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 Abstract 

 
This work aims at providing a numerical tool for the efficient design of the multidirectional 

carbon fiber reinforced composite material by means of finite element simulations. Abaqus/ 

CAE v 6.9-1 software has been used to establish a 3D model for simulation of the tensile test 

on the composite specimen. The aim of this analysis of multidirectional carbon fiber reinforced 

composite is to predict the strain and stress distribution in different plies through thickness. 

Tensile test experiment was carried out and the result was analyzed by ARAMIS to calculate 

the young’s modulus, stress, loads and strain of the composite specimen. The numerical model 

was compared against the result obtained from tensile test experiment to arrive at meaningful 

results for validation. This is done in order to understand the mechanical strength and strain at 

failure of the composite material. In this work three types of CFRP composite specimens are 

used, all have same 15 no. of ply but stacked in different orientation. It is found out that 

mechanical strength, failure load and strain differ slightly depending on this different ply 

orientation. A series of different modeling technique has also been done to verify the best 

modeling technique. 

 

The micromechanics of composite material is complex and the experimental predictions are 

time consuming and expensive. Though using FEM frequently solves the problem. 
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Notations and Abbreviations  
  

Roman letters  

A               Area  

E                Elastic modulus  

F                Load  

G               Shear modulus 

Ef       Fiber Elasticity Modulus 

Vf      Fiber volume fraction 

Vpf     Fiber Poisson's ratio 

Em      Matrix Elasticity Modulus 

Vm Matrix volume fraction 

Vpm    Matrix Poisson's ratio 

lt         Fiber length/thickness ratio 

wt       Fiber width/thickness ratio 

   

Greek letters  

ε                 Strain 

εc  Strain of composite 

εf Strain of fiber 

εm  Strain of matrix 

η                 Shear stress component 

ηc  Shear stress of composite 

ηf Shear stress of fiber 

ηm Shear stress of matrix 

ζ                Normal stress component 

ζc  Stress in composite 

ζf Stress in fiber 

ζm Stress in matrix 

δc  Elongation of composite 

δm Elongation of matrix 

δf Elongation of fiber 

Δc  Deformation of composite  

Δf Deformation of fiber 

Δm Deformation of matrix 

 

Abbreviations  

 

FEM          Finite element method  

CAE Computer-aided Engineering 

CFRP  Carbon fiber reinforced polymer
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1. Introduction 
 

SP is a leading international technical research institute which works in several fields such as 

building technology, mechanics, chemistry and materials technology. Currently SP has a 

research project in the field of composite material. This seeks further experiment and 

investigation how carbon fiber reinforced epoxy material behaves when used as a light weight 

structure. SP has conducted several experimental tests in this regard. On the basis of these 

previously performed experiments at SP, the fracture processes of CFRP composites loaded in 

tension are to be modeled numerically. 

 

Composite materials are well-known for structural applications, due to the combination of high 

strength, high modulus and low density that is characteristic of composites containing 

continuous fibers as the reinforcement. The use of composite materials has opened up new 

methods for the design of light weight high performance structural components for vehicle 

industry and has enabled engineers to create lighter and stronger structures with more complex 

shapes than had previously been feasible with wood and metal. 

 

The main purpose of this thesis work is to carry out a simulation in Abaqus/CAE v 6.9-1 by 

creating a model of the composite specimen corresponding to the real time experiment 

conducted at the lab and calculate the strength and stiffness. To create a composite model in 

ABAQUS it is necessary to calculate the ply properties as input data. In this work two different 

theoretical models are used to calculate the ply properties, they are rule of mixture or slab 

model and Halpin/Tsai model. The results from both models are compared and verified with 

the experimental test result. Moreover, to achieve the best meaningful results for validation, a 

series of different simulation models are carried out and compared.  

 

The fiber orientation of the composite material is the important characteristics of the 

orthotropic material properties. For composite material, the elastic modulus is much higher 

when a load is applied in the direction of the orientation of fiber than when it is applied 

transverse to it. To verify the effect of ply orientations three different type of specimen (0º,   

45º and 90º) with different stacking of fiber directions are used in this work.  The different ply 

orientations for these three different specimens are listed in the table 9.1. 
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2. Composite materials  

 

In modern terms the word “composite” is often referred to a matrix material which is 

reinforced with fibers, but the word can mean anything since all materials are more or less 

composite materials. When two or more materials are combined together they form a third 

material with highly desirable properties. The compositions are combined on a microscopic 

scale through physical rather than chemical means, where the matrix is more soft and ductile 

than the reinforcing fiber. The reinforcements may be in the form of continuous fibers, 

chopped fibers, whiskers, flecks and particulates. 

