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a b s t r a c t

Nowadays usage of the composite materials is increasing in many fields of industry. Composite materials
have better mechanical properties and heat resistance but lower weight than other materials. Analyzing
the composite material in case of using it in mechanical design is inevitable. The FEM analysis is an
applicable alternative for theoretical methods and it could be applied for complicated components. As
the theoretical calculations for composite components are even more complicated than other materials
and sometimes impossible, the comparison between the theory and FEM gives us a useful and trustable
replacement for applying the FEM analysis instead of theoretical calculation. The challenge in this paper
is to find an appropriate simulation for the composite component based on its load cases; the samples
are a cylindrical tube under tension load, and a surface under bending moment. First step is the theo-
retical calculation based on the ABD matrix formulation. Second approach is the FEM modeling of the
components (cylinder, surface), three types of FEM composite modeling with two FEM software (CATIA,
ANSYS) are accomplished for these samples. The theoretical calculation is considered as the principal
method and three FEM simulations results are compared to the principle result. The output of the first
sample are strains and the second are curvatures, comparing the outputs of all methods for each sample
creates an overview over the precision and applicability of each FEM method.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In sample 1 (cylindrical cube) the simulation for quasi isotropic
laminate layups like [0, 45, �45, 90]n [1e3]; and for symmetric
orthotropic laminate layups such as ½0; 45; �45; 90; 0�s are
applied. The goal is to study in which case the whole layup simu-
lation is necessary, and where calculating the average elasticity
factors and considering them as input in reference surface is
enough. The results for both types of layups are stablished to
ascertain if FEM simulation results could cover theoretical calcu-
lation results. It is also important to know if is it possible to
calculate and simulate symmetric orthotropic layups like quasi
isotropic layups.

In sample 2 (surface) only the 9 layer layup ½0; 45; �45; 90; 0�s
is applied.Themainquestion in this sample iswhichFEMsimulations
are precise enough to cover the theoretical results, in condition that
theoutput is curvature andpositionof eachplywould act its ownrole
in the results.
. Tafaghodi Helali), manfred.
The answers are discussed in this paper with these methods for
both samples:

� Theoretical calculation with ABD matrix
� CATIA FEM simulation with average elastic factors
� CATIA FEM simulation with complete layups modeling
� ANSYS FEM simulation with complete layups modeling

In theoretical method parameters of ABD matrix based on ma-
terial properties and layups information are calculated, then by
placing the ABD matrix in Hooke's law, strain or curvature could be
calculated. In secondmethod the average elasticity factors based on
the classical laminate theory formulations (CLT) are calculated and
are used as an input for FEM model, these average inputs are
applied instead of layup simulation in FEM software. The last two
methods have the same simulation strategy, but in different FEM
software. In these methods layup are simulated ply by ply on the
component, and the input factors are the mechanical constant of
each ply without simplification or pre-calculation. The reason for
applying two FEM software is to estimate the accuracy of each one
in the composite analysis. After simulation and calculation of each
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Fig. 2. Tension in X direction.

Fig. 3. Tension in Y direction.
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sample in the FEM software, the precision of outputs including
strains and curvatures should be estimated by theoretical results.
During the recent researches many useful theoretical calculations
have been made for specific models of composite structures [4e6],
and in this paper the applicability of the FEM simulation will be
estimated.

2. Composite component and material properties

The composite material is regular epoxy-carbon [7] unidirec-
tional, which is very common composite material in the industry
which is used for both samples. The first layup type is
½0; 45; �45; 90; 0�s and this 9 layer layup as mentioned in
introduction lead to symmetric orthotropic laminate layup for the
composite component. The second layup type is [0, 45, �45, 90]2
and this 8 layer layup give us a quasi-isotropic laminate [8].

2.1. Sample 1-tension load: cylindrical tube under pressure

The test component is a cylindrical tube (Fig. 1), by considering
that the normal and shear stresses are constant on the surface of
the cylinder, the theoretical calculation for the whole surface of
cylinder is not necessary. Hence considering a square element on
the cylinder surface will lead to the same results and also reduce
the theoretical calculation [9].

