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ABSTRACT 

Characterization of a material is very important to determine its behavior and properties in different 

load conditions. There are different experimental tests that are used to determine these properties, 

but, making the samples and conducting the test can be very time and labor-consuming. The main 

aim of this work is to develop a digital finite element method that can be used to predict the 

behavior and the distribution of various parameters along with the specimen before or without 

actually conducting the experiments. This is a part of the process of development of a virtual lab 

that provides a common platform for learning and integrating different concepts required to 

characterize composites. The material properties that were given as an input for the simulations 

were predicted by using a micromechanical analysis of the fiber and matrix properties that were 

obtained from their respective datasheets and were validated with the experimental results. Hence, 

this method can be used for the analysis of any kind of material that has basic data available on its 

datasheets.  Five main test methods are discussed in this work, namely, off-axis tension, laminate 

tension, open hole tension and CTE analysis, free-edge effects and mode I fracture (Double 

Cantilever Beam) test. The results obtained from the simulation were compared to the analytical 

and experimental results for validation. Only linear elastic analysis was carried out for all the 

tensile specimen and the prediction of failure properties is a potential extension of this work.  
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1. INTRODUCTION 

Characterization of material is very crucial to determine its mechanical, microstructural properties. 

The behavior of the material can be analyzed and it helps the manufacturer to make crucial 

decisions about the applications of the material. Various failure and process-related problems can 

be solved by the data obtained by the characterization of the material. The material used was 

HEXCEL® AS4C-GP 12K / F155 40% RW; 145 AW; 24” unidirectional tape. It has carbon fiber 

as reinforcement and epoxy resin as the matrix system. Where HEXCEL is the name of the prepreg 

manufacturing company, F155 is the name of the resin system, AS4C-GP is the name of the fiber 

reinforcement which has 12K, that is, 12,000 filaments per tow with 145 grams of reinforcement 

per square meter. 40% RW denotes the weight percentage of the resin in the prepreg and the 

material has a unidirectional reinforcement type. 

 

The typical process of specimen fabrication and testing is very time, labor and cost consuming. 

Hence, digital twins were created for each of the characterization experiments in order to directly 

predict the properties of the material. The results from experiments and simulations were also 

validated. The modulus for the material was predicted by using a micromechanical analysis of the 

fiber and matrix properties as obtained from the material datasheets. Hence, these properties can 

be predicted in a similar manner and the test methods can be generalized for any given material. 

This would greatly increase the efficiency in the characterization of composite materials.  

 Test Specimen Fabrication for physical testing 

Test specimen fabrication is one of the most crucial steps in the characterization of the material.  

A lot of care has to be taken in this process as the results can vary largely when there is any mistake 

in the fabrication of the test coupons. Even to make a prepreg material, a lot of processing is done 

in which the fibers are impregnated with the resin material. A combination of these two 

components forms a composite material. The final property of the composite is hence a 

combination of the properties of the fiber and matrix. The material used to make the samples is 

comprised of carbon fibers impregnated with epoxy resin. Enough care should also be taken during 

the bagging process in order to avoid any vacuum leaks or formation of wrinkles. The plates are 
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then cured with a prescribed cure cycle and it was observed that the plates with symmetrical 

orientations did not have any curvature, but the ones with unsymmetrical orientations have a 

curvature due to the residual stresses caused by the CTE mismatch.  

1.1.1 Description of composites and its basic constituents 

Composites are materials made from two or more materials which have different chemical and 

physical properties, but, have different properties from the individual components when combined 

together. There are many advantages of composite materials. They are lighter and stronger than 

traditional materials and have a wide range of applications in many different industries. The two 

main constituents in a composite are matrix and reinforcement. The reinforcement material 

provides different physical properties that increase the performance of the matrix. Whereas, the 

matrix helps in binding the reinforcement materials to their relative positions and providing them 

enough support. There are a wide range and variety of materials from which one can choose any 

combination to make a composite material. A few of the typical reinforcement systems are shown 

in Figure 7 (in Appendix).  

1.1.2 Fabrication process and possible sources of error 

Over the last few decades, the cost of composites has dropped and the applications are increasing 

at a very fast rate. The usage of composites is still expensive in many industries because of the 

high-quality material needed.  

The typical process of making a laminate from the fiber and the reinforcements is shown in Figure 

8 (In Appendix). The fibers are impregnated with the resin to make a prepreg roll. The material is 

then cut from the prepreg roll into the required size with the required ply orientation and it is then 

laid up and cured as prescribed by the manufacturer. The laminate is then un-bagged and prepared 

for the required application. 

 

Hand lay-up is one of the most traditional methods used in the manufacturing of a composite part. 

It is highly labor-intensive and requires a lot of preparation in advance. The material has to be 

taken out of the freezer and has to be let to thaw to room temperature. But, care should be taken 

that the condensed water droplets do not enter into the material. The presence of water droplets on 
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the material can lead to a lot of problems while curing the part. While laying the plies on top of 

one another, a lot of care has to be taken while removing the bagging on the material. It has to be 

removed along the fiber direction so that the fibers do not get ripped apart. 

 

The bagging process is also very important and enough care has to be taken that there is no leak in 

the bag. This process can get really complicated while manufacturing complex parts. There should 

not be any wrinkles on the lay-up as there is a high chance that it gets transferred onto the part. 

Enough pressure should also be given as it is needed for the ply layers to adhere to each other. 

This data is usually given by the manufacturer itself and it depends on the fiber and matrix that is 

used to make the material. 

 

The ply orientation also plays a crucial role in the final part. Some of the plates that were 

manufactured had a curvature as they had an unsymmetrical lay-up. This is because of the residual 

stresses caused as a result of the CTE mismatch between the different layers in the laminate plate. 

This degree of curvature can usually be quantified by using the extension-bending coupling 

stiffness matrix for the given ply orientations. Hence, while formulating a ply sequence, care 

should be taken that the plies are symmetric and balanced. In this way, there is a consistency in 

the final part that we get and there will not be any presence of unanticipated curvatures in it.  

 Micromechanical Analysis of Fiber and Matrix properties 

 

Composites are usually highly anisotropic and it is usually very difficult to conduct detailed 

simulations at the macroscopic level as it is very computationally expensive to consider all the 

factors that affect the performance of a composite. Micromechanics is the study of the composite 

material by understanding the interaction between constituent materials on a microscopic scale. 

This helps in computing the material properties and failure mechanisms of composite materials. 

The main goal of micromechanics is to predict the anisotropic response of the heterogeneous 

material on the basis of the geometries and properties of the individual phases. A good 

micromechanical model does not require high computing power. The composites can be modeled 

based on various different dimensions of the structural genome where a simpler model is made to 
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approximate the structure. Figure 1 shows the different approximations that can be used in order 

to analyze plate-like structures.  

 

 

Figure 1.1: Analysis of plate-like structures approximated over an SG  

(Image from Multiscale Structural Mechanics (2017)) 

 

Figure 2 shows the transition between micromechanical studies to the laminate theory. There is an 

entire process involved in analyzing the properties of a composite by using the Mechanics of 

Structure Genome. The flowchart that describes this process is shown in Figure 3. The constitutive 

modeling over the structural genome was done using SwiftComp in order to get an approximation 

of the elastic constants.  

 

 

Figure 1.2: Composite models  

(Image from Multiscale Structural Mechanics (2017)) 
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Figure 1.3: Flowchart of the Mechanics of Structure Genome  

(Image from Multiscale Structural Mechanics (2017)) 

 

1.2.1 Representative Volume Element (RVE) Analysis 

The ply properties can be evaluated from the known properties of composite constituents (fiber 

and matrix phases). The microstructure of physical material is complex and uniform. There are 

different methods that can be used to determine the properties of the composite plate. The upper 

and lower bounds for the elastic properties are determined by the Voigt and Reuss rules of 

mixtures. A Representative Volume Element (RVE) method can also be used in order to get more 

close approximations of these values. An RVE is an elementary repetitive element that is present 

in the structure. Usually, this element can be used to determine the properties of the entire structure. 

There are different types of RVEs as shown in Figure 4. The common ones that are used are square 

array and hexagonal array.  
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Figure 1.4: Representative Volume Element 

 (Image from Multiscale Structural Mechanics (2017)) 

 

A hexagonal unit cell is still a better representation as all its six neighbors are identical and the 

distance between the centroids is the same for all of the neighbors. For a square array, there are 

two kinds of neighbors. One where the neighbors have a common edge and another set of 

neighbors where they have a common edge. They form a better fit for curved surfaces and have 

reduced edge effects. They also have the lowest perimeter to area ratio of any regular tessellation 

of the plane. The arrangement also minimizes the amount of material used to create a lattice of 

cells with a given volume.  
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1.2.2 Voigt and Reuss Rules of Mixtures  

To get an upper and lower bound of the properties, general rules of mixtures are used. The Voigt 

model is used for axial loading and the Reuss model is used for transverse loading. The stiffness 

calculated by the Voigt ROM is the upper limit and Reuss ROM is the lower limit for composite 

stiffness. This plot is shown in Figure 5.  

 

 

Figure 1.5: Bound on modulus with ROM  

(Image from Multiscale Structural Mechanics (2017)) 

 

The Voigt ROM assumes that the strain field within the RVE is constant, that is, 휀𝑖𝑗 = 휀�̅�𝑗 .  It 

assumes that the fiber and matrix act as springs in parallel and is appropriate for properties 

dominated by fibers. The effective stiffness is the volume average of the stiffness of the 

constituents.  

𝜎𝑖𝑗 = 〈𝜎𝑖𝑗〉 

𝐶𝑖𝑗𝑘𝑙
𝑉∗ = 〈𝐶𝑖𝑗𝑘𝑙〉 

 

The Reuss ROM assumes that the stress field within the RVE is constant, that is, 𝜎𝑖𝑗 = 𝜎𝑖𝑗 . It 

assumes that the fiber and matrix act as springs in series and is appropriate for properties dominated 

by matrix.  Effective compliance is the volume average of the compliance of the constituents.  

휀�̅�𝑗 = 〈휀𝑖𝑗〉 

𝑆𝑖𝑗𝑘𝑙
𝑅∗ = 〈𝑆𝑖𝑗𝑘𝑙〉 =  〈𝐶𝑖𝑗𝑘𝑙

−1 〉 
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It can be observed that the elastic properties can be extracted from the compliance matrix. The 

modulus of elasticity usually reduces with the decrease in the fiber volume fraction of the sample. 

The trend of the variation in the material properties is shown in Figure 9 (In Appendix).  

1.2.3 SwiftComp Results 

The micromechanical analysis was done on the material by using a 2D Structural Genome with a 

hexagonal unit cell in order to get the approximate values of the material properties of the 

composite. The material properties of the fiber and the matrix were found from their respective 

data sheets (Given in Appendix). The carbon tape that was used in this resin system weighs 145 

grams/ m2 and hence the corresponding material properties are used. A few properties were taken 

from similar materials with the same fiber volume fractions. Figure 6 shows the mesh of this 

structure with an unstructured mesh of an element size factor of 0.01.  

 

   

Figure 1.6: Mesh of hexagonal micromechanics model (left), Homogenization parameters 

(Right) 

 

This model was homogenized to be a solid element for the analysis and the stiffness and the 

compliance matrices were obtained and the elastic constants of the composite material were hence 

deduced from these matrices as follows: 
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1.4.1 AS4C Fiber Data Sheet: 
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1.4.2 F155 matrix Data Sheet: 
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1.4.3 Images 

 

Figure 1.7: Different reinforcement systems 

 

 

Figure 1.8: Manufacturing of a composite laminate 

Table 1- Comparative Properties of High Strength FibersTable 1- Comparative Properties of High Strength Fibers



40 

 

 

Figure 1.9: Trend of variation in material properties
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2. MODELING OF SPECIMEN FOR TENSILE TEST 

 Introduction 

2.1.1 Tensile test of a material 

The tensile test is the most basic mechanical test that can be performed while characterizing a 

material. In this test, the specimens are subjected to a tensile load until they reach their fracture 

point. The behavior of the material under a tensile load is determined. The data that is obtained 

from these tests is further used to determine properties like the ultimate tensile strength, yield 

strength and also the elongation of the specimen at fracture. Some of the elastic constants are also 

obtained from this data.  

 

When a composite material is under tension, the load is typically carried by both the fiber and the 

matrix. For a brittle fiber and a ductile matrix, there are three stages as shown in Figure 9 (In 

Appendix). Stage 1 comprises elastic deformation, in stage 2 the fiber has elastic behavior whereas 

the matrix has plastic behavior. In stage 3 both the matrix and the fiber have a plastic deformation.  

2.1.2 Modeling in Abaqus 

Abaqus is one of the most efficient software that is used to solve finite element problems of a wide 

range. In this work, five different tests that are used to characterize a composite material were 

modeled using Abaqus. The test specimens were modeled to full scale along with the glass fiber 

tabbing on them to study the end effects of these tabs. The Double Cantilever Beam (DCB) 

specimens were modeled with their respective stainless-steel hinges. These models hence act as 

the digital twins for the actual specimen that are tested in the experiment.  

 

The system of units is unique in Abaqus and care has to be taken that there is consistency in 

entering the values as input. For all the modeling that was carried out in this work, the following 

units were used: 

𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑚), 𝐹𝑜𝑟𝑐𝑒 (𝑁),𝑀𝑎𝑠𝑠 (𝑡𝑜𝑛𝑛𝑒; 103𝑘𝑔), 𝑇𝑖𝑚𝑒 (𝑠), 𝑆𝑡𝑟𝑒𝑠𝑠 (𝑀𝑃𝑎), 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑚𝐽; 10−3𝐽), 

 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑡𝑜𝑛𝑛𝑒

𝑚𝑚3
) 
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2.1.3 Constitutive relations 

Stress and strain are the most basic terms in the mechanics of materials. Tensile tests are used to 

plot the stress versus strain plots. The following equations are the basic descriptions of stress and 

strain: 

𝜎 =
𝐹𝑜𝑟𝑐𝑒

Area
 

휀 =
∆𝐿

L
 

Where stress is defined as the force acting per unit cross-section area and strain is defined as the 

ratio of change in length to the original length of the sample. Young’s modulus or elastic modulus 

is the measure of the stiffness of a material. It relates the proportion of stress to strain under elastic 

deformation. The relation is known as Hooke’s law and is formulated as,  

𝜎 = 𝐸 ∗ 휀 

Figure 10 (In Appendix) shows a plot of stress versus strain for composite material. The 

constitutive relations which determine the mechanical properties of the material are listed as 

follows: 

휀𝑖𝑗 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) 

휀𝑖𝑗,𝑘𝑙 + 휀𝑘𝑙,𝑖𝑗 − 휀𝑗𝑙,𝑖𝑘 − 휀𝑖𝑘,𝑗𝑙 = 0 

𝜎𝑗𝑖,𝑗 + 𝑓𝑖 = 0 

𝜎𝑖𝑗 = 𝑓𝑖𝑗(휀11, 휀22, 휀33, 휀23, 휀13, 휀12 ) 

2.1.3.1 Young’s Modulus 

The Young’s modulus of composite material is determined by the rules of mixtures.  The strength 

of the composite, when measured along the direction of the fibers, is known as the longitudinal 

strength. If the load is applied parallel to the fiber direction, the fiber and the matrix have the same 

strain and hence deform the same amount as in the following equation: 

휀𝑐 = 휀𝑓 = 휀𝑚 

Assuming a length of 1, hence, considering the areas as volumes, and applying the equal strain 

condition, the rules of mixtures can be applied to calculate the young’s modulus as follows: 

𝐸𝑐 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 
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The strength of a composite when measured perpendicular to the fiber direction is known as 

transverse loading. In this case, the loads on the matrix and the fiber are equal, hence 

𝑃𝑐 = 𝑃𝑓 = 𝑃𝑚 

The area normal to the loading direction is equal. Hence, the constituent stresses are equal as 

follows: 

𝜎𝑐 = 𝜎𝑓 = 𝜎𝑚 

For an iso-stress case, substituting these relations, we get, 

𝐸𝑇
𝐸𝑚

=
𝐸𝑓

𝐸𝑚𝑉𝑓 + 𝐸𝑓𝑉𝑚
 

2.1.3.2 Ultimate Tensile Stress 

Ultimate Tensile Stress is the maximum load the specimen can carry during the test. This value is 

the strength of the specimen at its first fracture and may always not be equal to the strength at the 

break. Tensile strength is defined as the ultimate stress at failure. 