 

In present time composites are at the leading edge of material technology as they are more and 

more on the way replacing steel and other metals in many construction applications, due to 

their high stiffness-weight ratio. The combination of polymer matrix with high modulus fiber 

reinforcement result in a material with superior strength/weight and stiffness/weight ratio 

compared to aluminum, steel and alloys. This has made composite materials a highly 

researched subject for the past 40 years. 

 

Modern composite materials use high strength fibers made from a variety of materials such as 

glass, carbon, aramid, boron, and others.  The more popular is carbon fiber, due to its high 

stiffness, high strength, and light weight but are also more expensive to produce.  Carbon fibers 

may be manufactured from polyacrylonitrile (PAN), pitch, or rayon precursor materials by 

high-temperature (1100º to 1900º C) carbonization or graphitization processes.  

 

Carbon fiber is useless without a binder.  Typically, carbon fibers are coated with a binding 

material which surrounds the fibers and holds them in place.  This binding material is known as 

a prepreg, which stands for “pre-impregnated” meaning the fibers have been embedded into the 

epoxy resin. Epoxy resin is most widely used matrix material but have some processing 

difficulties. Metals and glass are also available as matrix materials and have a much higher 

strength and stiffness properties than the traditional polymers. Because of their high price and 

large restriction in R&D laboratories they are not widely used. The main purpose with matrix 

materials is to bind the reinforcement fibers and transfer the load between the fibers by means 

of shear stress. The matrix also protects the fiber from environmental factors like high 

temperature and humidity.  

 

2.1 Carbon fiber  

 

A carbon fiber is a long and thin filament which is about 5-10 µm in diameter and has a crystal 

bonding of carbon atoms which are more or less aligned parallel to the longitudinal axis of the 

fiber. This type of bonding makes the fiber very strong compared to their size. Today carbon 

fiber reinforced composite materials are widely used in air and space craft parts, racing car 

bodies and in lots of other fields where light weight and high strength are needed.  

 

The manufacturing process of carbon fiber is part chemical and part mechanical. The process it 

self contains five different stages, as shown in figure 2-1. 
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Fig:2-1 Carbon fiber manufacturing process [12].  

 

In the spinning process polyacrylonitrile is prepared by mixing acrylonitrile(CH2=CHCN) 

plastic powder with methyl acrylate(C4H6O2) or methyl methacrylate(C5H8O2), this mixture is 

then spun into fibers. The fibers are then washed and stretched, which helps the molecules to 

align within the fiber.   

 

The fiber is then stabilized to give a moderate atomic bonding so that the fiber can be thermally 

stable. In this process fibers are heated in air at 200-300
o
C for 30-120 minutes, this provides 

the fiber to pick up oxygen molecules from the air and arrange an improved atomic bonding. 

During this chemical process the fiber produce some heat; the heat level must be controlled at 

this time to avoid overheating.  

 

The stabilized fibers are then heated in a furnace at a temperature of 1000-3000
o
C, at this time 

they are not allowed any contact with oxygen to avoid burning. This heating process makes the 

atoms in the fiber vibrate violently and disperse most of the non-carbon atoms in the form of 

ammonia, water vapor, carbon dioxide, nitrogen etc. In this way the remaining carbon atoms 

form a tight crystal bond which is parallel to the longitudinal axis of the fiber. 

 

The surface of the carbonized fibers have poor bonding properties, therefore it is necessary to 

slightly oxidize the surface to improve the chemical bonding properties. This helps the epoxy 

and other matrix materials to bond better with the fibers. Oxidation can be achieved by 

immersing the fibers into gases like air, carbon dioxide or ozone, even liquids like sodium 

hypochlorite and nitric acid. High precaution must be taken during this process to avoid surface 

defects, like pits which could cause fiber failure.  