By making a section on the cylinder the balance equation for
achieving the surface stresses can be written (Figs. 2 and 3):

By considering:
P

Fx ¼ 0; 2[s1 (tdy)] � p(2rdy) ¼ 0; Then we
have: s1 ¼ pr/t

By considering:
P

Fy ¼ 0; s2(2prt) � p(pr2) ¼ 0; Then we have:
s2¼ pr/2t

By importing the cylinder properties in the formulation, it is
possible to calculate the stresses for both type of layups:

For 9 layer layup:s1 ¼ 22.22 MPa; s2 ¼ 11.11 MPa; For 8 layer
layup:s1 ¼ 25 MPa; s2 ¼ 12.5 MPa

As in the ABD formulation inputs are forces per unit length, the
obtained stresses should be converted:

For 9 layer layup: N1,2 ¼s1,2� t; N1¼50 N/mm; N2¼ 25 N/mm
For 8 layer layup: N1,2 ¼s1,2� t; N1¼50 N/mm; N2¼ 25 N/mm

2.2. Sample 2-Bending load: surface with bending moment

The test component of this sample is a square surface
(100 � 100 mm2) with a bending moment at the two side of it
(Fig. 4). In contrast with previous sample, there will be no
Fig. 1. Tension load on element at cylinder surface.

Fig. 4. Sample 2_surface under bending load.
simplification, because the model is quite simple. The moment
amount on each side of the surface is 5 N � m in the y direction.

For this sample as it mentioned in introduction one type of
layup is applied. The symmetric orthotropic laminate layup (the 9
layer layup ½0; 45; �45; 90; 0�s) is considered for this sample. It
should be noticed that in the ABD formulation the unit of the
bending moments in X and Y directions are moment per unit
length, therefore the moment amount dimension should be
changed to moment per length and then can be used in the ABD
matrix. So it could be written:
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My ¼ 5N �m=0:05m ¼ 100N�m=m

3. Theoritical calculation with ABD matrix

First the ABD matrix should be calculated for the cylinder based
on its material and layup properties, then by having the ABDmatrix
and forces that calculated in part 2 (εx, εy, εxy) could be obtained.
This theoretical calculation leads to a pattern for the FEM simula-
tions [3,10,11].

Second the ABD matrix should be calculated for the surface
based on the mechanical constants of the Table 1. Instead of forces
in this sample the moment My is acted on the ages of surface and it
should be placed into the Hooke's law equation. After solving the
equation the curvatures (kx, ky, kxy) will be the output. The ABD
formulation is introduced based on Hooke's law and orthotropic
material properties:
8>>>>>>>><
>>>>>>>>:

24:97
49:99
0
�
0
0
0

9>>>>>>>>=
>>>>>>>>;

¼

2
666666664

150026:1 36587:8 0 j 0 0 0
36587:8 118414:7 0 j 0 0 0

0 0 41424:5 j 0 0 0
� � � þ � � �
0 0 0 j 8650:2 15127:5 4939:3
0 0 0 j 15127:5 27214:2 4939:3
0 0 0 j 4939:3 4939:3 17168

3
777777775

8>>>>>>>><
>>>>>>>>:

εx
εy
εxy
�
kx
ky
kxy

9>>>>>>>>=
>>>>>>>>;

8>>>>>>>><
>>>>>>>>:

εx
εy
0
�
0
0
0

9>>>>>>>>=
>>>>>>>>;

¼

2
666666664

7:209� 10�6 �2:227� 10�6 0 j 0 0 0
�2:227� 10�6 9:133� 10�6 0 j 0 0 0

0 0 2:414� 10�5 j 0 0 0
� � � þ � � �
0 0 0 j �0:018 0:01 0;002
0 0 0 j 0:01 �0:005 �0;001
0 0 0 j 0:002 �0:001 �2;713� 10�4

3
777777775
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>>>>>>>>:

25
50
0
�
0
0
0

9>>>>>>>>=
>>>>>>>>;
8>>>>>>>><
>>>>>>>>:

Nx
Ny
Nxy
�
Mx
My
Mxy

9>>>>>>>>=
>>>>>>>>;

¼

2
666666664

A11 A12 A16 j B11 B12 B16
A21 A22 A26 j B21 B22 B26
A61 A62 A66 j B61 B62 B66
� � � þ � � �
B11 B12 B16 j D11 D12 D16
B21 B22 B26 j D21 D22 D26
B61 B62 B66 j D61 D62 D66

3
777777775

8>>>>>>>><
>>>>>>>>:

εx
εy
gxy
�
kx
ky
kxy

9>>>>>>>>=
>>>>>>>>;

ABD matrix is symmetric, and so the 3 � 3 submatrices A and D
alongmain diagonal symmetric (Aij¼ Aji and Dij¼ Dji), however the
B matrix is not guarantee to be symmetric.

� Nx,Ny are vertical forces per unit length
�Nxy is shear force per unit length
�Mx,My are bending moment per unit length
�Mxy is twisting moment per unit length.
Table 1
Properties of composite material.

Composite material properties

Number of the layers 9 or 8
Each layer thickness [mm] 0.25
Longitude stiffness E1 [N/mm2] 135,000
Transverse stiffness E2 [N/mm2] 9500
Poisson ratio n 0.326
Shear stiffness G12 [N/mm2] 5270
Forces (N vectors) in the equation are related to strains (ε
vectors) with A submatrix and to curvature (k vectors) with B
matrix, so moments (M vectors) are related to curvatures with D
matrix and to strains by B matrix. Mechanical behavior of ABD
matrix comes in following figure, symmetric layups are selected
to make B submatrix equal to zero, to avoid the combination of
mechanical behaviors and have more analyzable mechanical
behavior [12] (Fig. 5).
3.1. Theoretical calculation for sample 1

Vertical forces (Nx, Ny) for 9 layer layup have been calculated for
sample 1 in Section 2 and by having the layup information the ABD
matrix is also calculate able (ABD matrix properties come from
eLamX2 software1) [15], For acquiring the strain vector, ABDmatrix
should be reversed until the equation could be solved:
As expected εx and εy are calculated from above equation and
normal ε can be obtained. Normal ε is the result which will be
compared with the FEM results and it calculated as below:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
6:9� 10�5

�2 þ �
4:01� 10�4

�2q

¼ 3:267� 10�4

By the exact same way and inputting properties of 8 layer layup
in the ABD matrix εx and εy can be obtained, the normal strain is
calculated as below:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
9:1� 10�5

�2 þ �
4:03� 10�4

�2q

¼ 4:131� 10�4

Deformation of Square element is shown in Fig. 6, deformations
are calculated from the theoretical method and appear in X and Y
directions.
1 Software website link (01.06.2015): http://tudresden.de/die_tu_dresden/
fakultaeten/fakultaet_maschinenwesen/ilr/aero/download/laminatetheory/index_
html.

http://tudresden.de/die_tu_dresden/fakultaeten/fakultaet_maschinenwesen/ilr/aero/download/laminatetheory/index_html
http://tudresden.de/die_tu_dresden/fakultaeten/fakultaet_maschinenwesen/ilr/aero/download/laminatetheory/index_html
http://tudresden.de/die_tu_dresden/fakultaeten/fakultaet_maschinenwesen/ilr/aero/download/laminatetheory/index_html


Fig. 5. ABD matrix and mechanical behaviors.
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3.2. Theoretical calculation for sample 2

After calculating the ABD matrix in the ElamX2 software and
having the moment My, the Hooke's law equation can be rewritten
for this sample. By the same way of sample 1, to obtain the cur-
vature the equation should be reversed, so it could be written as
below:
8>>>>>>>><
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>>>>>>>>;
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0 0 0 j �
0 0 0 j
0 0 0 j

Fig. 6. Element deformation in theoretical calculation.
As the result for the curvature it can be written:

8<
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8<
:
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3
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�100
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Fig. 7. Element curvature in theoretical calculation.
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The curvature of the square element for this sample has been
illustrated in the Fig 7:

These obtained strains and curvatures are considered as the
theoretical result of the ABD method. The ABD method is consid-
ered as the reference method for the sample 1 and 2 and the ac-
curacy of each FEM method can be obtained by comparison with
the ABD method.
4. CATIA FEM simulation with average elastic factors input

The classical laminate theory (CLT) is a method for conducting
calculation on multi-ply inhomogeneous laminate layups. The plies
rigidities [Q]k for orthotropic plies in the ply coordinate system is
determined as follows (ply and material properties used based on
Tables 1 and 2 on Section 2 for 9 layer layup) [13,14]:

½Q �k ¼

2
66666666664

E1

1� n212$
E2
E1

n12$E2

1� n212$
E2
E1

0

n12$E2

1� n212$
E2
E1

E2

1� n212$
E2
E1

0

0 0 G12

3
77777777775

¼
2
41:36$1011 3:12$109 0

3:12$109 9:572$109 0
0 0 5:27$109

3
5

The rigidities [Q]PlyCS,k of each ply are transformed from local ply
coordinate system (Ply CS) to the global coordinate system of the
laminate (Lam CS) in accordance with the transformation laws.

½Q �LamCS;k ¼ ½Ts�k$½Q �PlyCS;k$½Ts�Tk With:

½Ts�k ¼
2
4 cos2 sin2 2 sin cos

sin2 cos2 �2 sin cos
�sin cos sin cos cos2 � sin2

3
5

Based on material properties [Q]k should be calculated for all
layup angels which are [0, 45, �45, 90]. The transformed rigidities
of all plies, weighted according to their cross sectional ratios, are
added together yield a homogeneous laminate rigidity. The result is
the laminate rigidity matrix [A]:

½A� ¼
X
k

tk
tLam

$½Q �LamCS;k

¼ 3$0:25
2:25

$½Q �lam;1 þ
2$0:25
2:25

$½Q �lam;2 þ
2$0:25
2:25

$½Q �lam;3

þ 2$0:25
2:25

$½Q �lam;4

Before distortions in the laminate can be determined, first
inversion of the rigidity matrix [A] should be calculated to obtain
the compliance Matrix [a]: [a] ¼ [A]�1
Table 2
Layup properties of cylinder.

Properties of cylinder 9 layer layup 8 layer layup

Pressure (p) MPa 5 5
Radios of cylinder (r) mm 10 10
Thickness of cylinder (t) mm
Thickness area of square element (A) mm2

(9 � 0.25) ¼ 2.25
(2 � 2.25) ¼ 4.5

(8 � 0.25) ¼ 2
(2 � 2) ¼ 4
½A� ¼
2
46:668$1010 1:626$1010 0
1:626$1010 5:263$1010 �1:907$10�6

0 �1:907$10�6 1:841$1010

3
5; ½a�

¼
2
4 1:622$10�11 �5:012$10�12 �5:192$10�28

�5:012$10�12 2:055$10�11 2:129$10�27

�5:192$10�28 2:129$10�27 5:432$10�11

3
5

The engineering constants for the laminate are obtained from
elements of the compliance matrix:

Ex;Lam¼ 1
a11

¼61652
�
N
.
mm2

�
; Ey;Lam¼ 1

a22
¼48660

�
N
.
mm2

�
;

Gxy;Lam¼ 1
a33

¼18409
�
N
.
mm2

�
; nxy;Lam¼nyx;Lam¼�a21

a11
¼0:309;

By the same calculation procedure for 8 layer layup the me-
chanical constants of 8 layer layup can be obtained:

Ex;Lam¼ 1
a11

¼52493
�
N
.
mm2

�
; Ey;Lam¼ 1

a22
¼52493

�
N
.
mm2

�
;

Gxy;Lam¼ 1
a33

¼20052
�
N
.
mm2

�
; nxy;Lam¼nyx;Lam¼�a21

a11
¼0:309;

4.1. Simulation for sample 1

For quasi-isotropic laminate layups (8 layer layup)Ex¼ Ey, but
when this method is used for symmetric orthotropic laminate
layups (9 layer layup)Exs Ey, as in average method just one input is
possible for E modulus, Ex is used as the input elasticity modulus in
9 layup method. These engineering constants now can be used as
material properties in the CATIA model.