2.1.3.3 Poisson’s Ratio 

Poisson’s ratio is defined as the ratio of transverse contraction strain to longitudinal extension 

strain in the direction in which the stretching force acts. In this experiment, only 𝜈12 and 𝜈21 were 

considered and they can be formulated as follows: 

𝜈12 =
−휀2
휀1

;   𝜈21 =
−휀1
휀2

 

 Overview of the experimental procedure 

2.2.1 Testing of the specimen in MTS 

The composites in which the fibers are continuously aligned along the axis have high strengths as 

they have high orthotropy. These laminates are strong longitudinally, whereas, they are weak 

transversely. This is because the orthotropic fibers are capable of carrying higher tensile loads 

along their length than an isotropic matrix. The test method that was used was an ASTM 

D3039/D3039M standard (test fixture as shown in figure 1). 
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Figure 2.1: ASTM D3039/D3039M test fixture 

 (Image from Experimental characterization of advanced composite materials (2014)) 

 

Wedged hydraulic grips are used in these tests. These grips perform well. But, they are heavier 

and bulkier than the mechanical wedge grips. These grips can also be changed if more friction has 

to be given to the specimens. The transfer of this load onto the specimen is very crucial. For high 

stress-bearing structures, holes cannot be drilled through them for the fixture as it might lead to 

local failure around the holes due to high-stress concentrations. Hence, clamping grips or tabs are 

used on the specimen. In this method, the load is transferred onto the specimen by shear on the 

clamp-specimen interface. Figure 2 shows the different types of test specimen geometries. These 

tabs are used to protect the end of the specimen from the grip damage. But they induce stress 

concentrations due to sudden change in the thickness.  

 

 

(a) Dog bone samples 

 

(b) End-tabbed samples 

Figure 2.2: Tensile test specimen geometries  

(Image from Experimental characterization of advanced composite materials (2014)) 
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The geometry of the test specimens was also set according to the standards. This was done to avoid 

the loading eccentricities on the sample. The typical width of a 0° laminate with 6-8 plies is 12.7 

mm width and for a 90° laminate with 16-24 plies, the width is 25 mm. The tab length is required 

to be greater than 38 mm and its thickness should be between 1.6-3.2 mm. The gauge length should 

be between 125-155 mm.  

2.2.2 Digital Image Correlation 

Digital Image Correlation (DIC) is an optical method that is used to measure the deformation on 

the surface of an object. This method tracks the changes in the speckle pattern on the sample. It is 

then used to determine the displacement and further translated into the strain field. Two cameras 

were used in order to generate a 3Dimensional image of the sample.  

 Micromechanical Analysis 

A micromechanical analysis was done for the three laminates to predict the material properties. 

The material properties of the fiber and the matrix were considered and the properties of the 

laminate were calculated by Representative Volume Element (RVE) method, where a hexagonal 

unit cell was considered. Figure 3 shows an RVE with a mesh size of 0.01 and a one-dimensional 

SG element. 
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(a) Hexagonal Unit Cell in an RVE 

                                                                      

(b) 1-D SG element (8 plies)                        (c) 1-D SG element (16 plies) 

Figure 2.3: Simulation images from SwiftComp 
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The data for the stiffness, compliance matrices along with the elastic constants for the three 

laminates is given in Figure 4. It can be observed that the values of the elastic constants are the 

same for the [90]8 and [90]16 samples and the data for the [0]8 sample is the same as the data 

obtained for the composite laminate in general. 

 

 

 

(a) [0]8 

 

Figure 2.4: SwiftComp simulation results 
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Figure 2.4 continued 

 

(b) [90]8 

 

 

(c) [90]16 
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 Comparison of experimental and simulation results 

Tensile tests on the 0o and 90o samples are very crucial to determine the values of the longitudinal 

and transverse Young’s modulus and Poisson’s ratio on a composite laminate. It was observed that 

the 0o sample was much stiffer than the 90o sample as all the fibers were aligned along the loading 

direction. These properties along with the tensile strength are intrinsic to the material and they do 

not depend on the thickness of the specimen. Hence, the properties obtained for the [90]8  and the 

[90]16 samples were very close to each other. The 0o samples were used to obtain the values of 𝐸1 

and 𝜈12 and the 90o samples were used to calculate the 𝐸2  of the material. The value of 𝜈21  was 

obtained from these 3 values by utilizing the symmetric property of the compliance matrix. The 0o 

samples also appeared to stiffen with the application of the load and this might be because the 

fibers get aligned along the direction of the load and hence make it stiffer along the loading 

direction.  
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Table 1 shows the values of Young’s modulus and the Poisson’s ratio that were obtained for each 

of the [0]8  samples and Table 2 shows the statistical values of a combination of these values. 

 

Table 2.1: Sample-wise data for [0]8   

Sample Tensile Modulus, E1 

(GPa) 

Poisons 

ratio, v12 

Tensile 

Strength 

X1 (MPa) 
0.001 to 

0.003 με 

0.008 to 

0.0014 με 

1 108.605 123.521 0.336 1890.650 

2 101.849 115.741 0.465 1730.500 

3 104.588 119.594 0.366 1868.974 

4 102.653 120.652 0.304 1755.318 

5 106.227 121.331 0.305 1841.700 

6 108.911 124.365 0.413 1884.959 

7 104.182 120.478 0.337 1862.802 

8 113.141 123.057 0.419 1922.212 

9 110.208 122.632 0.413 1818.364 

10 105.550 120.514 0.335 1872.303 

11 112.314 125.278 0.349 1873.674 

 

Table 2.2: Statistical averages of properties of [0]8   
 

Mean Standard 

deviation 

Co-variance 

E1(GPa) 107.112 3.798 3.545 

E1 Tangent Modulus 121.564 2.642 2.173 

ν12 0.367 0.053 14.320 

X1(MPa) 1847.405 58.233 3.152 
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Table 3 consists of specimen-wise data for the elastic constants and Table 4 consists of the 

statistical averages of the data for the [90]8 samples. Table 5 consists of specimen-wise data for 

the elastic constants and Table 6 consists of the statistical averages of the data for the [90]16 

samples. 

 

Table 2.3: Sample-wise data for [90]8 

Sample Tensile 

Modulus, E2 

(GPa) 

Poisons ratio, 

v21 

Tensile 

Strength X2 

(MPa) 

1 6.910 0.005 52.765 

2 6.574 0.021 54.832 

3 6.932 0.001 54.785 

4 7.095 0.053 57.474 

5 6.928 -0.007 51.342 

6 7.225 0.041 53.370 

7 7.038 -0.061 58.419 

8 7.451 0.074 48.303 

9 7.250 0.020 50.545 

 

Table 2.4: Statistical averages of properties of [90]8 
 

Mean Standard 

deviation 

Co-variance 

E2(GPa) 7.045 0.252 3.578 

v21 0.016 0.039 240.217 

X2(MPa) 53.537 3.247 6.065 
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Table 2.5: Sample-wise data for [90]16 

Sample Tensile Modulus, 

E2 (GPa) 

Poisons ratio, 

v21 

Tensile Strength 

(MPa), X2 

1 7.518 -0.013 59.166 

2 7.531 0.047 54.484 

3 7.065 0.031 52.684 

4 7.550 -0.017 58.856 

5 6.993 0.045 52.721 

6 7.143 0.014 57.965 

7 7.426 0.025 59.108 

8 7.671 0.012 59.352 

9 7.747 0.048 59.309 

10 7.617 -0.036 57.734 

 

Table 2.6: Statistical averages of properties of [90]16 
 

Mean Standard 

deviation 

Co-variance 

E2(GPa) 7.426 0.265 3.570 

𝜈21 0.016 0.029 187.850 

X2(MPa) 57.138 2.748 4.810 

 

Table 7 shows the values of tensile modulus, Poisson’s ratio and the ultimate tensile strength of 

the [0]8, [90]8 and [90]16  samples and Table 8 shows the data for [0]8 samples compared with 

the simulation results and the material datasheet. The values of 𝜈21 were calculated by using the 

formula 𝜈21 = 𝜈12 (
𝐸2

𝐸1
) by utilizing the symmetry of the compliance matrix as the DIC is very 

sensitive in obtaining this data.  
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Table 2.7: Summary of material properties 
 

[0]8 [90]8 [90]16 

Tensile modulus 

(GPa) 

107.112 7.045 7.426 

Poisson’s ratio 0.367 0.016 

(0.024) 

0.016 

(0.025) 

Ultimate strength 

(MPa) 

1847.405 53.537 57.138 

 

Table 2.8: Comparison of experimental, simulation data with material datasheet 
 

Experimental results Simulation 

results 

Material 

Data Sheet 

Tensile 

Modulus, E1 

(GPa) 

107.112 

(15.12% error) 

0.001-

0.003 με 

121.563 

(3.67% error) 

0.008-0.0014 με 

132.420 128.2 

Transverse 

Modulus, E2 

(GPa) 

7.235 8.347 - 

v12 0.367 0.327 - 

v21 0.025 0.020 - 

Tensile 

strength, X1 

(MPa) 

1847.4 

(0.72% error) 

- 1834 

X1 (Method2*) 1711.650 

0.01598*107.1 

1942.529 

0.01598*121.563 

Tensile 

strength, X2 

(MPa) 

55.34 - - 
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After conducting all the experiments on the tensile coupons, the elastic constants were measured 

and was compared to the values obtained from the simulation. Table 9 shows the comparison of 

simulation and experimental data. The values are obtained to be very close to each other. 

 

Table 2.9: Elastic constants from simulation and experiments 

Elastic Constants Simulation Experiments 

𝐸1 132.4 𝐺𝑃𝑎 128.2 𝐺𝑃𝑎 

𝐸2= 𝐸3 8.3 𝐺𝑃𝑎 7.4 𝐺𝑃𝑎 

𝐺12= 𝐺13 4.0 𝐺𝑃𝑎 3.9 𝐺𝑃𝑎 

𝐺23 2.5 𝐺𝑃𝑎 - 

𝜈12= 𝜈13 0.33 0.37 

𝜈23 0.63 - 

𝛼11 0.9
𝜇휀

℃
 1.1

𝜇휀

℃
 

𝛼22 = 𝛼33 38.0
𝜇휀

℃
 35.5

𝜇휀

℃
 

 

 Specimen geometry and material properties 

For all the tensile tests that are discussed in this document, 8-plied composite plates were used 

with different stacking sequences. The off-axis tensile specimens were made to be half-inch (12.7 

mm) wide and the other specimen was one inch (25.4 mm) wide. Figure 5 shows the geometry of 

the tensile coupon modeled to full-scale with the glass fiber tabbing on both sides. The tabs were 

modeled with a thickness of 3.175 mm (1/8th inch) and a length of 50.8 mm (2 inches). Hence, the 

gage length of the coupons was 152.4 mm (6 inches). The ply thickness was set to be 0.14224 mm 

as obtained from the physical measurements of the test specimen. For the respective tests, there 

can be small changes in the geometry of the coupons. The laminate is assumed to be perfectly 

bonded to the tabs. But, this is a very basic outline of all the tensile coupons in general. The 

specimens are modeled to have straight tabs. But, it is observed that the deformed tabs obtain an 

oblique shape after the specimens undergo tensile loading. Hence, in most of the cases, the 

experimental specimens are manufactured with oblique tabs. It can be observed that the transverse 
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and the normal directions are along the Z and Y directions respectively in the Abaqus model. 

Hence, the stresses, strains, and displacements have the respective nomenclatures. X, Y and Z 

directions are denoted by 1, 2 and 3 respectively in the output parameters.  

 

 

Figure 2.5: Geometry of the tensile coupons, One-inch width (Left), Half-inch width (Right) 

 

2.5.1 Material Properties 

The laminate was modeled to be an elastic orthotropic material with the material properties as 

obtained from the micromechanical analysis of the fiber-matrix properties as shown in the 

SwiftComp results for [0]8 laminate in Figure 6. The elastic constants that were given as the input 

for the lamina properties are as follows: 

𝐸1 = 132419.87 𝑀𝑃𝑎, 𝐸2 = 8292.3783 𝑀𝑃𝑎, 𝐸3 = 8292.3878 𝑀𝑃𝑎 

𝜈12 = 0.32756449, 𝜈13 = 0.32756426, 𝜈23 = 0.6289019 
 

𝐺12 = 3990.0636 𝑀𝑃𝑎, 𝐺13 = 3990.1516 𝑀𝑃𝑎, 𝐺23 = 2545.4251 𝑀𝑃𝑎 

The main purpose of using the micromechanical analysis to get the material properties is that they 

can be predicted from the details from the datasheet and hence, this method can be generalized to 

any composite material system with any laminate orientation. Another method would be to use a 

black Aluminum approach where the global elastic constants are predicted and they can be used 

as input without having any separate orientations for each lamina. But this approach would not 

give the variation of stresses across the thickness of the laminate and the properties would 

constantly be varying every time the stacking sequence of the laminate is changed.  
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All the tensile test specimens were modeled with elastic isotropic fiberglass tabs on them and the 

input material properties for the tabs as obtained from their datasheet are as follows: 

𝐸 = 11721.0874 𝑀𝑃𝑎, ν = 0.3  

The Double Cantilever Beam (DCB) specimen were modeled with stainless steel hinges on them 

and the properties of those hinges are as follows: 

𝐸 = 210000 𝑀𝑃𝑎, ν = 0.3  

2.5.2 Orientation of plies in the laminate 

As mentioned in the previous section, since each of the laminae is modeled as an orthotropic 

material, it is crucial to assign the material orientations accordingly. Hence, sections were created 

across the thickness of the laminate and local material orientations were assigned. For the off-axis 

tension test, 5 different laminates were modeled such as, [15]8, [30]8, [45]8, [60]8, [75]8. For the 

laminate tension test, laminates with 4 different stacking sequences such as [0 / ±45 /90]𝑠, [02 /

 ±45]𝑠, [902 / ±45]𝑠 , [±30 ]2𝑠. For the open-hole tension test, 3 laminates with three different 

hole sizes were modeled with stacking sequences as  [02/±45]𝑠, [0 / ±45 /90]𝑠, [±30 ]2𝑠 and the 

CTE analysis conducted for the [±30 ]2𝑠 laminate. For the test on free-edge effects, two different 

laminates, [±30 ]2𝑠 𝑎𝑛𝑑 [±30/902]𝑠 were compared. The Double Cantilever Beam (DCB) test 

was modeled for [0]24 specimen.  

Since local material orientations were assigned for each ply individually, while post-processing 

the data it is very crucial to transforming all the results back to the global coordinate system in 

order to obtain the global displacements, stresses, and strains. 

 Mesh Parameters and convergence studies 

A structured mesh with a mesh type of an 8-node linear brick, reduced integration, hourglass 

control with a global size of 1 was used to mesh the part. Few edges were seeded by assigning 

them a certain number of nodes for more accuracy of solutions at those locations. Each ply was 

seeded with 4 elements across the thickness. Each of the tabs was also seeded with 6 elements 

across the thickness. Figure 6 shows the mesh on half-inch (12.7 mm) and one-inch (25.4 mm) 

wide tensile coupons along with the seeded edges. The former and the latter parts have a total of 

121576 and 233800 elements on them respectively. 