 

After the surface treating, fiber surface is coated to protect them from damage during winding 

or weaving. Typical coating materials are epoxy, polyester, urethane and nylon; these materials 

are used depending on desired material properties. 
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Carbon is a very toxic element which can cause dust inhalation, skin irritation and shortcuts at 

electrical equipment (as carbon is a good conductor of electricity). During the manufacturing 

process fibers can cause carbon dust in the air due to breakage. Therefore people who are 

working in the manufacturing must wear protective mask and electrical equipment must be 

properly sealed. 
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3. Theoretical frame work 

 

Most of the composite materials are made by stacking several distinct layers of unidirectional 

lamina or ply. Each lamina or ply is made of the same constituent materials, matrix and fiber. 

Figure 3-1 representing a unidirectional lamina with respective longitudinal and transverse 

directions. So, to model a composite material in Abaqus it is important to calculate the stiffness 

of the individual lamina. The stiffness of the lamina and laminate depends on three factors: 

 

1. Volume fraction of the matrix and fiber. 

2. Type of reinforcement used, continuous or discontinuous fiber used. 

3. Orientation of fibers with respect to a common reference axis. 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3-1, Schematic diagram of a unidirectional composite lamina. 

 

3.1 Stiffness of composite lamina according to rule of mixture  

 

In a unidirectional lamina, it is assumed that the fibers are parallel throughout the whole 

composite and the fiber and the matrix are perfectly bonded without any slippage between their 

interfaces. This bonding or symbiosis will result in that they are experiencing the same strain. 

This is called isostrain situation first treated by Voigt (1910) [1] and can be represent as, 

εc = εf= εm  (Eq. 3.1) 
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According to the rule of mixture model if an axial load is applied in the longitudinal direction it 

will be shared by the fiber and the matrix, and which is given by; 
 

 Pc = Pf +Pm   

 

Or,  ζcAc = ζfAf + ζmAm (Eq. 3.2) 

 

These expressions can be simplified to 

 

 Ec= EfVf + Em(1- Vf) = E11 (Eq. 3.3) 

 

Where, E11 is the longitudinal elastic modulus of the composite lamina. 

 

For the transverse stiffness, a load is assumed to be applied at right angles to the fiber direction 

or transverse direction, as shown in figure 3-2 and produces equal stresses in the two 

components (fiber and matrix), what is called action-in-series or isostress situation[1]. This 

gives; 

 

 ζc = ζf= ζm  (Eq. 3.4) 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-2, unidirectional composite model for predicting transverse modulus. 

 
The sum of the elongation of matrix (δm) and fiber (δf) is equal to the composite elongation (δc) 

in the direction of the load, 

 δc = δm + δf (Eq. 3.5) 

 

From these two relations (Eq. 3.4 and Eq. 3.5) the simplified equation for transverse stiffness 

according to the rule of mixture or slab model is, 

 

 
)VE V(E

 EE
   E

fmmf

mf
22


   (Eq. 3.6) 
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However, the equal transverse stresses assumption under estimates the stiffness of the 

composite, as in the case of transverse normal loading the state of stress in the matrix is 

complex and greatly influenced by the neighboring fiber interaction [2]. The transverse 

modulus of composite is a matrix dominated property and it is sensitive to the local state of 

stress.  

 

The matrix properties and the local stress distribution influence the modulus of the 

unidirectional composite under in plane shear loading (see figure 3-3(a)) [2]. The shear 

modulus can be predicted by using the equal stress situation used for the transverse modulus. 

In that case the shear stress on the fiber and the matrix are equal, i.e, 

 ηc = ηf= ηm (Eq. 3.7) 

 

From figure 3-3(b) the deformation can be written as, 

 Δc = Δf + Δm (Eq. 3.8) 

 

From, these two relations (Eq. 3.8 and Eq. 3.9) the simplified equation for shear modulus 

according to slab model is; 

 

 
)VG  V(G

GG
  G

fmmf

mf
12


  (Eq. 3.9) 

 

Unidirectional composites are orthotropic in nature and have the same stiffness properties in 

the transverse directions, so  

 

 E22 = E33  (Eq. 3.10) 

 

 G13 = G12 (Eq. 3.11) 

 

 
 

Figure: 3-3(a), unidirectional composite under in plane shear loading, 3-3(b) deformation of 

the unidirectional composite under shear loading. 
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3.2 Halpin/Tsai model 