The cylinder is modeled (Fig. 8 left side) according to the geom-
etry properties of Table 2 in the CATIA software. The boundary con-
ditions are placedat the two sides of the cylinder (two circlesmarked
by red color) that make a uniform deformation on the cylinder sur-
face. Themeshingon the surface of the cylinder shouldbe square and
with specific size (2 mm), in this case the strains of one square
element on the cylinder surface (2� 2 mm2) will be appropriate for
comparison with the theoretical result (Fig. 8 right side). Inside
pressure and thickness (Table 2) of the cylinder are also considered
for themodel in software. After modeling and calculating the results
in the CATIA software, the strain of the cylinder will be available:

Although all of strains on the surface of cylinder have the same
amount, one element on the surface is selected to establish the
strain amounts:

For 9 layer layup (using Ex as input):

εxz 7.75� 10�5 And εyz 3.23� 10�4 so we have:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
z3:32� 10�4

For 8 layer layup:

εxz 4.33� 10�4 And εyz 1.02� 10�4 so we have:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
z4:446� 10�4

4.2. Simulation for sample 2

The whole calculation process of 9 layer layup for sample 2 is
similar to the sample 1. The material properties are also similar to
the sample 1 properties. Therefore the calculated mechanical
constants can be used for sample 2.



Fig. 8. Cylinder with boundary conditions and with 2 mm mesh.

Fig. 9. Strain of cylinder (Ɛx in left side and Ɛy in right side for 9 layer layup).

Fig. 11. Sample 2 deformation.
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The square surface of sample 2 is modeled in Fig. 10 (right side).
The moments are positioned on two edge of the surface (5 N � m).
It should be noticed that, for the boundary condition first the sur-
face should have a pure bending and second the surface should be
fixed in the way that it cannot be moved in any direction. Therefore
three fix points are considered for the boundary condition on the
middle of the surface. The mesh type is the normal quadrat mesh
but the mesh size is important in this sample. As this surface model
simulates the theoretical square element, the mesh size should be
as large as possible. Therefore the mesh size is considered 25 mm,
which divides the whole surface to 16 elements and the quantity of
curvature will be more realistic. According to the laminate layup
definition in Table 1, the thickness of each ply is considered
0.25 mm and the number of layup for sample 2 is 9, therefore the
thickness of the surface will be 2.25 mm.

After modeling and calculation the results in the CATIA soft-
ware, the deformation of the surface will be available as it is
illustrated in Fig. 11. The maximum displacement amount is
1.05 mm on the red edges of the surface. In fact the factor that
should be extracted in this sample is the curvature in X and Y di-
rections. There is an option in the CATIA software which shows the
curvature quantity of composite part in all directions as it is illus-
trated in Fig. 12. Otherwise the radius of deformation should be
calculated and by reversing the radius, the curvature will be ob-
tained. Therefore the curvature of surface will be:

�
kx
ky

�
¼

�
4:5� 10�4

�1:33� 10�3

�

Fig. 10. Surface with boundary condi
5. FEM simulation with complete layups modeling

We talked about two FEM simulation with complete layups in
introduction. In this method theoretical calculation is not neces-
sary, because the laminate is modeled ply by ply in the FEM soft-
ware. The samples are modeled with two different FEM software
(CATIA, ANSYS) in this simulation; therefore there will be two types
of result for one sample model. The question that comes to mind
here is: why should this simulation be done with two FEM soft-
ware? This is done because of two reasons. First if the results of
both FEM software were nearly the same, it would prove that this
method is acceptable. Second the comparison of the results of the
two software will lead to a better overview over the precision of
each FEM software. As these two methods have the same modeling
procedure, they are studied together in this section. The samples of
the simulation are the same as Figs. 8 and 10 with the same
tions and square quadrat mesh.