 



57 

 

 

(a) Seeded edges at the laminate and the tabs 

  

(b) Mesh on the entire coupon (width: 12.7 mm) 

 

Figure 2.6: Mesh on the tensile test part geometries 
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Figure 2.6 continued 

 

(c) Mesh on the entire coupon (width: 25.4 mm) 

 

A mesh convergence study was carried out for the parameters described in Table 10. Figure 9 also 

shows the variation of these parameters with the number of elements in the model. The number of 

elements is varied depending on the global mesh size that was assigned to the geometry. This study 

was done to check the variation of parameters with the increase in the number of elements in the 

geometry. Hence, the computational time can be significantly reduced when the number of 

elements is reduced without significantly reducing the parameters that are studied. Two plots are 

made for mesh convergence because of the difference in the scale and to make the plots more 

defined. 
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Table 2.10: Mesh convergence study data for tensile test specimen 

Mesh Size Number of 
elements 

Number of 
nodes 

Max S. Mises 
(MPa) 

Max S11 
(MPa) 

Max RF 
mag 
(N) 

0.5 468400 501852 1120.8 1156.8 57.93 

0.6 327768 353958 1120.5 1156.4 57.62 

0.7 241200 262599 1119.6 1155.9 57.32 

0.8 187200 205275 1119.4 1155.2 57.11 

0.9 144704 160110 1119 1154.8 56.85 

1 121576 135282 1118 1154 56.16 

1.1 101952 114192 1110.6 1148.7 58.31 

1.2 85360 96336 1092 1129.4 86.65 

1.3 71760 81708 1075.6 1102.6 94.81 

1.4 59904 68940 1010.9 1047.6 100.8 

1.5 50048 58347 1006 1035 121.2 

 

 

 

Figure 2.7: Mesh convergence study plots for tensile test specimen 
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 Boundary and Load conditions 

The sample is gripped by the wedges in the MTS. The grips apply a pressure of 1500 psi (10.3421 

N/mm2) on the surface of the tabs. The movement of the sample is restricted in the transverse and 

the normal directions and the load is applied on one side of the sample by using a method of 

displacement control where the rate of displacement is 2mm/min. This load is applied in a quasi-

static manner where a displacement of 2 mm is applied for a time period of 60s. Figure 8 shows 

the load and boundary conditions applied to the sample. The grip pressure is applied on the sample 

as a ‘Total Force’ where the pressure is uniformly distributed and its magnitude is the total 

magnitude of the applied force.  

 

 

Figure 2.8: Load and Boundary Conditions on the tensile coupon 

 Step Outputs 

A step was created with a type of static, general and the simulation was run for a time period of 60 

s with the initial and maximum increment size of 1 and a minimum increment of 0.0006. The 

maximum number of increments was set to be 100. All the loads and boundary conditions were 

applied in this step in linear increments. Each unit time interval displays how the tensile coupon 

deforms at every second and how the stresses and strains are varied gradually. 
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Hence, a linear elastic analysis was carried out for the tensile tests and the results were analyzed 

for the different outputs that are required from the respective tests.  
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 Appendix 

2.10.1 Arc-Resistant GP03 Fibre Glass sheet Data Sheet: 
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2.10.2 Poisson’s Ratio data: 
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2.10.3 Images 

 

 

Figure 2.9: Mechanical behavior of composites 

 

 

 

Figure 2.10: Stress-strain curve for matrix and fibers 
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3. MODELING OF SPECIMEN FOR CTE TEST 

 Introduction 

3.1.1 Coefficient of Thermal Expansion (CTE) 

The coefficient of thermal expansion (CTE) is a material property that is indicative of the extent 

to which a material expands upon heating. It is related to the binding energy of the material. Larger 

the bonding energy, lower the CTE of the material. The thermal expansion is due to the asymmetric 

curvature of the potential energy trough as shown in Figure 1a. It is also reflected by an increase 

in the average interatomic distance as shown in Figure 1b. 

 

 

Figure 3.1: Potential Energy Vs interatomic distance 

 (Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed) 

 

For polymers, the magnitude of CTE reduces with the increase in crosslinking. The lowest CTE is 

found in the thermosetting network of polymers where the covalent bonds are strong. Figure 2 

shows the different kinds of cross-linking in polymers. 

 

 

Figure 3.2: Different types of cross-linking in polymers  

(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed) 
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Composites are used in the temperature ranges between -50 oC to 170 oC in the aerospace industry. 

Hence, it is very important to analyze their properties between wide ranges of temperatures.  CTE 

is often defined by the glass transition temperatures of the material. Glass transition temperature 

of a material can be defined as the temperature, below which the physical properties of plastics 

change to those of a glassy or crystalline state. The material is hard and brittle below the glass 

transition temperature and it is soft, flexible and in a rubbery state above the glass transition 

temperature. Figure 3  shows the variation of the physical property of the material with respect to 

temperature.  

 

 

Figure 3.3: Variation of the physical property with temperature  

(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed) 

 

3.1.2 Constitutive relations for thermal expansion 

The thermal expansion of a body is defined as the change in dimensions of it as a result of the 

change in temperature. There are many structures that undergo a change in temperature as they are 

subjected to different conditions as a part of their application. The coefficient of thermal expansion 

of a material is defined as follows:  

𝛼 =
𝛥휀

𝛥𝑇
 

Where 𝛥휀 is the increment of strain for an unconstrained material that is subjected to a temperature 

change of 𝛥𝑇. Hence, for small temperature ranges, thermal expansion of uniform linear objects 

is proportional to the temperature change. If the value of CTE of material is negative, it implies 

that it contracts upon heating. Composite laminae are orthotropic and hence, the in-plane thermal 

deformation in the orthotropic composite lamina can be given by:  



68 

 

𝛼1 =
𝛥휀1
𝛥𝑇

;   𝛼2 =
𝛥휀2
𝛥𝑇

 

 

Where 𝛥휀1 and 𝛥휀2 are the thermally induced strains in the principal material directions. Hyer and 

Wass determined a self-consistent field relationship for CTE which is given by the following 

equations. Here, the fiber(f) and matrix(m) properties are used to determine the values of CTE in 

the principal material coordinate system.  

𝛼1 =
𝛼1𝑓𝐸1𝑓𝑉𝑓 + 𝛼𝑚𝐸𝑚𝑉𝑚

𝐸1𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚
 

𝛼2 = 𝛼3 = (𝛼2𝑓 + 𝜈12𝑓𝛼1𝑓)𝑉𝑓 + 𝛼𝑚(1 + 𝜈𝑚)(1 − 𝑉𝑓) − (𝜈12𝑓𝑉𝑓 + 𝜈𝑚𝑉𝑚) [
𝛼1𝑓𝐸1𝑓𝑉𝑓+𝛼𝑚𝐸𝑚𝑉𝑚

𝐸1𝑓𝑉𝑓+𝐸𝑚𝑉𝑚
]  

  

The composite laminates exhibit transversely isotropic CTEs and its value in the fiber direction is 

close to zero. The CTE of the matrix phase is restricted by the fibers in the fiber direction. The 

laminates expand more in the transverse direction as the CTE is unconstrained by the fibers in the 

transverse direction.   

3.1.3 Residual stresses in composite laminates 

Residual stresses can be defined as the internal stress distributions that are locked into the material. 

They are present even after the external loading forces have been removed. These stresses can be 

caused by thermal stresses and chemical shrinkage in composites and are a result of the material 

obtaining equilibrium after it has undergone plastic deformation. A unidirectional laminate has no 

residual stresses in the ply-scale as there is no inhibition to its desire to expand in the transverse 

direction, whereas, in a cross-ply laminate, the expansion of one layer is restrained by its 

neighboring layer that desires to expand in the opposite direction. This leads to the formation of 

stresses between the layers. Figure 4 shows the constrained and unconstrained expansions in 

unidirectional ply and cross-ply laminates respectively. 
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Figure 3.4: Unconstrained and constrained expansion in unidirectional and cross-ply laminates 

(Image from Multiscale Structural Mechanics (2017)) 

 

3.1.4 Coefficient of Thermal Expansion for composite laminates 

The coefficient of thermal expansion in a composite laminate can be determined theoretically by 

using composite laminate plate theory. It assumes the thickness of the laminate is much smaller 

than its length or width, which allows the elimination of out of plane shear and strain.  The stiffness 

form of the laminate constitutive relations is written as follows: 

[
𝑁
𝑀
] = [

𝐴 𝐵
𝐵 𝐷

] [휀
0

𝜅
] 

Where N is the force per unit width, M is the laminate resultant moment per unit width, 휀0 are the 

mid-plane strains 𝜅 are the laminate mid-plane curvatures. The following equation represents the 

compliance form of the laminate constitutive equations as follows: 

[휀
0

𝜅
] = [

𝑎 𝑏
𝑏 𝑑

] [
𝑁
𝑀
] 

For a symmetric and balanced laminate, 𝑏 = 𝑐 = 0 and hence, the equation reduces to the 

following: 

[휀
0

𝜅
] = [

𝑎 0
0 𝑑

] [𝑁
𝑇

𝑀𝑇] 

For a thermal analysis, 𝑁𝑇  and 𝑀𝑇 are thermally induced forces and moments. In this experiment, 

𝑀𝑇 = 0. Hence, the equation is reduced to the following: 

[휀0] = [𝑎][𝑁𝑇] 

[𝜅] = [0] 

[

휀𝑥
휀𝑦
𝛾𝑥𝑦
] = [

𝑎11 𝑎12 0
𝑎12 𝑎22 0
0 0 𝑎66

] [
𝑁𝑥
𝑇

𝑁𝑦
𝑇

0

] 
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γ𝑥𝑦 = 0  shows that the balanced laminate will not deform in shear due to the temperature change. 

Hence, reducing to the in-plane terms, we get the following relation: 

[
휀𝑥
0

휀𝑦
0] = [

𝐴11 𝐴12
𝐴12 𝐴22

]
−1

[
𝑁𝑥
𝑇

𝑁𝑦
𝑇] 

Combining the equation with the relation of the CTE,  𝐿 = 𝐿0(1 + 𝛼𝛥𝑇), we get the following 

relation: 

[
𝛼𝑥𝛥𝑇
𝛼𝑦𝛥𝑇

] = [
𝐴11 𝐴12
𝐴12 𝐴22

]
−1

[
𝑁𝑥
𝑇

𝑁𝑦
𝑇] 

 

𝜶𝒙 =
𝒂𝟏𝟏𝑵𝒙

𝑻 + 𝒂𝟏𝟐𝑵𝒚
𝑻

𝜟𝑻
 

𝜶𝒚 =
𝒂𝟏𝟐𝑵𝒙

𝑻 + 𝒂𝟐𝟐𝑵𝒚
𝑻

𝜟𝑻
 

 Overview of the experimental procedure  

The procedure carried out in this experiment is not the ASTM standard and the most commonly 

used ASTM standards used to estimate the coefficient of thermal expansion are D696 and E228 

which use a push rod dilatometer for a temperature range of –30 to 30 oC and –180 to 

900 oC respectively. E289 is another method using an interferometer which is a non-contact and 

absolute measurement that is suitable for low CTEs as in the case of a fiber. The precision is greater 

than 40 nm/m/K. Figure 16 (In Appendix) shows the pushrod dilatometer that is used for the 

determination of CTE with ASTM standards.  

 

3.2.1 Set-up of the experiment 

The samples ([±30]2𝑠 laminates) were prepared and speckled using the high-temperature paint. 

Holes of two sizes of diameter, 
1

8
” (3.175 mm) and ¼” (6.35 mm) were drilled on the laminates. 

Only one layer of the paint was applied as the CTE of the material is quite low and if more layers 

of paint are applied, we would measure the CTE along with the CTE of the paint. Figure 5 shows 

the speckled samples that were used for the CTE analysis. INSTEC temperature controller was 

used to create the recipe and the sample was placed in the set-up to conduct the analysis. DIC set-
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up was used for obtaining the 2D strain on the specimen. Only one camera was used in this case 

and the aperture was set in such a way that the displacement of the sample is perpendicular to it. 

It is ensured that the specimen has proper lighting and focus and the program is run with the set 

recipe. Figure 6b shows the extent of the focus of the specimen. It can be seen that the specimen 

is properly focused for the analysis.  

Figure 7 shows the INSTEC mk2000 temperature controller that was used to conduct the analysis. 

The temperature stability is + 0.01 oC and it has a temperature resolution of + 0.1 oC. Figure 7b 

shows the experimental set-up and the apparatus used for CTE analysis.  

The DIC images were taken every 15 seconds and the temperature data is taken about once every 

second and is automatically written into a file. Figure 6b shows the DIC set focusing on the sample. 

An area of interest is chosen on the DIC images as shown in Figure 8. The area is partitioned into 

50 subsets and the strain data was averaged within each subset. All the DIC images are analyzed 

according to the area of interest and the strain is collected into a single data file. Figure 9 shows 

the variation of X for the cooling cycle and the variation of Y for the heating cycle on the specimen 

with a hole diameter of 3.683 𝑚𝑚. To avoid the free-edge effects around the hole, the region 

surrounding it is removed during the analysis. 

 

 

 

Figure 3.5: Speckled specimen before analysis
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(a) Placement of the sample                           

 

    

(b) Focus of sample in DIC 

 

Figure 3.6: Set-up of the specimen in the apparatus 

 



73 

 

        

(a)  INSTEC mk2000 temperature controller                 (b) Experimental apparatus 

Figure 3.7: Apparatus 

 

 

 

Figure 3.8: DIC analysis of the sample with two different regions of interest
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Figure 3.9:  X and Y deformation on the sample with a hole diameter 3.683 mm for cooling (left) 

and heating (right) cycles respectively with a maximum temperature of 100𝑜C 

 

The samples were heated or cooled with a series of steps with two stages. Stage 1 was where they 

were heated or cooled 10 degrees at a rate of 4 oC/min and stage 2 was where they were held at 

the same temperature for 5 minutes. In the heating cycle, the samples were heated from 30 oC to 

180 oC and brought back to 30 oC. In the cooling cycle, the samples were cooled from 20 oC to -

50 oC and brought back to 20 oC.  

3.2.2 Prediction of CTE from cdmHUB data 

Figure 11 shows the properties obtained from cdmHUB for the [±30]2𝑠 laminate. It can be 

observed that the CTE is predicted to be negative in the longitudinal direction and positive in the 

transverse directions. This implies that the sample shrinks in the longitudinal direction when it is 

heated.  
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Figure 3.10: Laminate properties from cdmHUB for [±30]2𝑠 

 Comparison of cdmHUB results with experimental data 

Tables 1 shows the comparison of the CTE data from the experiment with the results obtained 

from cdmHUB. The average values of 𝛼1 was obtained to be -8.83 με/oC and -2.75 με/oC for 

heating and cooling respectively. Similarly, the average values of 𝛼2 was obtained to be 31.95 

με/oC and 18.5 με/oC for heating and cooling respectively. The average value of the heating and 

cooling cycles was obtained to be close to the experiment. 

 

Table 3.1: Comparison of CTE data for [±30]2𝑠 

Laminate 

CTE 

Analytical 

(𝜇휀/℃) 

Experiment 

heating cycle 

(𝜇휀/℃) 

Experiment 

cooling cycle 

(𝜇휀/℃) 

Average from 

experiment 

(𝜇휀/℃) 

𝛼𝑥 −4.5 −8.83 −2.75 −5.79 

𝛼𝑦 24.1 31.95 18.5 25.23 

 Specimen geometry and material properties 

For the CTE tests that are discussed in this document, 8-plied composite plates with a stacking 

sequence of [±30]2𝑠 were used. The specimens were manufactured in such a way that they have 

dimensions of a square with a side of one-inch (25.4 mm). Figure 12 shows the geometry of the 

CTE specimen modeled to full-scale with holes of two sizes of diameter [1/
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8” (3.175 mm) and ¼” (6.35 mm)] cut through them. The ply thickness was set to be 0.14224 

mm as obtained from the physical measurements of the test specimen. They were modeled as a 

squared specimen with a side of one-inch (25.4 mm). 

The input of lamina material properties for the CTE specimen is the same as the tensile test 

specimen. However, in the definition of material behavior, a tab for expansion was also created 

defining the values of Co-efficient of Thermal Expansion (CTE) for the orthotropic lamina at a 

reference temperature of 20𝑜 𝐶. The values of lamina CTE that were given as input are as follows: 

𝛼11 = 0.898 𝜇휀/℃, 𝛼22 = 𝛼33 = 38 𝜇휀/℃  

 

 

Figure 3.11: Geometry of the CTE specimen, 1/8-inch hole diameter (Left), 1/4-inch hole 

diameter (Right) 

 Mesh Parameters and convergence studies 

A structured mesh with a mesh type of an 8-node linear brick, reduced integration, hourglass 

control with a global size of 0.3 was used to mesh the part. Few edges were seeded by assigning 

them a certain number of nodes for more accuracy of solutions at those locations. Each ply was 

seeded with 4 elements across the thickness. The region around the hole was seeded with 40 

elements along the circumference. Figure 13 shows the mesh on the CTE specimen with two 
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different sizes of hole diameter [1/8” (3.175 mm) and ¼” (6.35 mm)] through them. The former 

and the latter parts have a total of 216800 and 195968 elements on them respectively. Different 

sections were created on the part (as shown in Figure 12) in order to get a structured mesh around 

the hole. 