 

Halpin and Tsai [3] have developed some simple and generalized semi-empirical equations to 

approximate the modulus of composite materials considering the geometry of the reinforcing 

fiber used. These equations are good enough as long as the fiber volume fraction does not 

reach 1. According to the Halpin/Tsai model the equations for longitudinal modulus, transverse 

modulus and shear modulus are; 

 

 E11 = Em(1+ζ11η11Vf) / (1- η11Vf) (Eq. 3.12) 

 

 E22 = Em(1+ζ22η22Vf) / (1- η22Vf) (Eq. 3.13) 

 

 G12 = Gm(1+ζ12η12Vf) / (1- η12Vf) (Eq. 3.14) 

 

 ζ11 = 2(lt)+40(Vf )
10

; (Eq. 3.15) 

 ζ22 = 2(wt) + 40(Vf )
10

; (Eq. 3.16) 

 ζ12 = (wt)
1.73

 + 40(Vf )
10

; (Eq. 3.17) 
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  (Eq. 3.19) 
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  (Eq. 3.20) 

 

ζ is a measure of  reinforcement and depends on the fiber geometry, packing geometry and 

loading condition.  

 

 

 

 

 

 

 

 

 8 



For the rule of mixture model Eq. 3.3, Eq. 3.6, Eq. 3.9, Eq. 3.10, Eq. 3.11 are used to calculate  

the lamina properties E11, E22, E33, G12, G13, and for Halpin/Tsai model Eq. 3.12, Eq. 3.13, Eq. 

3.10, Eq. 3.14 and Eq. 3.11 are used. Poisson’s ratio γ12 = Vf Vpf + VmVpm  for both models. 

Fiber and matrix volume fractions are taken as 0.5. 
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4.  Experimental set-up and results 

 

The test specimen used for the experiment at SP has a rectangular shape with total length of 

300 mm, width 25 mm and thickness 2.7 mm. The specimen is a T700SC12KFOE carbon 

fiber/epoxy composite with 0º, 90º, 45º and -45º ply orientations, built with 12 plies of carbon 

fiber composite and 3 plies of E-glass fiber composite. The experimental test was done in a 

universal tensile testing machine configured with pneumatic side action grips, as shown in 

figure 4-1. The machine is designed in such a way that the upper gripper can move in the 

vertical direction while the lower grip is fixed. The composite specimen was subjected to 

tension by applying displacement and using the side action grips, with free length of specimen 

186 mm and deformation rate of 1.2 mm/min is applied. The gripping system and clamping 

force were very important in this test so that it could not damage the gripped area and lead to 

premature failure and there is no slippage at the end load. At the beginning of the experiment it 

was found that high gripping force damaged the gripped area of the specimen and lead to 

premature failure of the specimen. At last the pneumatic side action grip used in this test 

provided the constant clamping force of 7 MPa over 57 mm grip length in both upper and 

lower grip.  

 

 
 

Fig. 4-1 tensile test setup 

 

The tensile measurement system at SP that has been used for this study is called ARAMIS.  

ARAMIS is a non-contact optical 2D or 3D deformation measuring system. This tool is a 

highly robust, full-field, non-contact, material independent strain measuring testing device. 

ARAMIS is particularly suitable for three-dimensional deformation measurements under static 

and dynamic load in order to analyze deformations and strain of real components. The system 

measures strain using digital image correlation method (DIC) using high-resolution digital 

CCD cameras [11]. 
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Upper grip 

Test specimen 

Lower grip 



 
 

Figure 4-2, experimental result by ARAMIS for 0
0
 specimen 

 

Figure 4-2 shows the experimental test result by ARAMIS. The load-strain graph shows that 

the increase of strain due to the applied load is near to constant. And the specimen fails 

instantaneously at an applied load of 44.43 kN and 1.69% strain. The line of fracture is straight 

and perpendicular to the length. Due to shear at the 45º and -45º plies some small pieces are 

separated from the specimen. The mises strain-section length chart representing that the failure 

occurred at 55 mm from the top of the free length. 

 

The reference test specimen studied is a 0º specimen (see table 9-1), which means that the ply 

stack has standard ply orientations finished by the material supplier. The study also made 

observations to specimens that have an addition of 45º and 90º in the ply orientation. These 

studies are implemented to see what happens with the strain and strength once the fiber 

orientations are rearranged. 

