood 

by composite woven Kevlar/epoxy is 684.930 MPa at ply angle of 
45o and 417.3 MPa at ply angle of 15o for the last ply failure. For 
the first ply failure, the highest and lowest maximum stress values 
that can be withstood by composite woven Kevlar/epoxy are 
419.991 MPa at ply angle of 45o and 217.233 MPa at ply angle of 
15o. 
 

 
Fig. 6: Influence of ply angle on failure behaviour (FPF and LPF 

curves) of woven Kevlar/epoxy using Ansys 

 
From the analysis conducted using Ansys, it was also observed 
that the composite plate stretched under the applied load. Figs. 7 

and 8 show the observed elongation for 45o ply angle for first and 
last ply failure respectively. The [A] [B] and [D] matrixes for 45o 
and 0o provided in Table 6 and 7 justify the observation made. In 
both the tables it can be seen that the coupling term [B] and bend-
ing term [D] are very small in comparison to the extensional term 
[A]. 
 

 
Fig. 7: (a) Front view (b) Isometric view. Predicted first ply failure on at 

ply angle of 45
o
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Fig. 8: (a) Front view (b) Isometric view. Predicted last ply failure on at 

ply angle of 45
o
 

 

Table 6: [A], [B], and [D] matrix obtained from Ansys for 45
o
 

 
 

Table 7: [A], [B], and [D] matrix obtained from Ansys for 0
o
 

 
 

 
Fig. 9: Influence of ply angle on failure behaviour (FPF and LPF curves) 

of woven Kevlar/epoxy calculated using Matlab 

 
Fig. 9 shows the results of calculated failure stress values against 
the ply angle on the first ply failure and last ply failure using 
Matlab. The trend of the results is the same as to that obtained 
using Ansys. For the first ply failure the stress values decrease 

with the increase in the ply angles and there is an observed sym-
metry at 45o. In the case of last ply failure, the stress values in-
crease with increasing ply angles. From the plots it can be seen 
that ply angle 45o offers best resistance to complete failure as the 
failure stress required is about 840 MPa. This is due to the fact 
that woven composites will retain more stress to break at the last 
ply at ply angle of 45o. The calculated reduced stiffness [Q], trans-

formed reduced stiffness [  ] and [A], [B], [D] coefficients are 
shown in Table 8. From the table it can be seen that the calculated 

values of [A], [B], [D] coefficients are similar to that obtained 
from Ansys. 

Table 8: [Q], [  ], [A], [B], and [D] matrix calculated using Matlab 

 
 

 
Fig. 10: Comparison of results obtained from Ansys and Matlab: influence 

of ply angle on FPF and LPF curves 

 
Lastly, the results obtained by Ansys and Matlab are compared in 
Fig. 10. The failure stress values for first ply failure between that 
obtained from Ansys and Matlab are very close to each other. A 

maximum difference in results for the first ply failure between the 
two models occurs at ply angle of 45o for which the difference is 
about 12.6%. In the case of last ply failure the difference is much 
higher which is at 18.5% for 45o ply angle. The differences in the 
results can be attributed to mesh sensitivity and element type used 
for those obtained using Ansys. 

6. Conclusion  

This paper reports on the failure analysis of woven Kevlar/epoxy 
laminate subjected to uniaxial tension using Ansys and Matlab. 
The corresponding failure trend has also been highlighted. Results 
from both simulations were successfully obtained and discussed. 
The failure was predicted based on Maximum Stress Theory. It 
was found that the failure stress values obtained using Ansys were 
generally similar to that obtained using Matlab. Though a maxi-

mum difference of 18% was observed in the case of last ply failure 
at 45o ply angle, this discrepancy could be due to mesh sensitivity 
for the results obtained using Ansys. As conclusion, the analytical 
model offers a simplistic approach to model and predict failure 
which can give significant insight to the understanding of the fail-
ure mechanism of simple composite models such as the one con-
sidered in the present study. 
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Appendix 1 

The reduced stiffness formula and transformed reduced stiffness 
(due to angle variation) were calculated using the equations below: 

 

Reduced Stiffness Formula 
 

     
  

         
 (2) 

 

     
     

         
 (3) 

 

     
  

         
 (4) 

 

         (5) 

 
Transformed reduced stiffness formula 

 

         =    *m^4 + 2*(   +2*   )*m^2*n^2 +    *n^4 (6) 

 

         = (    +   -4*   )*m^2*n^2+   *(m^4+n^4) (7) 

 

        =    *n^4 + 2*(   +2*   )*m^2*n^2+   *m^4 (8) 

 

        = ((    -   -(2*   ))*n*m^3) + ((   -    + 
(2*   ))*n^3*m) 

(9) 

 

        = ((    -   -(2*   ))*n*m^3) + ((   -    + 
(2*   ))*n^3*m) 

(10) 

 

        = ((    -   -(2*   ))*n*m^3) + ((   -    + 
(2*   ))*n^3*m) 

(11) 

 
where: 
m = cos θ and n = sin θ 
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