 

 

Figure 3.12: Mesh on the CTE part geometries 

 

A mesh convergence study was carried out for the parameters described in Table 2. Figure 14 also 

shows the variation of these parameters with the number of elements in the model. The number of 

elements is varied depending on the global mesh size that was assigned to the geometry. This study 

was done to check the variation of parameters with the increase in the number of elements in the 

geometry. Hence, the computational time can be significantly reduced when the number of 

elements is reduced without significantly reducing the parameters that are studied. Two plots are 

made for mesh convergence because of the difference in the scale and to make the plots more 

defined. 
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Table 3.2: Mesh convergence study data for CTE specimen 

Mesh Size Number of 
elements 

Number of 
nodes 

Max S. Mises 
(MPa) 

Max S11 
(MPa) 

Max E22  

0.1 1899008 1975512 3787.9 1150.7 0.216 

0.2 476800 500610 3786.2 1149.2 0.214 

0.3 216800 229746 3785 1148 0.213 

0.4 129152 138072 3672.4 1042.5 0.204 

0.5 79360 85800 3467 984.6 0.192 

0.6 55808 60984 3258 911.3 0.175 

0.7 42112 46464 3174 900.6 0.1742 

0.8 33408 37224 3125 889.1 0.1659 

0.9 25728 29040 2987 876.4 0.1634 

1 22272 25344 2935 863.7 0.1621 

 

 

  

Figure 3.13: Mesh convergence study plots for CTE specimen 

 Boundary and Load conditions 

As described in the experimental procedure section, the samples were placed in INSTEC mk2000 

temperature controller to conduct the tests. They were modeled ensuring that the boundary 

conditions are the same as the test apparatus. In order to avoid free body translation, the two 

mutually perpendicular midplanes of the specimen were constrained from the motion along X and 



79 

 

Y directions respectively. The bottom face was constrained from movement along the Z direction. 

Figure 15 shows the boundary conditions applied to the specimen. 

 

 

Figure 3.14: Boundary conditions on CTE specimen 

 

For applying the temperature boundary conditions on the specimen, predefined fields were created 

for both the initial conditions and for the temperature ramp to be applied in the step. The predefined 

field was temperature and it was set to be constant throughout the region that contained the 

specimen. The initial value of the temperature was set to be 300𝐶 for the heating cycles and 200𝐶 

for the cooling cycles. The magnitudes of temperature in heating and cooling ramps were given as 

an amplitude as shown in Figure 16. The ramp was an increase or decrease of 100𝐶 at a rate of 
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40𝐶/𝑚𝑖𝑛 and the specimen was held at that temperature for 5 minutes. The maximum temperature 

in the heating cycle was 1800𝐶 and the minimum temperature in the cooling cycle was −1000𝐶 

according to the limitations of the experimental apparatus. The heating cycle has a total time period 

of 13200 s and the cooling cycle has a total time period of 10500 s. For the first half of these cycles, 

the temperature is ramped to reach the maximum or the minimum value and in the second half, it 

is brought back to room temperature. Simulations were also carried out for the cooling cycle with 

a minimum temperature of −180℃. This was done to compare the variation of deformation 

between 180℃ and −180℃ since there is no limitation on the minimum temperature in Abaqus. 

 

   

Figure 3.15: Load and Boundary Conditions on the tensile coupon 

 Step Outputs 

A step was created with a type of static, general and the simulation was run for a time period of 1s 

with the initial and maximum increment size of 1 and a minimum increment of 1e-5. The maximum 

number of increments was set to be 100. All the loads and boundary conditions were applied in 

this step in linear increments. The whole analysis was carried out in this single step as the main 

output required was the final deformation of the laminate and not on how it deforms for every unit 

time interval. 
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Figure 3.16: Pushrod dilatometer 
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4. OFF AXIS TENSION 

 Introduction 

4.1.1 Analysis of shear strength 

In the characterization of a composite laminate, it is very important to analyze its shear strength. 

This is because most of the applications of the composite materials are not in the axial loading 

direction and the overall strength of the composite material depends on the shear strength of the 

material. Typically, [± 45]𝑠 laminates were used to calculate the shear properties of the material. 

But, the fracture mechanism in these laminates is quite difficult to analyze due to the complex 

interactions between the +45o and -45o plies which causes difficulty in defining locations where 

the ply failure may happen. For this reason, the off-axis tensile test is used where the laminates are 

designed to have failures that are shear-dominated.  

The plane stress reduced stiffness and compliance matrices in the laminate coordinate system are 

as follows: 

[

𝜎1
𝜎2
𝜏12
] = [

𝑚2 𝑛2 2𝑚𝑛
𝑛2 𝑚2 −2𝑚𝑛
−𝑚𝑛 𝑚𝑛 (𝑚2 − 𝑛2)

] [

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦

] 

[

휀1
휀2
𝛾12
] = [

𝑚2 𝑛2 𝑚𝑛
𝑛2 𝑚2 −𝑚𝑛

−2𝑚𝑛 2𝑚𝑛 (𝑚2 − 𝑛2)
] [

휀𝑥
휀𝑦
𝛾𝑥𝑦
] 

𝑚 = 𝑐𝑜𝑠𝜃 

𝑛 = 𝑠𝑖𝑛𝜃 

For the off-axis specimen, the loading is only in the axial direction and hence, the stress in the 

transverse direction and the shear strain are zero. Hence, for this specimen, the compliance matrix 

is given as follows: 

[

휀𝑥
휀𝑦
𝛾𝑥𝑦
] = [

𝑆1̅1 𝑆1̅2 𝑆1̅6
𝑆1̅2 𝑆2̅2 𝑆2̅6
𝑆1̅6 𝑆2̅6 𝑆6̅6

] [

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦

] 

Since the values of 𝜎𝑦 and 𝜏𝑥𝑦 are zero for the specimen, the matrix can be reduced as follows: 
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[

휀𝑥
휀𝑦
𝛾𝑥𝑦
] = 𝜎𝑥 [

𝑆1̅1
𝑆1̅2
𝑆1̅6

] = 𝜎𝑥

[
 
 
 
 
1
𝐸𝑥
⁄

−𝜈𝑥𝑦
𝐸𝑥
⁄

𝜂𝑥,𝑥𝑦
𝐸𝑥
⁄ ]

 
 
 
 

 

Hence, the engineering constants for the specimen can be obtained as follows: 

𝐸𝑥 =
𝜎𝑥
휀𝑥
=

1

𝑆1̅1
 

𝜈𝑥𝑦 = −
휀𝑦

휀𝑥
= −

𝑆1̅2

𝑆1̅1
 

𝜂𝑥,𝑥𝑦 =
𝛾𝑥𝑦

휀𝑥
=
𝑆1̅6

𝑆1̅1
 

The in-plane shear modulus can be calculated as follows where 𝑚 =  𝑐𝑜𝑠𝜃 and 𝑛 =  𝑠𝑖𝑛𝜃  

  

𝑮𝟏𝟐 =
𝝉𝟏𝟐
𝜸𝟏𝟐

= −
𝒎𝒏𝝈𝒙

𝟐𝒎𝒏(𝜺𝒚 − 𝜺𝒙) + (𝒎𝟐 − 𝒏𝟐)𝜸𝒙𝒚
 

4.1.2 Effect of end-constraints (tabs) on the test specimen 

The off-axis specimen tends to deform at the ends due to the shear when they are free. But, when 

it is constrained by tabs on the ends, it gets constrained leading to a more complex loading state. 

This causes the specimen to deform in an S-shape as shown in Figure 21 (in Appendix).  

 

It can be observed that the value of 𝐺12 can be calculated from the material properties and can be 

compared against the experimental values. However, these equations assume that the specimen is 

allowed to freely deform under the load. But, the specimens are gripped using the tabs and hence, 

they are constrained leading to a complex loading condition as shown in Figure 21. Hence, to 

correct the effects of the constraint due to tabs on the ends, the following equation is used for the 

calculation of Young’s modulus, where, w is the width of the specimen, 𝐸𝑥 is Young’s modulus 

of the unconstrained specimen and 𝐿𝐺  is the gauge length: 

𝐸𝑥 = 𝐸𝑥,𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 [1 −
1

𝑆1̅1
(

3𝑆1̅6
2

3𝑆6̅6 + 2𝑆1̅1 (
𝐿𝐺
𝑤)

2)] 
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= 𝐸𝑥,𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

[
 
 
 
 

1 −

(

 
 3𝜂𝑥,𝑥𝑦

3𝐸𝑥
𝐺𝑥𝑦

+ 2(
𝐿𝐺
𝑤)

2

)

 
 

]
 
 
 
 

 

It can be observed that as the value of 𝐿𝐺/𝑤 approaches infinity, the value of 𝐸𝑥,𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 tends 

towards the value of 𝐸𝑥.  

4.1.3 Determination of failure in off-axis specimen 

For determining the deformation and failure in the off-axis specimen, there is no single criterion 

that can be used. The most popular criteria are maximum stress, maximum strain, maximum shear, 

and Tsai-Wu criterion.  

Analysis of the failure characteristics is also very important in order to understand the performance 

of composite laminates. There are different types of failure criteria that can be used to analyze 

failure in composite laminates. Figure 22 (in Appendix) shows the plot for the failure envelope for 

a typical anisotropic material for different failure criteria. The material does not fail as long as the 

values of stress are within the envelope. The failure index is 1 when the values of the stress lie 

exactly on the curve.  

4.1.3.1 Maximum Stress Failure 

Failure happens when the value of any of the stress components in the principal material axes 

exceeds the value of strength in that direction. The following equations denote the failure in this 

criterion: 

𝜎1 = 𝑋1
𝑇 

𝜎1 = −𝑋1
𝐶 

𝜎2 = 𝑋2
𝑇 

𝜎2 = −𝑋2
𝐶 

𝜏12 = 𝑆6 

𝜏12 = −𝑆6 

Where, 𝑋1
𝑇, 𝑋1

𝐶 , 𝑋2
𝑇, 𝑋2

𝐶  represent the tensile and compressive strengths in the 1 and 2 directions 

respectively and 𝑆6 is the strength in 1-2 direction.  
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4.1.3.2 Maximum Strain Failure 

Failure happens when the value of any of the strain components in the principal material axes 

exceeds the value of ultimate strain (uniaxial tension, compression, and pure shear) in that 

direction. The following equations denote the failure in this criterion: 

휀1 = 𝑒1
𝑇 

휀1 = −𝑒1
𝐶  

휀2 = 𝑒2
𝑇 

휀2 = −𝑒2
𝐶 

𝛾12 = 𝑒6 

𝛾12 = −𝑒6 

Where, 𝑒1
𝑇, 𝑒1

𝐶, 𝑒2
𝑇, 𝑒2

𝐶 represent the ultimate tensile and compressive strains in the 1 and 2 

directions respectively and 𝑒6 is the ultimate strain in 1-2 direction.  

4.1.3.3 Tsai-Wu Failure 

The Tsai-Wu failure criteria are used for anisotropic composite materials that have different 

strengths in the tensile and compressive directions. It is a particular case of the generalized Hill 

yield criteria. It is used to predict the failure when the failure index in the laminate reaches 1. It is 

a specialization of the general failure criterion given by Kopnov and Gol’denblat and it is 

expressed in the following form: 

𝐹𝑖𝜎𝑖 + 𝐹𝑖𝑗𝜎𝑖𝜎𝑗 ≤1 

Where, i, j range from 1 to 6 and the stresses are represented in Voigt notation, 𝐹𝑖𝑗 should satisfy 

the following condition: 

𝐹𝑖𝑖𝐹𝑗𝑗 − 𝐹𝑖𝑗
2 ≥0 

Hence, 𝐹𝑖𝑖 must be positive.   

For the off-axis specimens, the Tsai-Wu failure criteria can be represented by the following 

formula: 

𝐹1𝜎11 + 𝐹2𝜎22 + 𝐹11𝜎11
2 + 𝐹22𝜎22

2 + 2𝐹12𝜎11𝜎22 + 𝐹66𝜎6
2 = 1 

The coefficients are calculated as follows: 

𝐹1 =
1

𝑋𝑇
+
1

𝑋𝐶
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𝐹2 =
1

𝑌𝑇
+
1

𝑌𝐶
 

𝐹11 = −
1

𝑋𝑇𝑋𝐶
 

𝐹22 = −
1

𝑌𝑇𝑌𝐶
 

𝐹66 =
1

𝑆2
 

The value of the interaction coefficient, 𝐹12 can be predicted from complex experimental methods 

or can be approximated as follows: 

𝐹12 = −
1

2
√𝐹11𝐹22 

The values of 𝐹1, 𝐹11 are obtained from the stiffness results of longitudinal tension and 

compression tests and the values  𝐹2, 𝐹22 are obtained from the stiffness results of transverse 

tension and compression tests. 𝐹66 is obtained from the shear test. 

 Experimental Procedure 

Samples were made with 5 different orientations of the lamina, [15]8, [30]8, [45]8, [60]8, [75]8. 6 

samples of each orientation were tested. Three measurements were taken of the samples for each 

of the values of thickness, width and gage length. The coupons were first spray-painted on one 

side with white color and they were speckled with a dot size of 0.013. to analyze the data with 

DIC. The relative displacement of these speckles is analyzed to calculate the strain on the 

specimen.  

For the DIC set-up, two cameras and lights were used to focus the specimen. The set-up is 

calibrated by using a calibration panel and a couple of images were taken of the panel in different 

orientations so that the relative displacement of the speckle pattern can be observed. Figure 1 

shows the DIC set-up for the tensile test. 
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Figure 4.1: DIC Set-up 

 

Tensile tests were conducted on the samples on the 22-kip load frame with a shear rate of 1 

mm/min and the samples were tested until failure and the DIC data was analyzed using VIC 3D 

and the 2D plot was extracted. The images were captured with a frequency of 2 Hz.  

 Processing of experimental results 

The data from the DIC is exported and is read using a MATLAB script to remove any kind of 

erroneous data or negative values. The strain data was directly obtained from the DIC and the 

stresses were calculated as force per unit area. Before conducting the tensile tests, the dimensions 

of the samples were measured in order to calculate the elastic properties of the specimens. The 

average values of the dimensions are given as follows in Table 1: 
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Table 4.1: Off-axis sample dimensions 

Sample Width  

(mm) 

Thickness 

 (mm) 

Gauge Length 

(mm) 

X-Sec Area 

(mm2)  

[15]8 12.68 ± 

0.05 

1.34 ± 0.10 152.85 ± 0.14 16.99 ± 1.29 

[30]8 12.75 ± 

0.06 

1.73 ± 0.03 152.91 ± 0.06 22.04 ± 0.43 

[45]8 12.71 ± 

0.08 

1.35 ± 0.03 152.68 ± 0.07 17.13 ± 0.49 

[60]8 12.62 ± 

0.10 

1.31 ± 0.10 152.33 ± 0.14 16.53 ± 1.60 

[75]8 12.64 ± 

0.12 

1.30 ± 0.08 152.49 ± 0.11 16.40 ± 1.14 

 

It was observed that the [30]8 specimens were slightly thicker than the other specimens. This 

might be due to some human error during the lay-up. 

The failure angles of the specimen were analyzed and tabulated as follows in Table 2: 
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Table 4.2: Failure angles of the off-axis specimens 

Sample Average Failure Angle (o) 

[15]8 14.84 ± 0.48 

[30]8 29.78 ± 1.08 

[45]8 43.14 ± 2.13 

[60]8 59.32 ± 1.50 

[75]8 74.44 ± 1.88 

 

It was observed that the failure angles were close to the fiber angles with slight variations. Figure 

2 shows the image of the failed samples where the samples are lined up from [15]8 to [75]8 from 

left to right. It can also be observed that none of the fibers break in these samples. 

Table 3 shows the parameters obtained from the DIC analysis of the specimens with different fiber 

orientations. The data for 0 Degree and 90 Degree is obtained from the previous experiments. 

Figure 3 shows the stress versus strain curves for the off-axis specimens.  

 

 

Figure 4.2: Failure angles of specimens 
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Table 4.3: Off-Axis tensile properties 

Fibers Avg. Shear 

Modulus 

Standard 

Deviation 

Ctd. Avg. 

Shear 

Modulus 

Avg. 