 

The main purpose with this tensile test is to find out the maximum tensile strength and the 

fracture strain. To make such an evaluation, each test specimen must have the same or very 

similar geometrical properties and mechanical properties. The test specimens used for the 

experiment at SP has geometrical properties shown in Fig.5-1. The total length is 0.3m, width 

0.025m, thickness 0.0027m and the griping length 0.057m on each end. 

 

The specimen which is used in the Abaqus simulation is assumed to emulate the test specimen 

as much as possible, therefore the boundary conditions and the applied force have been set as 

in Fig.5-3. The applied force (pink arrows) is set to 31 MPa traction for the 3D model. The test 

specimen is clamped at the bottom position and the upper position is free in the direction of 

applied force and constrained in the transverse directions. 
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5. Numerical analysis using ABAQUS 

 
The finite element method, FEM is a common tool within various fields of engineering. It is 

used for advanced numerical calculations and is developed from the theories of continuum 

mechanics, which studies equilibrium, motion and deformation of physical solids.  

 

In FEM the continuous functions are approximated by a discrete model where the body to be 

studied is divided into several smaller parts, called elements. This meshed model is composed 

by a number of element functions that are continuous over each separate element. These 

elements are connected in nodes. Numerical values for the nodes are compiled to make the 

element functions an accurate approximation of the global function. Accuracy generally 

improves when the number of nodes increases. 

 

The element functions are gathered in the global equation system containing material and 

geometrical data. The forces applied on the element geometry are represented by load vectors 

that act on the nodes. The matrices quickly increase in size and demand high computer 

performance to be solved. The nodal deflections are the solution to the equation system. The 

values between the nodes are received by interpolation with either linear approximations or 

polynomials of n
0
 [10]. 

 

In this study the finite element simulation was carried out using commercial software 

ABAQUS/CAE which is an engineering tool that is used to solve various engineering problems 

ranging from linear to non-linear problems that are complex. The software is used all over the 

world in industries and also in academic purpose. 

 

ABAQUS/CAE enables models to be solved as quickly as possible by simply creating the 

geometry under investigation with the right physical and material properties associated to it, 

loading and also by applying the boundary conditions to the material to be modeled [8]. 

 

Abaqus is a powerful FEM tool to analyze 3D problems in various fields. It is also capable of 

running micromechanics of fiber reinforced composite materials. The main purpose with this 

study is to verify the experimental tensile test against a numerical model.  

 

 

5.1 Creating the part and defining model geometry  

 

The geometry of the test specimen is a rectangular multidirectional carbon fiber laminate with 

a thickness of 2.7mm, a length of 300mm, width of 25mm and for gripping 57mm each on 

each ends is taken, as shown in fig. 5-1 below. The test specimen is made to look as genuine as 

possible compared to real geometry. The model is created with a three dimensional, 

deformable shell planar feature for the shell model and a three dimensional, deformable solid 

extrusion feature for the Solid models. This double geometry modeling is made to compare the 

stresses, strains and load between different types of modeling structure. 
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Fig. 5-1. Geometrical properties of the test specimen. 

 

 

5.2 Creating composite layup and defining material properties 

 

For this study two different types of elastic lamina type materials are created, one for the 

carbon-fiber/epoxy composite material and another for the E-glass/epoxy composite material. 

The mechanical properties of these two type composite plies are calculated by the rule of 

mixtures equations and Halpin/Tsai equations as mentioned earlier. Both materials are taken as 

orthotropic and are linear in nature.   

 

After the part and the material have been created, a composite layup section can be created. 

The composite layup editor is used to create plies and to assign materials and orientations to 

these plies. In this step, a composite layup that represents the specimen layup is created and 

defined. The thickness, the number of section points required for numerical integration through 

each layer, and the material name and orientation associated with each layer are specified as 

part of the composite layup section definition. Gauss integration rule and 3 integration points 

and used in this study. The composite layup editor is then used to view ply orientations and 

verify the choice of fiber direction, as shown in the figure 5-2 below. 
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Figure: 5-2, Ply order, material used for each ply, thickness and fiber orientation for a 0º 

specimen. 