Fig. 12. Curvature in X (left side) and Y (right side) directions.

Table 3
Properties of composite layup.

Composite layup properties for orthotropic

Number of the layers 9 or 8
Each layer thickness 0.25
Young's Modulus in X direction E1 [N/mm2] 135,000
Young's Modulus in Y direction E2 [N/mm2]
Young's Modulus in Z direction E12

9500
9500

Poisson ratio nxy
Poisson ratio nyz
Poisson ratio nxz

0.326
0.4
0.4

Shear modulus Gxy [N/mm2]
Shear modulus Gyz [N/mm2]
Shear modulus Gxz [N/mm2]

5270
3100
3100
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properties. in this method all layers are modeled ply by ply on the
sample surface, and the orthotropic composite properties of regular
epoxy carbon is considered for each layer, which are illustrated in
Table 3.

As the 2D properties of orthotropic material are used for the
surface layup of the samples, some properties of Table 3 (nyz, nxz,
Gyz and Gxz) are not used for the layup.
5.1. Simulation for sample 1

In CATIA each layer angle is represented by separate color as
shown in Fig. 13 (left-side), and as it is clear all 9 layers modeled on
cylinder surface (for 9 layer layup). ANSYS PrePost (the composite
area of ANSYS for preprocessing and post processing of composite
layups) shows each layer by its own angle on surface, as example
layer with 45� is shown in Fig. 13 (right-side). In this method one
square element (2 � 2) on the surface of cylinder is also considered
to compare with theoretical results. Hence the mesh size is 2 mm
and mesh type is 2nd order square (Mesh size and pressure are
Fig. 13. Composite layups of CATIA (l
based on Table 2). After calculating the model with the described
layups and meshes, the results will be ready. Fig. 13 shows the
strain factor in X and Y directions in CATIA software.

In the ANSYS software the process of getting to the strain is
somehow easier, because there is an option in the software called
equivalent elastic strain. By using this option the equivalent strain ε

will be illustrated (Fig. 15). The strain is uniform on the cylinder
surface (Figs.14 and 15) both in CATIA and ANSYS. Note that like the
average method, in this method the sample (2 � 2 square element)
should also be selected from the middle of the cylinder surface and
not near the edges to avoid the influence of boundary conditions
and have a correct sample.

For 9 layer layup:

εxz 9.2� 10�5 And εyz 3.4� 10�4 so we have:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
z3:52� 10�4.

For 8 layer layup:

εxz 7.19� 10�5 And εyz 4.41� 10�4 so we have:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
z4:46� 10�4.

The results for ANSYS software:

For 9 layer layup: ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
z3:70� 10�4; For 8 layer layup:

ε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
x þ ε

2
y

q
z4:54� 10�4.

In the composite post processing of the FEM software, it is also
possible to have a plot of the strain and stress for each ply sepa-
rately. With this possibility the stress distribution at each ply of the
9 layer layup are established and compared with theoretical results
to make sure about the validity of the calculations. The left side
Fig. 16 are theoretical stress distribution values in each layer for the
eft-side) and ANSYS (right-side).



Fig. 14. Cylinder strain in CATIA (Ɛx in left side and Ɛy in right side for 9 layer layup).

Fig. 15. Cylinder equivalent elastic strain in ANSYS for 9 layer layup.
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9 layer in X and Y directions (established by eXlam2 software). On
the right side, there are the values for two FEM software is also in
the X and Y directions. As it can be seen from the figures, both FEM
software have a good adaptation with each other and with the
theoretical stress distributions.