Ultimate 

Strength 

Standard 

Deviation 

0𝑜 39.18 GPa* - - 1847.4 GPa - 

15𝑜 6.949 GPa 3.299 

GPa 

7.183 GPa 202.470 GPa 15.077 

GPa 

30𝑜 2.462 GPa 1.072 

GPa 

2.545 GPa 105.260 GPa 1.851 

GPa 

45𝑜 4.814 GPa 1.965 

GPa 

4.975 GPa 80.568 GPa 3.614 

GPa 

60𝑜 0.705 GPa 1.761 

GPa 

0.730 GPa 59.574 GPa 12.020 

GPa 

75𝑜 0.228 GPa 0.758 

GPa 

0.236 GPa 59.579 GPa 5.487 

GPa 

90𝑜 3.439 GPa* - - 55.34 - 

 

 

Figure 4.3: Stress Vs Strain curves for off-axis specimens 
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The shear modulus was calculated from the slope of the shear stress versus shear strain plot for 

each of the samples. Figure 4 shows the plot of shear modulus versus the angle for all the angles 

tested. It is observed that the measured values and the corrected values overlap with each other for 

almost all the angles. The dotted line is from the experimental values of one-inch-wide (25.4 mm) 

[45]8 laminate. 

 

 

Figure 4.4: Shear modulus Vs Angle 

 

Figure 5 shows the variation of the axial modulus with the angle for the off-axis samples along 

with 0 and 90 data. It is observed that the axial modulus reduces as the angle increases from 0o to 

90o. The slope of the curve is highest between 0o and 15o, hence, the value reduces the most 

between these values. The line for theoretical data was obtained using the following equation: 

(𝐸𝑥)𝑎 =
𝐸𝑥
1 − 𝜉

 

𝜉 =
1

𝑆1̅1
[

3𝑆1̅6
2

3𝑆6̅6 + 2𝑆1̅1 (
𝐿𝐺

𝑤⁄ )
2] 
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Figure 4.5: Axial Modulus Vs Angle 

 

Figure 6 shows the axial strength versus the off-axis angle. It is observed that the axial strength of 

the specimens decreases drastically from 0o to 15o and continues to decrease, but at a slower rate 

until 90o. The specimen loses more than 50% of its strength for a fiber angle of 5𝑜 and for a fiber 

angle of 30𝑜, the strength is only 5% of 0𝑜 specimen. Table 3 shows the values of these data along 

with the standard deviation values for these parameters.  

 

 

Figure 4.6: Tensile failure strength Vs Angle 
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Figure 7 shows the variation of Poisson’s ratio with the angle. The experimental values were 

always observed to be higher than the theoretical values, but they follow the same trend. The 

highest value of experimental Poisson’s ratio was observed at 15o and the value reduces after it. 

The theoretical value was calculated using the following formula: 

(𝜈𝑥𝑦)𝑎 = 𝜈𝑥𝑦

[
 
 
 1 −

3
2 (
𝑆2̅6
𝑆1̅1
)𝛽

1 −
3
2 (
𝑆1̅6
𝑆1̅2
)𝛽
]
 
 
 

 

𝛽 =

(
𝑤
𝐿𝐺
)
2

(
𝑆1̅6
𝑆1̅1
)

1 +
3
2 (
𝑤
𝐿𝐺
)
2

(
𝑆6̅6
𝑆1̅1
)

 

 

 

Figure 4.7: Poisson's ratio Vs Angle 

 

Figure 8 shows the variation of shear coupling ratio versus the angle for the specimen. It is 

determined from the slope of shear strain versus the axial strain. It can be observed that the 

experimental and theoretical values follow the same trend and are very close to each other. The 

theoretical values were calculated using the following equation: 
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(𝜂𝑥𝑦)𝑎 = (
𝑆1̅6

𝑆1̅1
) [1 +

3

2
(
𝑤

𝐿𝐺
)
2

(
𝑆6̅6

𝑆1̅1
− (

𝑆1̅6

𝑆1̅1
)

2

)]

−1

 

 

 

Figure 4.8: Axial modulus vs off-axis angle 

 

Figure 9 shows the variation of the failure stress with the off-axis angles. It considers the Tsai-Wu 

failure, maximum axial failure, maximum transverse failure, maximum shear criterion and they 

were compared with the experimental values. It can be observed that the Tsai-Wu failure criterion 

is in close agreement with the experimental data.  
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Figure 4.9: Failure stress Vs Angle 

 

It was also observed from the DIC images that the samples undergo transverse displacement before 

failing. The stress gradient shows that the samples take up an ‘S’ shape. This deformation is very 

small to be noticed by the human eye but can be noticed from the displacement plots.  

 

   

Figure 4.10: DIC image with the transverse displacement of the specimen 
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 Modeling and analysis of simulation for off-axis test 

The magnitudes of the stress and strain were evaluated for these samples by simulating the load 

and boundary conditions the same as what the test coupon experiences on the MTS. For getting 

more accurate results, the test coupon was modeled along with the tabs with an assumption that 

they were bonded perfectly with each other and the interaction of the material and the tabs were 

analyzed. 

The test specimens were modeled as discussed in chapter 2. They were half-inch (12.7 mm) wide 

and comprised of 8-ply laminates with 5 different orientations as in the experiment. The fiber 

orientation was assigned individually to each of the plies and hence, for the post-processing of the 

data, a global coordinate system is created and all the parameters are hence rotated in terms of the 

global coordinates. The load and boundary conditions for the test are the same as a typical tensile 

test as discussed in section 2.7. The deformation output has a scale of 12.6987. 

4.4.1 Analysis of simulation results for [𝟏𝟓]𝟖, [𝟑𝟎]𝟖, [𝟒𝟓]𝟖, [𝟔𝟎]𝟖, [𝟕𝟓]𝟖 laminates 

4.4.1.1 Displacement 

4.4.1.1.1 In-plane deformation 

The specimen undergoes in-plane bending that is caused because of coupling between normal and 

shear deformations. This tends to deform the specimen in shear. But, due to the presence of the 

grips, the specimen ends do not shear and this leads to in-plane bending in the specimen. It can be 

observed from Figure 11 that the magnitude of the deformation is very symmetric and uniform 

with the magnitude decreasing gradually towards the center and there is no deformation at the 

center of the sample. This hence gives it a characteristic S-shape. 

Comparing the states of deformation in the specimen with an increase in the off-axis angle, it can 

be observed that the magnitude of deformation gradually reduces with an increase in the angle. 

The maximum in-plane deformation for the [15]8, [30]8, [45]8, [60]8, [75]8 specimen is 0.4193 

mm, 0.2651 mm, 0.1401 mm, 0.05657 mm and 0.01105 mm respectively. The side-view of the 

specimens also shows that there is no out-of-plane deformation in them. 
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(a) [15]8  

 

 

 

(b) [30]8 

 

 

 

(c) [45]8 

Figure 4.11: In-plane deformation (U3) of the off-axis specimen 
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Figure 4.11 continued 

 

 

 

(d) [60]8 

 

 

 

 

(e) [75]8 

 

4.4.1.1.2 Out-of-plane deformation 

The specimen is restricted from moving in the transverse direction by the machine and is gripped 

in the normal direction by the means of the hydraulic grips. Hence, the tabs are free to move only 

in the axial direction and there is no displacement in the normal direction, Figure 12 shows that 

there is no out of plane bending of the sample. There is a slight deformation on the tabs due to the 
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applied pressure on the tab surface. The small magnitude of displacement that is visible is due to 

the junk values that are projected as an output during the Finite Element simulation in Abaqus. 

 

 

 

  

(a) [15]8  

Figure 4.12: Out-of-plane deformation (U2) of the off-axis specimen 
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Figure 4.12 continued 

 

   

(b) [30]8 
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Figure 4.12 continued 

 

Figure 4.12 continued 

  

(c) [45]8 
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Figure 4.12 continued 

 

 

(d) [60]8 
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Figure 4.12 continued 

 

  

(e) [75]8 

 

4.4.1.1.3 Axial deformation 

Figure 13 shows the axial deformation. Since one of the sides is completely constrained and the 

displacement is applied only to the other side of the coupon, it is observed that the axial 

deformation is zero on the constrained side and the deformation on the other side is equal to the 

applied displacement which is 2mm. The increase in the magnitude of the displacement is not 

linear and is uniformly increasing at an angle in the X-Z plane. Similar to the case of out-of-plane 

deformation, there is a small value of deformation present in the constrained end and these values 

are attributed to the junk values generated by Abaqus.
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(a) [15]8  

Figure 4.13: Axial deformation (U1) of the off-axis specimen 
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Figure 4.13 continued 

 

   

(b) [30]8
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Figure 4.13 continued 

 

  

(c) [45]8 
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Figure 4.13 continued 

 

 

(d) [60]8 
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Figure 4.13 continued 

 

  

(e) [75]8 

 

4.4.1.2 Stress 

4.4.1.2.1 Axial Stress 

The in-plane bending causes a variation of axial stress across the width of the sample. The values 

of 𝜎11 vary between 740 MPa to 340 MPa across the width of the [15]8 sample (the variation is 

shown in Figure 14). The values, however, average to around 540 MPa at the center of the [15]8 

specimen. The trend is similar for the specimen with all angles and it can be observed that as the 

angle increases, the amount of variation of stress across the length and near the tabs reduces. In 

the [75]8 specimen, the value of stress is almost constant along the length of the sample. The 

variation of the axial stress across the sample is shown in Figure 14. It can be observed from Figure 

16 that the magnitude of axial stress has a parabolic profile and it increases gradually along with 
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the thickness of the laminate and it reaches a maximum value at the end of the tab. This stress 

concentration may lead to the debonding of the tabs from the laminate if they are not bonded 

strongly enough. The magnitude of axial stress is not uniform even after the tab endings. From 

Figure 14, it can be seen that after the region of high-stress concentration at the tab endings, the 

magnitude of stress gradually reduces until it becomes uniform at the center of the sample.
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(i) Inside the tab                                                              (ii) Tab Ending 

 

  

(iii) Variation of axial stress across the width 

 

(a) [15]8 

Figure 4.14: Axial stress (𝜎11) on the off-axis specimen 
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Figure 4.14 continued 

 

(i) Inside the tab                                                               

 

(ii) Tab Ending 

  

(iii) Variation of axial stress across the width 

 

(b) [30]8
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Figure 4.14 continued 

  

(i) Inside the tab                                                              

 

 

(ii) Tab Ending 

  

(iii) Variation of axial stress across the width 

 

(c) [45]8  
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Figure 4.14 continued 

 

(i) Inside the tab                                                              

 

(ii) Tab Ending 

 

  

(iii) Variation of axial stress across the width 

 

(d) [60]8  
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Figure 4.14 continued 

 

(i) Inside the tab                                                              

 

  

(ii) Variation of axial stress across the width 

 

(e) [75]8 
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4.4.1.2.2 Transverse Stress 

The magnitude of the transverse stress is smaller compared to the axial stress and it is compressive 

in nature owing to the thinning of the sample as it stretches and the sample has a Poisson’s ratio 

of about 0.4 in the plane of the laminate. But, the magnitude of the stress is slightly high in the 

tabs (as shown in Figure 15). The laminate is constrained by the tabs and it cannot deform. This 

induces a stress in the transverse direction in the tabs. The stress is in the state of compression 

within the tab and gradually it transforms into a state of tension at the tab ending. The magnitude 

of the stress is uniform in the rest of the laminate. At the region of interaction of the laminate with 

the tab, the stress has a parabolic profile and the magnitude reduces towards the center of the 

laminate. The magnitude of stress variation near the tab endings reduces considerably with the 

increase in the off-axis angle. Similarly, the variation of stress across the thickness of the laminate 

also reduces with an increase in the angle. For the [60]8 and [75]8  specimen this variation is close 

to negligible as seen in the side-view of the tabs. The value of stress at the center of the length is 

very low compared to the tab endings. 
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(a) [15]8 

Figure 4.15: Transverse stress (𝜎22) on the off-axis specimen 
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Figure 4.16 continued 

 

 

 

(b) [30]8
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Figure 4.17 continued 

 

 

 

(c) [45]8
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Figure 4.18 continued 

 

 

 

(d) [60]8 
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Figure 4.19 continued 

 

 

(e) [75]8 

 

4.4.1.2.3 Normal Stress 

The magnitude of normal stress is also very less compared to axial stress. The stress is dominantly 

compressive in the tabs (as shown in Figure 16) and this is because of the pressure applied to them 

by the hydraulic grips in the MTS. At the tab endings, there is a state of tension which indicates 

that there are more chances for the tabs to de-bond at this region due to the build-up of stress 

concentration. The magnitude of normal stress is uniform at the rest of the laminate. The variation 

of this stress in the tabs also reduces with the increase in the off-axis angle. 
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(a) [15]8 

Figure 4.20: Normal stress (𝜎33) on the off-axis specimen 
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Figure 4.21 continued 

 

 

(b) [30]8 
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Figure 4.22 continued 

  

 

(c) [45]8  
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Figure 4.23 continued 

 

 

(d) [60]8 
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Figure 4.24 continued 

 

 

(e) [75]8 

4.4.1.2.4 In-plane Shear Stress 

The magnitude of the in-plane shear is larger than the transverse and normal components of stress 

though it is still lower than the axial stress. The magnitude of shear stress is high at the tab endings 

(as shown in Figure 17) and it can also be observed that at the interaction of the tabs and the 

laminate towards the tab endings, there is a reversal of the direction of the shear stress and the 

magnitude gradually increases with a parabolic path. This is a consequence of the in-plane bending 

of the sample. The magnitude of in-plane shear stress is uniform at the rest of the sample along its 

length. As the off-axis angle increases, the variation of stress across the thickness of laminate and 

tabs reduces and for the [75]8 specimen, this variation is close to negligible across the thickness. 
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(a) [15]8 

 

Figure 4.25: In-plane shear stress (𝜎12) on the off-axis specimen 
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Figure 4.17 continued 

  

 

(b) [30]8 
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Figure 4.17 continued 

 

 

(c) [45]8 
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Figure 4.17 continued 

 

 

(d) [60]8 
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Figure 4.17 continued 

 

 

(e) [75]8 
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4.4.1.3 Strain 

4.4.1.3.1 Axial Strain 

The axial strain in the sample is chiefly due to the in-plane bending in it. It can be seen from Figure 

18 that there is a region of high-stress concentration at the edges that have the highest displacement 

in-plane. The region of strain inside the tabs shows that the laminate is in high amounts of strain 

at the tab endings at the interface with the laminate. At most of the regions in the tab, there is no 

strain present and there is strain concentration only at the endings of the tab. The strain is high 

even after the tab and it propagates to some region onto the laminate. But, the distribution of strain 

is symmetric and the magnitude reduces uniformly. As the off-axis angle increases, it can be 

observed that the strain variation in the tabs gradually reduces and also along the gage length of 

the specimen, the distribution of strain becomes more uniform.  

 

 

(a) [15]8 

Figure 4.26: Axial strain (휀11) on the off-axis specimen 
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Figure 4.18 continued 

 

 

(b) [30]8 
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Figure 4.18 continued 

 

 

(c) [45]8  
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Figure 4.18 continued 

 

 

(d) [60]8 
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Figure 4.18 continued 

 

 

(e) [75]8 

 

4.4.1.3.2 Transverse Strain 

The magnitude of the transverse strain is lower than that of the axial strain and the magnitude is 

negative as expected. The value of the transverse strain has a high amount of variation across width 

near the tabs and this variation is because the tabs restrict the shearing of the sample in the 

transverse direction at the ends. The value of the transverse strain reaches a constant value towards 

the center of the sample. The strain value is high at the ends across the width of the sample where 

the transverse displacement is the highest. This variation across the width also reduces as the off-
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axis angle increases. The magnitude of strain, however, increases with the increase in the angle. 

Hence, the [75]8 the specimen has the highest magnitude of strain and the lowest variation across 

the width of the sample.  