 

5.3 Boundary conditions and applied load 

 

The boundary conditions in this tensile test simulation are set as clamped in the lower grip and 

the upper grip is set as clamped in all directions but free in longitudinal direction in which 

direction the load is applied, see figure 5-3. These settings are done to make the tensile test 

simulation as perfect as possible, with no rotations or bending. This simulation uses the surface 

traction load scenario, where the force is applied at one surface for the shell model simulation 

and at two surfaces for the solid models. It is fact that displacement control results in a much 

more gradual failure process than a comparable loading by applied forces. When a simple 

structure, such as composite plate, begins to fail under the action of applied forces, the 

structure fails very rapidly because the load continues to increase as the load carrying capacity 

of the structure decreases. With displacement controlled loading, the load carried by the 

structure decreases as the structure fails which allows for a slower rate of failure. 

 

 

Fig. 5-3. Boundary conditions and the load applied on the model.  
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5.4 Elements/mesh 

 

Mesh generation is one of the most important and critical aspects of engineering simulation. 

The meshing procedure divides the model into small elements. Too many and smaller elements 

size can produce more accurate results but results in long solver running time and low mesh 

density result in inaccurate results. ABAQUS/CAE has different mesh control techniques; in 

this study structured meshing technique is used that generates most controlled meshing using 

simple predefined mesh topologies. Considerable care is taken to optimize the mesh size so as 

to get reliable results.  

 

During the simulation, there is a possibility of element distortion. Coarse mesh with distorted 

elements will give poor results. The correct choice of element type for a particular simulation 

is also vital for accurate results. In this study for the shell model S4R (linear 4-node general-

purpose shell, reduced integration with hourglass control) for the solid_continumshell model 

SC8R (linear 8-node hexahedron, reduced integration with hourglass control) and for the 

solid_solid model C3D8R (8-node linear brick, reduced integration with hourglass control) 

elements are used. Results from all of these three models are verified with ARAMIS results to 

choose the best modeling technique for carbon fiber/epoxy composites in ABAQUS. In 

ABAQUS the nondefault enhanced hourglass control formulation is available only for S4R and 

SC8R elements. The enhanced hourglass control formulation is used with composite shells [8]. 
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6. Results and discussion 

 

In this section, the analyses of the different models are compared with the experimental test 

results. For this analysis purpose the following material properties are used. These material 

properties are collected from SP for this study purpose only. 

 

Carbon fiber E-glass fiber 

Ef = 220 GPa Ef = 73 GPa 

vf = 0.2 (poisson's ratio) vf = 0.25 

Vf = 0.5 (volume fraction) Vf = 0.5 

   

Matrix (Epoxy Vinyl Ester Resins) 

Em = 4.5 GPa 

vm = 0.4 (poisson’s ratio) 

Vm = 0.5 (volume fraction) 

 

6.1 Comparison between the rule of mixture and Halpin/Tsai equations 

  

The load-strain graphs are linear for both models. In the case of rule of mixtures the values of 

major strain (equals 1.69%) and minor strain (equals -0.32%) at applied load of 44 kN (see 

table 6-1).  

But in Halpin/Tsai model (see fig 9-2) major strain (equals 1.54%) and minor strain (equals -

0.34%) at the same applied load. This is due to that the Halpin/Tsai equation has higher 

Young´s modulus in E22, G12, G13 and G23 directions, which is producing lower strains than 

the rule of mixture equation. According to the ARAMIS result the tensile test specimen fails at 

44.2 kN and 1.69% strain. That means that the rule of mixture model is giving closer result 

than the Halpin/Tsai model. So the rule of mixture equation is selected for the further analysis. 

 

In the rule of mixture model the major strain is nearly constant through the thickness at 1.69% 

strain (see fig. 9-1) whereas the minor strain varies from -0.32% to -0.73 %, and there is a 

reduced amount of material compression in the 90º ply at a thickness of 2.7mm. 