5.2. Simulation for sample 2

In case that all method could be compared to each other, they
should have a same model and same mesh size. Therefore the
sample model is similar to the averagemethod model (Fig. 10) with
the same properties; and the mesh size is considered 25 mm
similar to the average method (Fig. 10). The layup procedure on the
surface is ply by ply, the orthotropic composite properties of regular
epoxy carbon are considered for each ply according to the Table 3.
The 9 layer layup should be modeled in the CATIA and ANSYS. The
layup simulation procedure for surface is similar to the procedure
described for cylinder in Section 5.1. The moments and boundary
conditions are similar to the average method (Fig. 9). The surface
thickness after layup will be 2.25 mm (0.25 mm for each ply). The
outer edge of the red element in the Fig. 17 is considered for
extracting the curvature of the surface. In fact the maximum cur-
vature occurs at this place. After calculating the model with the
following laminate layup and mesh properties, the result will be
accessible. The deformation of the surface in the CATIA software is
illustrated in Fig. 18 left side. The maximum deformation amount is
2.9 mm on the red edge of the surface. And similar to the average
method curvatures can be extracted from CATIA software as it
shown in the Fig. 18 right side.

Therefore the curvature vector of the CATIA model can be
written as below:

�
kx
ky

�
¼

�
4:69� 10�4

�3:4� 10�3

�

In the ANSYS software the procedure of calculating the curva-
ture factors is somehow harder, because there is no option for
showing the curvature factors. Therefore in this case some calcu-
lations should be done first deformation should be calculated,
second radius should be measured from the deformation in each
direction, third the radius should be reversed until the curvature
can be obtained. The maximum deformation as it illustrated in
Fig. 19 is 2.95 mm which also occurs on the outer edge of the
element. It should be noticed that this amount expresses the total
deformation. Hence the deformation which should be used for
calculating the curvature has different amount in each direction.

After calculating the curvature based on the deformation in each
direction, the curvature vector of ANSYS software can be written:

�
kx
ky

�
¼

�
5:75� 10�4

�3:51� 10�3

�

6. Comparison

Based on what has been calculated and modeled in previous
sections, it is possible now to compare the results. In these samples
(sample 1 and 2) the theoretical method is the reference method,
and the three other methods are compared to this method in case
the precision of each be evaluated.

6.1. Sample 1-tension load

The strain results for 8 and 9 layer layup are illustrated in
Table 4. By considering the loading on sample 1 is tension load, the
averagemethod for both type of layups is applicable. In this sample
both complete methods have also acceptable results in compare of
the theoretical results. Although in sample 1 there is no difference
between using the average method or the complete method, the
average method is simpler and less time consuming. Therefore
instead of simulating thewhole laminate layup (complete method),
the average method can be used and the similar results could be
obtained. This method has even been tested and used in industry
for different type of layups even with honeycomb, and the results
were quite satisfactory and passed the industry test results.

6.2. Sample 2-bending load

In contrast with tension load in sample 1 where the average
method had good results for both layups, the average method
outcomes for bending load in sample 2 are really weak and non-
acceptable. In this method the maximum deformation occurs in
the middle of surface edges as it is illustrated in Fig. 11. But as it
displayed in Fig. 20 themaximumdeformation should be at the end
of the edges. That means the shape of deformation and also its
quantity in the average method is not correct. According to the
Table 5, the major curvature occurs in Y direction. By the simple
comparison between the average method amount and the



Fig. 16. Cylinder stress distribution in each layer in X and Y directions (9 layer layup).
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theoretical amount, it would be realized that the average method
curvature is lower than even half of the theoretical method
amount. Therefore when the force and moments have a bending
and buckling effect, the position of plies will play an effective role
on the precision of the result. Since in the average method the
position of the ply is not considered (according to CLT formulation
[10]), its results are not precise enough.