 

 

 

(a) [15]8 

 

Figure 4.27: Transverse strain (휀22) on the off-axis specimen 
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Figure 4.19 continued 

  

 

(b) [30]8 
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Figure 4.28 continued 

  

 

(c) [45]8 
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Figure 4.29 continued 

 

 

 

(d) [60]8 
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Figure 4.30 continued 

 

 

(e) [75]8 

 

4.4.1.3.3 In-plane Shear Strain 

The profile of the In-plane shear strain is similar to that of the axial strain but, the magnitude is 

smaller. The trend is similar to the axial strain where the magnitude keeps increasing in the tab 

and reaches a maximum at the ends and propagates along the edge of the sample where the 

displacement is the highest. The distribution of the shear strain also symmetric and the value varies 

uniformly. The magnitude of in-plane shear strain reduces at the gage length as the off-axis angle 
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increases. The gradient of the strain also reduces across the laminate within the tabs and the 

magnitude of the strain becomes almost zero for the [75]8 specimen.  

 

 

(a) [15]8 

Figure 4.31: In-plane shear strain (휀12) on the off-axis specimen 
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Figure 4.20 continued 

  

 

(b) [30]8  
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Figure 4.20 continued 

  

 

(c) [45]8 
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Figure 4.20 continued 

 

  

 

(d) [60]8 
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Figure 4.20 continued 

  

 

(e) [75]8 

 

 Conclusions 

From the experimental data that was obtained from the off-axis tensile specimen, it was observed 

that by assuming the plane stress condition on them, the effective moduli of the samples can be 

predicted for a wide range of fiber orientations. The failure angles of the specimens were close to 

the fiber orientation. None of the fibers were broken during the tensile test. It was observed that 

the axial modulus and strength decrease with an increase in the off-axis angle and this decrease is 

very steep in the initial portion of the curve. The Poisson’s ratio and shear coupling ratio increase 
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initially reaching their maximum values at 15o and then reduce gradually. For most of these curves, 

the data obtained from the experiment was in close agreement with the theoretical data. The highest 

amount of variation between experimental and theoretical data was observed for the Poisson’s 

ratio. Different failure criteria were applied to these samples to predict their failure under combined 

stress. It was observed that the experimental data agreed with the Tsai-Wu failure criterion and 

had variations with the other criteria, especially at the initial angles.  

From the simulation results, it can be observed that the off-axis angle plays a very important role 

in the stress state of the test specimen. The characteristic S-shape that was predicted in the 

experiment from the DIC analysis is clearly visible as the deformed shape of the specimen. The 

stress, strain, and displacements of the specimen were analyzed and it was observed that there was 

a uniform variation in these values and the results were also consistent with the variation of these 

values in the experiment. The variation of stresses at the tabs was also analyzed to understand the 

effects of constraining the specimen at the ends. The axial stress, out of plane shear stress 𝜏𝑥𝑧 and 

normal stress is responsible for the failure of the specimen at the tabs in some cases. The magnitude 

of shear strain is found to be greater than the magnitude of axial strain accounting for the coupling 

due to constrained ends.  
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 Appendix 

4.7.1 Images 

 

Figure 4.32: Off-axis coupon without and with constraints 

 

 

 

Figure 4.33: Failure envelope for a typical anisotropic material 
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5. LAMINATE TENSION 

 Introduction  

5.1.1 Global and Local coordinate systems 

A laminate comprises multiple layers of the lamina, which is a thin unidirectional ply of carbon 

fiber prepreg. As we add more layers in the laminate, we can design it to be symmetric and/or 

balanced. The laminates are balanced when there is an equal number of positive and negative 

oriented layers in the laminate and it is symmetric when the lay-up is symmetric about the mid-

plane axis. Figure 1 shows the global and local coordinate systems for the analysis of composite 

laminates. 

 

Figure 5.1: Local and global coordinate systems  

(Image from Multiscale Structural Mechanics (2017)) 

 

X, Y, Z axes are the principal axes and 1, 2, 3 define the local coordinate system, where 1 is along 

the fiber direction and the angle θ is measured from the laminate principal axis. Figure 2 shows 

Kirchhoff’s observations for the geometric deformations for rotated axes.   
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Figure 5.2: In-plane forces and moments  

(Image from Multiscale Structural Mechanics (2017)) 

 

The strain varies within the plate as a linear function of position with respect to the laminate mid-

plane. The strain equations in Kirchhoff’s hypothesis are given as follows: 

휀𝑥 = 휀𝑥
0 + 𝑧𝜅𝑥 

휀𝑦 = 휀𝑦
0 + 𝑧𝜅𝑦 

𝛾𝑥𝑦 = 𝛾𝑥𝑦
0 + 𝑧𝜅𝑥𝑦 

 

Where, 휀𝑥
0, 휀𝑥

0,  𝛾𝑥𝑦 
0   are the midplane strains and 𝜅𝑥 , 𝜅𝑦, 𝜅𝑥𝑦 are the curvatures. The radii of 

curvatures are the inverses of respective curvatures. The force resultants can be obtained by the 

integration of stress through-thickness and the moment resultants are obtained by the integration 

of the first moment of stress through the thickness. Figure 3 shows the In-plane forces per unit 

length (N) and moments per unit length (M) in a laminate in the principal coordinate system. 
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Figure 5.3: In-plane forces and moments per unit length  

(Image from Multiscale Structural Mechanics (2017)) 

 

The magnitudes of forces and moments are obtained from the following equations: 

𝐹𝑥 = ∫ 𝜎𝑥𝑑𝑧
ℎ/2

−ℎ/2
  

𝐹𝑦 = ∫ 𝜎𝑦𝑑𝑧
ℎ/2

−ℎ/2
   

𝐹𝑥𝑦 = ∫ 𝜏𝑥𝑦𝑑𝑧
ℎ/2

−ℎ/2

 

𝑀𝑥 = ∫ 𝜎𝑥𝑧𝑑𝑧
ℎ/2

−ℎ/2
  

𝑀𝑦 = ∫ 𝜎𝑦𝑧𝑑𝑧
ℎ/2

−ℎ/2
  

𝑀𝑥𝑦 = ∫ 𝜏𝑥𝑦𝑧𝑑𝑧
ℎ/2

−ℎ/2

 

5.1.2 Obtaining elastic constants from the stiffness matrix using Classical Laminate Plate 

Theory (CLPT) 

The Classical Laminate Plate Theory assumes that the laminate as a whole acts as a single layer 

where laminae are perfectly bonded to each other, which enables continuous displacement between 

the layers so that they do not slip relative to each other. It also assumes that a line that is straight 

and perpendicular to the middle surface remains straight and normal to the middle surface and the 

length of the line also remains unchanged during the plate deformation. The constitutive relations 

of the composite laminate in the laminate coordinate system are given in the form of symmetric 

matrices as follows: 
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[
 
 
 
 
 
𝜎11
𝜎22
𝜎33
𝜎23
𝜎13
𝜎12]

 
 
 
 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13
𝐶12 𝐶22 𝐶23
𝐶13 𝐶23 𝐶33

     

𝐶14 𝐶15 𝐶16
𝐶24 𝐶25 𝐶26
𝐶34 𝐶35 𝐶36

𝐶14 𝐶24 𝐶34
𝐶15 𝐶25 𝐶35
𝐶16 𝐶26 𝐶36

     

𝐶44 𝐶45 𝐶46
𝐶45 𝐶55 𝐶56
𝐶46 𝐶56 𝐶66]

 
 
 
 
 

 

[
 
 
 
 
 
휀11
휀22
휀33
2휀23
2휀13
2휀12]

 
 
 
 
 

 

[
 
 
 
 
 
휀11
휀22
휀33
2휀23
2휀13
2휀12]

 
 
 
 
 

=

[
 
 
 
 
 
𝑆11 𝑆12 𝑆13
𝑆12 𝑆22 𝑆23
𝑆13 𝑆23 𝑆33

     

𝑆14 𝑆15 𝑆16
𝑆24 𝑆25 𝑆26
𝑆34 𝑆35 𝑆36

𝑆14 𝑆24 𝑆34
𝑆15 𝑆25 𝑆35
𝑆16 𝑆26 𝑆36

     

𝑆44 𝑆45 𝑆46
𝑆45 𝑆55 𝑆56
𝑆46 𝑆56 𝑆66]

 
 
 
 
 

 

[
 
 
 
 
 
𝜎11
𝜎22
𝜎33
𝜎23
𝜎13
𝜎12]

 
 
 
 
 

 

 

Applying the plane stress assumption on the laminate, we consider that 𝜎𝑖3  =  0. Hence, 

constitutive relations reduce to the following: 

휀𝑒 = [

𝑆11 𝑆12 𝑆16
𝑆12 𝑆22 𝑆26
𝑆16 𝑆26 𝑆66

] 𝜎𝑒 ≡ 𝑆𝑒𝜎𝑒 

휀𝑡 = [

𝑆13 𝑆23 𝑆36
𝑆14 𝑆24 𝑆46
𝑆15 𝑆25 𝑆56

] 𝜎𝑒 ≡ 𝑆𝑒𝑡
𝑇 𝜎𝑒 

Where, 휀𝑒 = [

휀11
휀22
2휀12

] ; 𝜎𝑒 = [

𝜎11
𝜎22
𝜎12

] ; 휀𝑡 = [

휀33
2휀23
2휀13

] 

 

𝑆𝑒 is known as the plane stress reduced compliance matrix. The following equation represents the 

plane stress reduced stiffness matrix (Q): 

𝜎𝑒 = [

𝑄11 𝑄12 𝑄16
𝑄12 𝑄22 𝑄26
𝑄16 𝑄26 𝑄66

] 휀𝑒 = 𝑄휀𝑒 

𝑄(𝑄 = 𝑆𝑒
−1) matrix can also be obtained from the following equation: 

𝑄 = 𝐶𝑒 − 𝐶𝑒𝑡𝐶𝑡
−1𝐶𝑒𝑡

𝑇  

Where 𝐶𝑡, 𝐶𝑒 and 𝐶𝑒𝑡 are as follows: 

𝐶𝑒 = [

𝐶11 𝐶12 𝐶16
𝐶12 𝐶22 𝐶26
𝐶16 𝐶26 𝐶66

] ;  𝐶𝑒𝑡 = [

𝐶13 𝐶14 𝐶15
𝐶23 𝐶24 𝐶25
𝐶36 𝐶46 𝐶56

] ;  𝐶𝑡 = [

𝐶33 𝐶34 𝐶35
𝐶34 𝐶44 𝐶45
𝐶35 𝐶45 𝐶55

]  

These equations are valid for composites that are anisotropic. Laminates are made of plies and 

they can be approximated as orthotropic in the material coordinate system. It becomes monoclinic 
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due to rotation of layup angle 𝜃3. The constitutive relations for monoclinic system in a laminate 

coordinate system for plane stress assumption are as follows: 

휀𝑒 = [

𝑆11 𝑆12 𝑆16
𝑆12 𝑆22 𝑆26
𝑆16 𝑆26 𝑆66

] 𝜎𝑒 = 𝑆𝑒𝜎𝑒 

휀𝑡 = [
𝑆13 𝑆23 𝑆36
0 0 0
0 0 0

] 𝜎𝑒 

The transverse shear strains vanish and the transverse normal strain is given by the following 

relation: 

휀33 = 𝑆13𝜎11 + 𝑆23𝜎22 + 𝑆36𝜎12 

Figure 4 shows the laminate stacking up along the thickness. The plane stress reduced stiffness 

matrix can be rotated into the lamina coordinate system using the following equation: 

𝑄′ = 𝑅𝜎𝑒𝑄𝑅𝜎𝑒
𝑇  

Where the rotation matrix is as follows where 𝑐 =  𝑐𝑜𝑠𝜃 and 𝑠 =  𝑠𝑖𝑛𝜃. 

𝑅𝜎𝑒 = [
𝑐2 𝑠2 −2𝑠𝑐
𝑠2 𝑐2 2𝑠𝑐
𝑠𝑐 −𝑠𝑐 𝑐2 − 𝑠2

] 

 

Figure 5.4: Laminate stacking across the thickness  

(Image from Multiscale Structural Mechanics (2017)) 

 

Q matrix in the lamina coordinate system is used to find the A, B, D matrices as follows: 

𝐴 = ⟨⟨𝑄⟩⟩ ;   𝐵 = ⟨⟨𝑥3𝑄⟩⟩ ;    𝐷 = ⟨⟨𝑥3
2𝑄⟩⟩   

𝐴 =∑∫ 𝑄𝑖𝑑𝑥3 =∑𝑄𝑖(𝑧𝑖 − 𝑧𝑖−1)

𝑛

𝑖=1

𝑧𝑖

𝑧𝑖−1

𝑛

𝑖=1

=∑𝑄𝑖𝑡𝑖

𝑛

𝑖=1
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𝐵 =∑∫ 𝑥3𝑄𝑖𝑑𝑥3 =
1

2
∑𝑄𝑖(𝑧𝑖

2 − 𝑧𝑖−1
2)

𝑛

𝑖=1

𝑧𝑖

𝑧𝑖−1

𝑛

𝑖=1

=∑𝑄𝑖𝑡𝑖

𝑛

𝑖=1

𝑧�̅� 

𝐷 =∑∫ 𝑥3
2𝑄𝑖𝑑𝑥3 =

1

3
∑𝑄𝑖(𝑧𝑖

3 − 𝑧𝑖−1
3)

𝑛

𝑖=1

𝑧𝑖

𝑧𝑖−1

𝑛

𝑖=1

=
1

3
∑𝑄𝑖

𝑛

𝑖=1

((𝑧�̅� +
𝑡𝑖
2
)
3

− (𝑧�̅� −
𝑡𝑖
2
)
3

) 

𝐷 =∑𝑄𝑖

𝑛

𝑖=1

(𝑡𝑖𝑧�̅�
2 +

𝑡𝑖
3

12
) 

 

The A, B, D matrices collectively form the laminate stiffness matrix as follows: 

[
 
 
 
 
 
𝑁11
𝑁22
𝑁12
𝑀11
𝑀22

𝑀12]
 
 
 
 
 

=

[
 
 
 
 
 
𝐴11 𝐴12 𝐴16
𝐴12 𝐴22 𝐴26
𝐴16 𝐴26 𝐴66

    
𝐵11 𝐵12 𝐵16
𝐵12 𝐵22 𝐵26
𝐵16 𝐵26 𝐵66

𝐵11 𝐵12 𝐵16
𝐵12 𝐵22 𝐵26
𝐵16 𝐵26 𝐵66

    

𝐷11 𝐷12 𝐷16
𝐷12 𝐷22 𝐷26
𝐷16 𝐷26 𝐷66]

 
 
 
 
 

[
 
 
 
 
 
𝜖11
𝜖22
2𝜖12
𝜅11
𝜅22
2𝜅12]

 
 
 
 
 

 

[
𝑁
𝑀
] = [

𝐴 𝐵
𝐵 𝐷

] [
𝜖
𝜅
] 

 

𝑁 = [
𝑁11
𝑁22
𝑁12

] ;   𝑀 = [
𝑀11
𝑀22

𝑀12

] ;    𝜖 = [

𝜖11
𝜖22
2𝜖12

] ;  𝑁 = [

𝜅11
𝜅22
2𝜅12

] 

    

Where A = Extension stiffness matrix 

B = Extension/Bending Coupling stiffness matrix 

D = Bending matrix 

N = Laminate resultant forces per unit width 

M = Laminate resultant moments per unit width 

ϵ = Laminate midplane strain 

κ = Laminate midplane curvature 

For balanced and symmetric laminates, the elastic constants can be obtained from the Laminate 

stiffness matrix as follows: 

𝑬𝒙 =
(𝑨𝟏𝟏𝑨𝟐𝟐 − 𝑨𝟏𝟐

𝟐 )

𝑨𝟐𝟐𝒉
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𝑬𝒚 =
(𝑨𝟏𝟏𝑨𝟐𝟐 − 𝑨𝟏𝟐

𝟐 )

𝑨𝟏𝟏𝒉
 

𝝂𝒙𝒚 =
𝑨𝟏𝟐
𝑨𝟐𝟐

 

𝑮𝒙𝒚 =
𝑨𝟔𝟔
𝒉

 

 Experimental Procedure 

The samples were made in a process similar to the previous tensile test experiments. Four different 

lay-up sequences were used to analyze the tensile properties of laminates. [0 / ±45 /90]𝑠, [02 /

 ±45]𝑠, [902 / ±45]𝑠 , [±30 ]2𝑠. 10 specimens of each lay-up sequence were tested. Figure 5 

shows the samples that were used for testing. 