 

Increment 
Nodal displacement 
U2(m) Strain (Major) 

Reaction 
Force(N) Strain (Minor) 

0,014 4,14E-05 0,000226007 615,282 -4,35E-05 

0,063875 0,000189064 0,00104085 2808,51 -1,98E-04 

0,232203 0,000690839 0,00382914 10223,3 -0,000724795 

0,501805 0,00150548 0,00836377 22137,5 -0,00158795 

0,801805 0,00242831 0,0134977 35450,2 -0,00257677 

1 0,00304765 0,0169409 44276,5 -0,00324584 

Table 6-1 Output data for 0º specimen with shell element and load control using rule of 

mixture equation. 
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6.2 Comparison of shell model for 0º specimen with solid – continuum shell and  

solid - solid model 
 

From table 6-2 and figure 6-1 it is clear that the shell model and the solid continuum shell 

model have similar results, while the solid-solid model has lower strain values and appears to 

be stiffer. The notable difference is in the distribution of the minor strain through thickness and 

in case of the solid-solid element it is constant at -0.50% (see fig. 9-3 and fig. 9-4). So the rule 

of mixture equation and shell model are used for the verification of 45º and 90º specimen. 
 

 

Table 6-2, Comparison of shell, solid continuum shell and solid-solid model 

 
 

 

 
Fig. 6-1, force - displacement curve for shell, solid continuum shell and solid-solid model 
 

 

 

 

 

 

 

 

Model 
Reaction 
force(KN) 

Nodal 
Displacement(mm) 

Strain(Major) 
% 

Strain(Mainor) 
% 

Shell_Conventionalshell 44,276 3,03 1,69 -0,32 

Solid_Continumshell 44,264 3,01 1,68 -0,31 

Solid_Solid 44,309 2,94 1,65 -0,5 
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6.3 Comparison of load-displacement curve between 0º, 45º and 90º specimen 

  

Figure 6-2 represents the load versus deformation (in the direction of the applied load) graphs 

for 0º, 45º and 90º specimens. For all specimens the increase of displacement is linearly 

constant with the applied load and fails instantaneously at 1.694% strain for the 0º specimen, 

1.695% for the 45º specimen and 1.62% strain for the 90º specimen. From this graph it is clear 

that, the 90º specimen experiencing lower deformation and has higher stiffness than the 45º and 

0º specimen. This is because the 90º specimen has more 0º ply orientations than the others (see 

table 9-1). The stiffness for 0º, 45º and 90º specimens calculated from this graph are as follows, 

 

Stiffness for 0º specimen: 14.53 MN/m 

Stiffness for 45º
 
specimen: 14.53 MN/m 

Stiffness for 90º specimen: 14.69 MN/m 

 

 

 

Fig. 6-2. Load -displacement curve for 0º, 45º and 90º specimen 
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6.4 Comparison of stress-strain curve between 0º, 45º and 90º specimen 

 

In figure 6-3, stress and major strain are the average stress and strain (in the longitudinal 

direction) of 45 integration points through the thickness. The stress-strain behavior of 0º, 45º 

and 90º specimens are similar in all respect. There is no difference in the shape of the stress-

strain curve. All of them are exhibiting linear elastic behavior up to the instantaneous failure 

and there is no plasticity. The only difference is, the 90º specimen experiencing higher stress 

than 0º and 45º specimens at the same strain level. The elastic modulus calculated from figure 

6-3 is, 

 

Modulus for 0º
 
specimen = 46.61 GPa 

Modulus for 45º
 
specimen = 46.01 GPa 

Modulus for 90º
 
specimen = 51.89 GPa 

 

 

Fig. 6-3, Stress- strain curve for 0º, 45º and 90º specimen 
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6.5 Parameter study (+/-) 2º
 
misalignment in fiber orientation 

 

Table 6-3 shows the values of stress and strain in the composite specimens under tension, with 

normal fiber orientation and misaligned fiber orientation. There is small difference in major 

strain when considering that the fibers are misaligned by -2º, compared with the normal fiber 

orientation. But, when the fibers are misaligned by +2º, there is 1.3% decrease in the major 

strain values (see fig. 9-5). The shear stress and shear strain are increasing with the -2º
 
fiber 

misalignment to a value of 1.59% in shear strain and 1.34% in shear stress (see fig. 9-6). These 

values of shear stress and shear strain are collected from a 45º
 
ply (ply-1), as the shear stress 

and shear strains has peak values in 45º
 
directional plies. For plies with 0º

 
and 90º

 
ply 

directions, the values of shear stress and shear strain are rather small and can be regarded as 

negligible.  The 45º
 
directional plies have negative values of the shear stress and shear strain 

while plies with -45º
 
direction have positive stress and strains values, but in both cases the 

magnitude are near about same.  