According to the Table 5 both complete methods (with CATIA
and ANSYS) have a good coverage of the results in compare to the
theoretical results. After comparing the sections of Fig. 20, it would
Fig. 17. Surface after layup.
be clear that the complete method has a correct distribution of
deformation over the surface of sample. Hence in case of bending or
buckling loadings acting on the composite structure, the complete
layup simulationwould be a good choice for analyzing the structure
and the result will be more realistic. There is a difference between
the theoretical and the complete methods results visible in sample
2, and that could be related to the assumption which has been
made for the theoretical calculation in ABD matrix. These as-
sumptions simplify the procedure of the theoretical calculation and
also neglect some boundaries of calculation precision. For instance
in ABD formulation [1,3] it has been mentioned that a line straight
and perpendicular to the middle surface remains straight and
perpendicular to the middle surface during deformation. The
assumption is not necessarily considered by the FEM calculation;
therefore the complete method has more realistic results. This is
the reason the average method shows more conformity with
theoretical results in sample 1.

With all of these benefits reaching the complete simulation is
not always simple, imagine the layer thicknesses are less than
0.1 mm and the number of layers exceed to 100 with the ortho-
tropic orientation (for example[45, �45]n). In these cases, simula-
tion with the CATIA takes lots of time and is sometimes even
impossible, but there are some options in ANSYS that help the user
simulate the model easier and faster. That is why the complete
simulation is constructed with two different FEM software, to show



Fig. 20. Surface deformatio

Table 4
Sample 1_strain results of different methods for 8 and 9 layer layup.

Sample1- cylinder under pressure

Comparison of strain Results

Theoretical calculation
CATIA simulation with average factors
CATIA simulation with complete layups modeling
ANSYS simulation with complete layups modeling

Table 5
Sample 2_curvature results of different methods for 9 layer layup.

Sample 2- surface under bending moment

Comparison of curvature results

Theoretical calculation
CATIA simulation with average factors
CATIA simulation with complete layups modeling
ANSYS simulation with complete layups modeling

Fig. 18. Surface deformation in CATIA (left side), surface curvature in Y direction (right side).

Fig. 19. Surface deformation in ANSYS.
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the similarity of results in one method using different FEM soft-
ware. However the possibility of simulation depends on the soft-
ware facilities.

7. Conclusion

The theoretical calculation is precise and trustable because it is
based on proven formulations. Yet some questions still continue to
arise. For example, how far the theoretical calculation can be
applied? What should be done for complicated composite parts?
Howmuch time and energy should be used for calculation of even a
simple part like these two samples? And the most important
question is whether the theoretical calculation is even possible in
complicated cases? The answer is clear and that's why in recent
years the FEM simulation is improved and applied much more than
before, and because in composite material analysis calculations are
even more complicated, the FEM simulation is more intransitive.
n of all four methods.

ε for 9 layer layup ε for 8 layer layup

3.267� 10�4

3.32� 10�4

3.52� 10�4

4.131� 10�4

4.44� 10�4

4.46� 10�4

3.70� 10�4 4.54� 10�4

k in X direction k in Y direction

6.82� 10�4

4.5� 10�4

4.69� 10�4

�4.239� 10�3

�1.33� 10�3

�3.4� 10�3

5.75� 10�4 �3.51� 10�3
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The average method is a good compromise between time con-
sumption and quality of results for composite layups under tension
load and even for the simulations where a honeycomb exists be-
tween the layup. However when the main loading have a bending
and buckling effect, the analysis of this method is not precise
anymore. In fact, in the bending analysis the position of each layer
orientation is quiet important but the average method does not
consider the position of the oriented layer. The complete layup
simulation as it comes from its name is of course more precise and
also time consuming process for the orthotropic laminates. But if
the main load causes bending or twisting moment, there will be no
choice but the complete simulation method. Having the stress,
strain and failure data of each layer separately is another advantage
of this method. In the post processing section of FEM software it is
possible to check out the deformation and also stress distribution of
each ply separately. This option is really useful for finding the
failure plies, after identifying these plies their position could be
changed or the number of plies could be increased to avoid the
failure of the laminate.

Studying these two very simple samples creates an overview on
how the FEM simulations are acting and what are their advantage
and disadvantages. Hence before getting involved in the simulation
process, first the composite layup should be studied and an
appropriate method should be selected.

Software

1. ANSYS wokbench16, Static structure, Composite PrePost
modules

2. CATIA, Part design, Surface design, Composite design modules
3. ElamX2,2
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