 

 

Figure 5.5: Laminate tension samples 

The samples were speckled for DIC as shown in Figure 6. They were first to spray painted to create 

a white background for the speckles.  
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Figure 5.6: Speckled samples for DIC analysis 

 

Table 1 shows the dimensions of the laminates that were tested. It was observed that the 

[02 / ±45]𝑠 the laminate was thicker and [±30 ]2𝑠 the laminate was thinner than the expected 

values and the other 2 laminates. 

 

Table 5.1: Dimensions of the test samples 

Layup Width (mm) Thickness (mm) Area (mm2) Standard 
Deviation 

[0 / ±45 /90]𝑠 25.41 1.71 43.5 0.297015 

[02 / ±45]𝑠 25.45 1.96 49.93 1.670187 

[902 / ±45]𝑠  25.53 1.7 43.42 0.714842 

[±30 ]2𝑠 25.41 1.51 38.26 0.414428 

 

 

Figure 7 shows the load cell and DIC set-up for the experiment. 
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Figure 5.7:  Load cell and DIC set-up for the experiment 

 

A CLPT analysis was carried out for the laminates using cdmHUB. The axial stress, transverse 

stress, and shear stress were plotted along the thickness of the laminate. 

  Processing of experimental results 

The results obtained from the tensile test were compared to the results of the CLPT analysis. Figure 

8 shows the fractured specimens. Every specimen has multiple points of failure. It is a high impact 

failure where the specimen had exploded into multiple directions. The samples that had 90 plies 

in them failed in the 90 direction and the samples that did not have 90 plies failed off-axis.  
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(a) [02 / ±45]𝑠 

 

(b) [0 / ±45 /90]𝑠 

 

(c) [±30 ]2𝑠 

Figure 5.8: Fractured specimens 
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Figure 5.8 continued 

 

 

(d) [902 / ±45]𝑠  

 

5.3.1 Stress-Strain plots of the laminates 

Tensile modulus was obtained from the slope of the stress-strain plots for the specimens. Figure 9 

shows the stress-strain plots for the laminates. It was observed that the data was coincidental for 

all the specimens and the plots overlap with each other for a particular lay-up. The values of tensile 

modulus obtained from the data were compared to the CLPT and SwiftComp results in the later 

section. The ultimate strength of the. [02 / ±45]𝑠, [0 / ±45 /90]𝑠, [±30 ]2𝑠, [902 / ±45]𝑠  

laminates are 884.3 MPa, 590.0 MPa, 492.2 MPa, and 207.9 MPa respectively. It can be observed 

that the strength is more for the laminates with a greater number of 0 plies and the strength reduces 

as the 90 plies increase. A change in slope is observed for the  [902 / ±45]𝑠  laminate and the point 

where this change happens is called the knee-point which is caused due to failure of the 90 plies, 

but the laminate has not failed as a whole. Figure 9 shows the stress-strain plots for each of these 

laminates.  
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(a) [02 / ±45]𝑠 

 

(b) [0 / ±45 /90]𝑠 

Figure 5.9: Stress-Strain plots for the laminates 

  



160 

 

Figure 5.9 continued 

 

(c) [±30 ]2𝑠 

 

(d) [902 / ±45]𝑠  

5.3.2 Transverse Strain-Longitudinal Strain plots for the laminates 

Poisson’s ratio was obtained from the slope of the transverse strain Vs longitudinal strain plots for 

the specimens. Figure 10 shows the transverse Vs longitudinal strain plots for the laminates. The 

values of Poisson’s ratio obtained from the data were compared to the CLPT and SwiftComp 

results in the later section. These plots are not as smooth as the stress-strain plots, but, the data was 
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coincidental for all the specimens and the plots overlap with each other for a particular lay-up. 

There is a change in slope for the [0 / ±45 /90]𝑠 laminate. This is because of the failure of 90 

plies, but not the laminate as a whole. This increases the transverse strain on the laminate. 

Poisson’s ratio was obtained using the following equation: 

𝜈 =
−휀𝑦𝑦

휀𝑥𝑥
 

 

(a) [02 / ±45]𝑠 

 

(b) [0 / ±45 /90]𝑠 

Figure 5.10: Transverse strain Vs Longitudinal strain for the laminates 
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Figure 5.10 continued 

 

(c)  [±30 ]2𝑠 

 

(d) [902 / ±45]𝑠  

 

5.3.3 Homogenization of elastic constants for the laminates 

Figures 11-14 show the data that was obtained from SwiftComp and CLPT. The results obtained 

from both these applications are exactly equal to one another. 1-D SG was used for homogenization 

in SwiftComp. For the [±30 ]2𝑠 laminate, the value of 𝜈13 is negative and 𝜈12  is 1.48, which is 
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quite larger than the typical values of Poisson’s ratio. The laminates can also be modeled without 

specifying individual ply orientation, that is, a black-Aluminum approach can be used to determine 

the behavior of it. In this case, the homogenized material properties can be directly given as input 

for the laminate. It can also be observed from the results from SwiftComp using the 1D structural 

genome that each different ply orientation is represented with a different color in it. The values of 

elastic constants from the results of CLPT and SwiftComp are the same. 

 

     

(a) SwiftComp 

 

 

(b) CLPT 

Figure 5.11: Analytical results for [02 / ±45]𝑠
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(a) SwiftComp 

 

(b) CLPT 

Figure 5.12: Analytical results for [0 / ±45 /90]𝑠 
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(a) SwiftComp 

 

(b) CLPT 

Figure 5.13: Analytical results for [±30 ]2𝑠 
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(a) SwiftComp 

 

(b) CLPT 

Figure 5.14: Analytical results for [902 / ±45]𝑠  

 

5.3.4 Comparison of theoretical and experimental data 

 

Tables 2 and 3 show the comparison of data for axial modulus and Poisson’s ratio that was obtained 

from the experiment with the CLPT and SwiftComp results. The error in the data for most of the 

parameters is less than or close to 10%. The modulus and Poison’s ratio reduce as the laminate 

moves more towards the off-axis with the value being the highest for the laminate with more 
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number of 0 plies. The modulus of [02 / ±45]𝑠 is half of the modulus obtained for the 

[0]8  laminate. This is because half of the number of plies in this laminate is 0.  

 

Table 5.2: Comparison of modulus data 

Layup CLPT (GPa) SwiftComp (GPa) Experiment 

(GPa) 

Error (%) 

[0 / ±45 /90]𝑠 74.197 74.19654 66.47 10.41 

[02 / ±45]𝑠 50.148 50.147842 45.48 9.30 

[±30 ]2𝑠 42.043 42.043153 44.62 6.12 

[902 / ±45]𝑠  20.936 20.93569 18.8 10.20 

 

Table 5.3: Comparison of Poisson’s ratio data 

Layup CLPT SwiftComp Experiment Error (%) 

[0 / ±45 /90]𝑠 0.72 0.72326116 0.785 9.02 

[02 / ±45]𝑠 0.32 0.31833526 0.351 9.68 

[±30 ]2𝑠 1.48 1.4829408 1.429 3.44 

[902 / ±45]𝑠  0.2 0.20407922 0.207 3.5 

 Modeling and analysis of simulation 

The variation of the stress across the thickness both at the edge and the center of the width of the 

sample was analyzed by simulating the load and boundary conditions the same as what the test 

coupon experiences on the MTS. This is done to account for and to study the free-edge effects on 

the edges of the samples as well. Four laminates were modeled for this study from the experimental 

analysis, [02 / ±45]𝑠, [0 / ±45 /90]𝑠, [±30 ]2𝑠, [902 / ±45]𝑠 . 

The test specimens were modeled as discussed in chapter 2. They were one-inch (25.4 mm) wide 

and comprised of 8-ply laminates with 4 different orientations as in the experiment. The fiber 

orientation was assigned individually to each of the plies and hence, for the post-processing of the 

data, a global coordinate system is created and all the parameters are hence rotated in terms of the 
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global coordinates. The load and boundary conditions for the test are the same as a typical tensile 

test as discussed in section 2.7.  The deformation output has a scale of 12.6987. 

5.4.1 Analysis of simulation results 

5.4.1.1 [𝟎𝟐 / ±𝟒𝟓]𝒔 Laminate 

Figure 15 shows the variation of stresses through the thickness and also the variation through the 

axial length of the specimen. It can be seen that the 0𝑜 plies take the highest axial loads and the 

45𝑜 plies take all the shear stress. The magnitude of all these stresses does not vary a lot across 

the length of the specimen. The shear stress changes its direction between the +45𝑜 and −45𝑜 

laminates. The axial and the transverse stresses on the ±45𝑜 laminates are however the same. The 

off-axis plies take positive transverse loads whereas, the 0𝑜 plies take negative transverse loads 

denoting the reduction of the width of the specimen with the tensile load applied on it. There is a 

region of stress concentration near the tabs for the transverse stress case. This is because of the 

Poisson’s effect where the laminate deformation is restricted because of the tabs and hence it 

cannot reduce its width. 
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(i) Variation through thickness at the center of the width 

 

(ii) Axial Variation 

(a) Axial Stress (𝜎11) 

 

Figure 5.15: Variation of stresses for [02 / ±45]𝑠 laminate 
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Figure 5.15 continued 

          

 

(i) Variation through thickness at the center of the width 

 

 

(ii) Axial Variation 

(b) Transverse Stress (𝜎22) 
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Figure 5.15 continued 

          

 

(i) Variation through thickness the center of the width 

 

 

(ii) Axial Variation 

(c) In-plane Shear Stress (𝜎12) 
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5.4.1.2 [𝟎 / ±𝟒𝟓 /𝟗𝟎]𝒔 Laminate 

Figure 16 shows the variation of stresses through thickness and through the axial length of the 

laminate. It can be observed that the axial loads are mostly carried by the 0𝑜 plies and the 90𝑜 

plies take the least number of axial loads. All the shear stress is carried by the ±45𝑜 laminates. 

They carry the same amount of shear loads. But, the magnitude is opposite in direction. The highest 

amount of transverse load is carried by the 90𝑜 laminates and the magnitude of this stress is 

negative accounting for its compressive nature and the transverse loads carried by the ±45𝑜 

laminates are positive but of lower magnitude. The free-edge effects are also clearly visible in 

these images. The variation of these stresses is constant across the length of the specimen and the 

free-edge effect on the specimen can be clearly visible in the image of transverse stress variation 

across the length of the sample.  
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(i) Variation through thickness center of the width 

 

 

(ii) Axial Variation 

(a) Axial Stress (𝜎11)  

 

Figure 5.16: Variation of stresses for [0 / ±45 /90]𝑠 laminate 
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Figure 5.16 continued 

 

 

(i) Variation through thickness center of width 

 

 

(ii) Axial Variation 

(b) Transverse Stress (𝜎22) 
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Figure 5.16 continued 

 

 

(i) Variation through thickness center of width 

 

 

(ii) Axial Variation 

(c) In-plane Shear Stress (𝜎12) 
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5.4.1.3 [±𝟑𝟎 ]𝟐𝒔 Laminate 

Figure 17 shows the variation of stresses across the thickness and the axial length of the specimen. 

It can be observed that the plies undergo a non-uniform displacement at the free-edge, whereas, 

they deform uniformly at the center of the laminate. The variation of axial stress is constant across 

the thickness and also across the length of the specimen. The transverse stress on the specimen is 

zero throughout the thickness of the laminate. At the free-edge, however, there is a slight variation 

in these values. The direction of shear stress keeps varying between the ±30𝑜 plies whereas, the 

magnitude of it remains the same. At the free-edge however, the variation of this stress within a 

ply varies slightly. The values of these stresses are constant across the gage length of the laminate 

and the Poisson’s effect can be observed to be very distinctly visible as the laminate deforms due 

to the axial loading. There is a region of stress concentration near the tabs for the transverse stress 

case. This is because of the Poisson’s effect where the laminate deformation is restricted because 

of the tabs and hence it cannot reduce its width. The axial stress and in-plane shear stress on the 

specimen are also concentrated at the tabs. This is because of the range of Poisson’s ratio the 

laminate has (𝜈12 = 1.4829408, 𝜈13 = −0.34801005) as discussed in section 5.3.3.  
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(i) Variation through thickness (Left: Edge, Right: Center of width) 

 

 

(ii) Axial Variation 

(a) Axial Stress (𝜎11) 

 

Figure 5.17: Variation of stresses for [±30 ]2𝑠 laminate 
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Figure 5.17 continued 

 

             

 

(i) Variation through thickness (Left: Edge, Right: Center of width) 

 

 

(ii) Axial Variation 

(b) Transverse Stress (𝜎22)
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Figure 5.17 continued 

             

 

(i) Variation through thickness (Left: Edge, Right: Center of width) 

 

 

(ii) Axial Variation 

(c) In-plane Shear Stress (𝜎12) 
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5.4.1.4 [𝟗𝟎𝟐 / ±𝟒𝟓]𝒔  Laminate 

Figure 18 shows the variation of stresses across the thickness and the axial length of the specimen. 

The ±45𝑜 carry more axial stress than the 90𝑜 laminates. All the shear stress is carried by the 

±45𝑜 laminates, but, the direction of stress is opposite at these plies and the 90𝑜 plies do not carry 

any shear stress. The magnitude of transverse stress is negative at the 90𝑜 plies and is positive for 

the ±45𝑜 plies. The magnitude is however very close for both the orientations. The transition of 

these stresses is however not uniform across the thickness of the plies at the free-edge and the 

deformation of the plies is also not uniform at the edge. In the axial variation of transverse stress, 

the variation of the stress at the free-edge is clearly visible. In other cases, the variation of stress 

across the length of the specimen is very less and the value is constant at the gage length. 
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(i) Variation through thickness center of the width 

 

 

(ii) Axial Variation 

(a) Axial Stress (𝜎11) 

 

Figure 5.18: Variation of stresses for [902 / ±45]𝑠 laminate 
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Figure 5.18 continued 

 

 

(i) Variation through thickness center of the width 

 

 

 

(ii) Axial Variation 

(b) Transverse Stress (𝜎22)  
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Figure 5.18 continued 

 

 

(i) Variation through thickness center of the width 

 

 

(ii) Axial Variation 

(c) In-plane Shear Stress (𝜎12) 
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 Comparison between theoretical and simulation results 

5.5.1 Theoretical variation of stress through the thickness of the laminate 

CLPT application in cdmHub was used to predict the plots of axial stress, transverse stress and 

shear stress across the thickness of the laminates. The axial load per unit thickness of the laminate 

was set to be the same as the corresponding value from the experiment. Figure 19 shows the plots 

for all the laminates. The axial stress is carried mostly by the 0 plies and the least axial stress is 

carried by the 90 plies. The 0 and 90 plies do not carry the shearing stress and its value is 0 for 

these plies. The 0 plies also do not carry transverse stress on them. The off-axis plies carry the 

shear loads on the laminates. It can be observed that the transverse stress is zero throughout the 

thickness for the [±30 ]2𝑠 laminate. The green, red and blue plots are the shearing stress, transverse 

stress, and axial stress respectively.  
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(a) [02 / ±45]𝑠 

 

(b) [0 / ±45 /90]𝑠 

 

Figure 5.19: Stress Vs thickness plots from CLPT 
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Figure 5.19 continued 

 

(c) [±30 ]2𝑠 

 

 

(d)  [902 / ±45]𝑠  
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5.5.2 Variation of stress through the thickness of the laminate from the simulation 

Figure 20 shows the plots of variation of axial, transverse and in-plane shear stresses with the 

thickness of the laminate at the center of the width of the laminate. The trend of variation of these 

stresses is exactly the same as that predicted from CLPT as discussed in section 5.5.1. These plots 

were made by choosing a set of nodes in the center of the gage length of the laminate. 1, 2 

directions correspond to the axial and transverse directions respectively.
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(a) [02 / ±45]𝑠 center of width 

 

 

 

(b) [0 / ±45 /90]𝑠 center of width 

 

Figure 5.20: Stress Vs thickness plots from Simulations 
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Figure 5.20 continued 

 

(c) [±30 ]2𝑠 center of width 

 

 

(d) [902 / ±45]𝑠 center of width 

 Conclusions 

This experiment was used to determine the tensile modulus, Poisson’s ratio and the ultimate tensile 

strength of the laminates and the experimental data was compared to the results obtained from 

CLPT and SwiftComp. The error for most of the parameters was obtained to be less than 10%. 