 

As an example for normal ply orientation in ply-1 (45º
 
ply) the shear stress is -78.89 MPa and 

shear strain is -2.51% while in ply-3 (-45º
 
ply) the shear stress is 76.77 MPa and shear strains is 

2.44%, in ply-2 (90º
 
E-glass) they are -0.74 MPa and -0.024%, and in ply-4 (0º) they are 0.77 

MPa and 0.024%. 

 

 

Fiber direction Major 

strain 

through 

thickness 

(%) 

Minor 

strain 

through 

thickness  

(%) 

Max shear 

strain ply-

1(45º), 

NE12, (%) 

Max shear 

stress ply-

1(45º), S12 

(MPa) 

Max stress, 

S von Mises 

(MPa) 

Normal fiber 

orientation 

1.694 -0.736  to -

0.324 

-2.51 -78.89 1849 

+2ºmisalignment in 

fiber orientation 

1.672 -0.731 to -

0.325 

-2.53 -79.51 1839 

-2ºmisalignment in 

fiber orientation 

1.689 -0.737 to -

0.323 

-2.55 -79.95 1855 

 

Table 6-3  Values of stress and strain with normal fiber orientation and misaligned fiber 

orientation. 
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6.6 Imperfection model 

 

In order to see the effect of imperfections a ``small region A´´ is created and studied, as shown 

in figure 6-4 below. Thus in region A, the fibers have been misaligned 1-2º
 
and the thickness 

reduced to 2.6 mm instead of 2.7mm. From this model it is found that the strain increases 

4.25% (1.72% in the imperfect region compared to its surrounding region 1.65%). So it can be 

said that imperfections like fiber waviness and variation in thickness can lead to premature 

failure in composite material under tensile loading. 

 

 

 

 
Fig. 6-4, FE result of strain for the specimen having some imperfection in a small region. 

Small region A 
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7. Conclusions and discussion 

 

In accordance with the preceding discussions, the analysis results obtained from 

Abaqus are discussed and relevant comparisons such as rule of mixture versus Halpin/Tsai 

model, shell model versus solid model, parameter study, imperfection model and measured 

values versus Abaqus results are done. The following conclusions are drawn: 

 

In the Halpin/Tsai model the material stiffness is higher than the rule of mixture model and 

yield lower strain than in the physical test result at the same applied load. On the other hand, 

the rule of mixture model predicts the same max. principal strains as the test data for  0º, 45º 

and 90º specimens using the ARAMIS system. 

 

Shell elements are more suitable than the solid elements when simulating a multilayer 

composite material. Since, it saves computational time with accurate results.  

 

For +/- 2º
 
misalignments in fiber orientation, in the result it could be seen that the shear strain 

and shear stress are increasing in the 45º directional plies. The difference is more for -2º
 

misalignment than +2º
 
misalignment. 

 

In addition, fiber waviness and variation in thickness are the most common type of defects in 

composite material due to their complicated manufacturing process. From the result it is clear 

that, this type of material imperfection will increase the strain on that region and lead to 

premature failure.   
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9. Appendix 
 

Ply no. Ply orientations for 15 different plies  

0º
 

specimen 

45º
 

specimen 

90º
 

specimen 

1 45 90 -45 

2 90 -45 0 

3 -45 0 45 

4 0 45 90 

5 90 -45 0 

6 45 90 -45 

7 90 -45 0 

8 -45 0 45 

9 0 45 90 

10 90 -45 0 

11 45 90 -45 

12 90 -45 0 

13 -45 0 45 

14 0 45 90 

15 90 -45 0 

   

Table 9.1 Ply orientations for 0º, 45º
 
and 90º

 
specimen 

 

 

 
Fig. 9-1, FE result for strain through thickness (rule of mixture model) 
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Fig. 9-2, FE result for strain through thickness (Halpin/Tsai model) 
 

 
 

 

 
 

Fig.9-3, Strain through thickness for solid continuum shell model 
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Fig. 9-4, Strain through thickness for solid-solid model 

 

 

 
Fig. 9-5, Strain through thickness with +2º

 
misalignment 
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Fig. 9-6, Strain through thickness with -2º
 
misalignment 
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