The axial, shear and transverse stresses were plotted across the thickness of all the specimens using 

CLPT to check their variation throughout. The samples that have 90 plies in them tend to fail in 

the 90 direction and other laminates fail in the off-axis direction. Hence, 0 plies have the highest 
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strength and the number of 0 plies determines the strength of the laminates. The modulus of 

[02 / ±45]𝑠 laminate is half of the modulus of the [0]8  laminate. This is because this laminate is 

half comprised of 0 plies.  

Using Abaqus simulations, the variation of these stresses across the thickness and the length of the 

laminates were analyzed. It was observed this is different at the free-edge and at the center of the 

laminate. The variation of the stresses across the thickness was found to be the same for the CLPT 

and the simulation results for all the laminates. The laminates also deformed in a non-uniform 

manner at the edge. This is to balance the forces at the free surface and this effect is discussed 

elaborately in chapter 7.  
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6. OPEN HOLE TENSION AND CTE ANALYSIS  

 Introduction  

6.1.1 Finite and Infinite width specimen 

In the practical use of carbon fiber composites, the presence of notch is very common and the 

strength of the laminate changes to a great extent due to the stress concentrations around the hole 

in the laminate. The properties of the laminate are also changed by the stacking sequence and size 

of the hole. These holes are made in the structural composites for fastening purposes. For an 

infinite plate, this stress concentration factor is independent of the hole size of the laminate. Since 

the failure modes are complex, the methods discussed are semi-empirical. For an ideally brittle 

infinite plate, the notched strength can be defined as the failure load over the cross-section area 

and it can be written as the follows: 

𝜎𝑁 =
𝜎0
𝛫∞

 

Where, 𝜎0 is the strength of the plate without a hole, 𝜎𝑁 is the strength of the plate with the hole 

and 𝛫∞ is the stress concentration factor. The stress concentration factor for a plate containing a 

circular hole of radius R is given by  

𝛫 =
𝜎𝑥 (𝑅, 0)

𝜎𝑥̅̅ ̅
 

For a finite plate, the stress concentration can be defined as the following where there is no 

dependence on R: 

𝛫∞ = 1 +√2(√
𝐸𝑥
𝐸𝑦
− 𝜈𝑥𝑦 + 𝐸𝑥/(2𝐺𝑥𝑦)) 

Where 𝐸𝑥 and 𝐸𝑦 are the modulus of elasticity in the loading and the transverse directions 

respectively, 𝜈𝑥𝑦  is the Poisson’s ratio and 𝐺𝑥𝑦 is the shear modulus.  

For finite width specimen, as shown in Figure 1, the stress concentration is different from that of 

an infinite plate. It is given by the following equation: 

𝐾

𝐾∞
=
2 + (1 − (𝐷 𝑤⁄ ))3

3(1 − (𝐷 𝑤⁄ ))
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Figure 6.1: Finite plate  

(Image from Experimental characterization of advanced composite materials (2014)) 

 

Where D is the hole diameter and w is the plate width. The corrected notch strength is as follows: 

𝜎𝑁(∞) = 𝜎𝑁(𝑤)𝛫/𝛫∞ 

The approximate stress distribution for an infinite plate containing a circular hole is given as 

follows: 

𝜎𝑥 (0, 𝑦) =
𝜎𝑥 (∞)

2
[2 + 𝜉2 + 3𝜉4 − (𝐾∞ − 3)(5𝜉

6 − 7𝜉8)] 

Where, 𝜉 =  𝑅/𝑦 and 𝜎𝑥 (∞) is the far-field applied normal stress. Figure 2 shows the distribution 

of 𝜎𝑥  across the width for quasi-isotropic plates with two different hole sizes (𝑅/𝑅0 = 0.1 and 1.0), 

where 𝑅0 is the reference radius. The volume of the material that is subjected to high stress is much 

larger for a plate with a larger hole, increasing the opportunity for damage accumulation and stress 

distribution and this also explains the reduced notch strength with an increase in hole size. 
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Figure 6.2: Normal stress distribution for quasi-isotropic laminates with 2 hole sizes 

 (Image from Experimental characterization of advanced composite materials (2014)) 

 

The hole size effect was incorporated into two different computationally simple fracture criteria, 

namely, Point Stress Criterion and Average Stress Criterion. 

6.1.2 Point Stress Criteria (PSC)  

The laminate is assumed to fail in tension when the stress 𝜎𝑥 , reaches the unnotched laminate 

strength 𝜎0  at a distance of 𝑑0 ahead of the hole edge (𝑥 = 0, 𝑦 = 𝑅 + 𝑑0).  

𝑃𝑆𝐶: 𝜎𝑥 (0, 𝑅 + 𝑑0) = 𝜎0 

 

Combining this with the equation of approximate stress,  

𝜎𝑁
𝜎0
=

2

2 + 𝜆2 + 3𝜆4 − (𝐾∞ − 3)(5𝜆6 − 7𝜆8)
 

 

Where,  𝜆 =
𝑅

𝑅+𝑑0
 

For very large holes, d0 is small compared to R. Hence, the equation becomes, 

𝜎𝑁
𝜎0
= 1/𝛫∞ 

The PSC thus contains two parameters (𝑑0, 𝜎0) that have to be determined by experiment. Having 

established 𝑑0 and 𝜎0, the PSC allows for strength predictions of laminates containing holes of 

arbitrary size. Figure 3 shows the experimental data along with the predicted values from PSC for 

different hole sizes for boron/aluminum composite. Figure 4 shows the graphical representation of 

PSC. 
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Figure 6.3: Experimental data on predicted values from PSC  

(Image from Experimental characterization of advanced composite materials (2014)) 

 

Figure 6.4: Graphical representation of PSC 

6.1.3 Average Stress Criteria (ASC) 

For the Average Stress Criterion (ASC), the laminate is assumed to fail in tension when the stress, 

𝜎𝑥 , averaged over a region spanning from the hole edge (𝑦 = 𝑅) to (𝑦 = 𝑅 + 𝜎0)., reaches the 

unnotched laminate strength, 𝜎0.  

𝐴𝑆𝐶: 
1

𝑎0
∫ 𝜎𝑥(0, 𝑦)𝑑𝑦
𝑅+𝑎0

𝑅

= 𝜎0 
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Substituting the stress equation into the ASC equation, we get the following expression for the 

notched laminate strength after the integration: 

𝜎𝑁
𝜎0
=

2

(1 + 𝛿)(2 + 𝛿2 + (𝛫∞ − 3)𝛿6)
 

Where, 𝛿 =
𝑅

𝑅+𝑎0
 

Figure 5 shows the experimental strength data for a carbon-epoxy laminate with the ASC estimate. 

It can be observed that the data is in close agreement with each other. Figure 6 shows the graphical 

representation of ASC. 

 

Figure 6.5: Experimental data on predicted values from ASC  

(Image from Experimental characterization of advanced composite materials (2014)) 

 

Figure 6.6: Graphical representation of ASC 
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6.1.4 Modified Point Stress Criteria (MPSC) 

PSC was modified to improve the accuracy of the notched strength predictions. The characteristic 

distance d0 becomes a power function of the hole radius as follows: 

𝑑0 = (𝑅/𝑅0)
𝑚/𝐶 

Where, m is the exponential parameter, 𝑅0 is the reference radius, C is the notch sensitivity factor. 

This model adds the exponential parameter m to the formulation of PSC. The reference radius is 

arbitrarily chosen to be 𝑅0 = 1 𝑚𝑚 and the parameter λ becomes as follows: 

λ = 1/(1 + 𝑅𝑚−1𝐶−1) 

The parameter m affects the slope of the notch sensitivity curve when the parameter C moves the 

curve along the log R axis. The admissible range of m is between 0 and 1 and 𝐶 ≥ 0. Figure 7 

shows that the experimental and the theoretical data are in close agreement with each other for the 

carbon-epoxy laminates with [±45/0/90]𝑠 and [90/0/±45]𝑠.  

 

Figure 6.7: Experimental data on predicted values from MPSC  

(Image from Experimental characterization of advanced composite materials (2014)) 

 

The Notch Sensitivity Factor (C) and exponential parameter (m) are calculated by using the 

following equation on the curve fit as shown in Figure 8. 

−log(1/𝜆 − 1) = log 𝐶 + (1 −𝑚) log𝑅 
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Figure 6.8: Curve fit to calculate parameters in MPSC 

6.1.5 CTE for [±𝟑𝟎 ]𝟐𝒔 laminate from CLPT 

Figure 9 shows the values of CTE predicted from the CLPT application in cdmHub. The 

parameters that are given as input are the same as the material properties used in the simulations. 

The value of 𝛼𝑥 is negative (−4.5
𝜇휀

℃⁄   ), indicating that the laminate shrinks in the X direction 

when the temperature is increased. 𝛼𝑦 is (24.1 
𝜇휀

℃⁄   ), indicating that expansion of the laminate 

in the Y direction is more than the deformation in the X-direction. 

 

 

Figure 6.9: Elastic constants and CTE values of [±30 ]2𝑠 laminate 
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 Experimental Procedure for tensile test 

A total of 90 samples were made from three different stacking sequences, [02 / ±45]𝑠, [0 / ±45 /

90]𝑠 𝑎𝑛𝑑 [±30 ]2𝑠 . Three different hole sizes were made on the samples, 1/8”, 3/16” 𝑎𝑛𝑑 ¼”. 10 

samples of each of the hole size were made and tested. All the laminates were symmetric and 

balanced. Out of these samples, 10 of them were speckled for the DIC analysis, which included, 2 

large hole specimens for each specimen, 2 medium and small hole specimens for the quasi-

isotropic laminate. The specimens were tested with a cross-head rate of 1mm/min. Figure 9 shows 

the samples that were tested with the DIC to obtain the strain distribution on the samples and 

Figure 10 shows the setup of DIC and MTS that was used to test the samples. 

 

Figure 6.10: Specimen tested with DIC 

 

                   

(a) MTS                                             (b) DIC 

Figure 6.11: Experimental Set-up 
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The other samples were only tested to get the strength values to compare them with the strengths 

of the laminates without a hole in them.  

 Experimental procedure for CTE test 

The experimental procedure to conduct the CTE test and the experimental set-up for the CTE test 

are discussed in section 3.2. The values of strain data and displacements around the hole are 

analyzed using the DIC analysis and section 3.3 discusses the comparison of experimental data 

with the predicted theoretical values.  

 Processing of experimental results for tensile test 

6.4.1 [𝟎𝟐 / ±𝟒𝟓]𝒔 

Figure 11 shows the strength distribution of the laminate with three different hole sizes, namely, 

3.56 mm, 5.55 mm and 6.39 mm. It can be observed that the strength of the laminate reduces as 

the size of the hole increases. The strength of the on-notched laminate is 884.3 MPa as obtained 

from the previous experiments. 

 

  

(a) Hole diameter = 3.56 mm 

Figure 6.12: Strength distribution for [02 / ±45]𝑠 laminate 

  



200 

 

Figure 6.12 continued 

  

(b) Hole diameter = 5.55 mm 

 

 

(c) Hole diameter = 6.39 mm 

 

Figure 12 shows the plots of normalized stress calculated from three criteria as discussed in the 

theory section. The data is then compared to the experimental results that were obtained and they 

are also plotted along with the theoretical results. Figure 13 shows the failed specimen with 

different hole sizes for the [02 / ±45]𝑠 laminate, where small, medium and big holes denote a hole 

of d=3.56 mm, 5.55 mm and 6.39 mm respectively. 
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(a) Point Stress criterion 

 

(b) Average Stress Criterion 

 

Figure 6.13: Stress distribution as a function of hole size for [02 / ±45]𝑠 laminate
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Figure 6.13 continued 

 

(c) Modified Stress Criterion
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(a) Small hole                                                       (b) Medium hole 

  

(c) Big Hole 

Figure 6.14: Failed specimen for [02 / ±45]𝑠 laminate 

 

It was observed that there was delamination in the first and last plies as shown in Figure 14. This 

is because the 0-degree plies fail but the 45-degree plies are still intact.  
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Figure 6.15: Delamination observed in [02 / ±45]𝑠 laminate 

 

Figure 15 shows the strain distribution around the largest hole on the [02 / ±45]𝑠 laminate and 

Figure 16 shows the force versus displacement curves for the specimen with the smallest hole. The 

curve is linear and there is slight discontinuity and drop in force when there is a failure of a few 

layers in the laminate but the laminate as a whole is still intact. 

   

Figure 6.16: Strain distribution around the big hole of [02 / ±45]𝑠 laminate 
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Figure 6.17: Force-displacement curve for [02 / ±45]𝑠 laminate with smallest hole 

 

6.4.2 [±𝟑𝟎]𝟐𝒔 

Figure 17 shows the strength distribution of the laminate with three different hole sizes, namely, 

3.57 mm, 5.62 mm and 6.48 mm. It can be observed that the strength of the laminate reduces as 

the size of the hole increases. The strength of the on-notched laminate is 492.2 MPa as obtained 

from the previous experiments. 
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(a) Hole diameter = 3.57 mm 

  

(b) Hole diameter = 5.62 mm 

  

(c) Hole diameter = 6.48 mm 

Figure 6.18: Strength distribution for [±30 ]2𝑠 laminate 
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Figure 18 shows the plots of normalized stress calculated from three criteria as discussed in the 

theory section. The data is then compared to the experimental results that were obtained and they 

are also plotted along with the theoretical results. Figure 19 shows the failed specimen with 

different hole sizes for the [±30 ]2𝑠 laminate, where small, medium and big holes denote a hole of 

d=3.57 mm, 5.62 mm and 6.48 mm respectively. 
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(a) Point Stress criterion 

  

(b) Average Stress Criterion 

 

Figure 6.19: Stress distribution as a function of hole size for [±30 ]2𝑠 laminate 
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Figure 6.19 continued 

  

(c) Modified Stress Criterion
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(a) Small hole               (b) Medium hole             (c) Big hole 

Figure 6.20: Failed specimen for [±30 ]2𝑠 laminate 

 

Figure 20 shows the strain distribution around the largest hole on the [±30 ]2𝑠 laminate and Figure 

21 shows the stress versus strain curves for the specimen with the largest hole. It can be observed 

that the strain distribution is in the shape of a butterfly around the hole and that there is no 

discontinuity as what was seen in the previous laminate as the laminate fails as a whole and there 

is no partial failure of the laminate as what was observed in the previous case. 
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Figure 6.21: Strain distribution around the big hole of [±30 ]2𝑠 laminate 

 

 

Figure 6.22: Stress-Strain curve for [±30 ]2𝑠 laminate with the largest hole 

 

6.4.3 [𝟎/±𝟒𝟓/𝟗𝟎]𝒔 

Figure 22 shows the strength distribution of the laminate with three different hole sizes, namely, 

3.66 mm, 5.59 mm and 6.35 mm. It can be observed that the strength of the laminate reduces as 
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the size of the hole increases. The strength of the on-notched laminate is 590.9 MPa as obtained 

from the previous experiments. 

  

(a) Hole diameter = 3.66 mm 

  

(b) Hole diameter = 5.59 mm 

 

Figure 6.23: Strength distribution for [0 / ±45 /90]𝑠 laminate 
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Figure 6.23 continued 

  

(c) Hole diameter = 6.35 mm 

 

Figure 23 shows the plots of normalized stress calculated from three criteria as discussed in the 

theory section. The data is then compared to the experimental results that were obtained and they 

are also plotted along with the theoretical results. Figure 24 shows the failed specimen with 

different hole sizes for the [0 / ±45 /90]𝑠 laminate, where small, medium and big holes denote a 

hole of d=3.66 mm, 5.59 mm and 6.35 mm respectively. 
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(a) Point Stress criterion 

 

 

  

(b) Average Stress Criterion 

 

Figure 6.24: Stress distribution as a function of hole size for [0 / ±45 /90]𝑠 laminate 

  



215 

 

Figure 6.24 continued 

  

(c) Modified Stress Criterion 
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(a) Small hole                                                      (b) Medium hole 

 

(c) Big hole 

Figure 6.25: Failed specimen for [0 / ±45 /90]𝑠 laminate 

 

Figure 25 shows the strain distribution around the holes on the [0 / ±45 /90]𝑠 laminate and Figure 

26 shows the comparison of the strain around all three hole sizes. It can be observed that the region 

of high strain increases as the hole size increases. Figure 27 shows the force versus displacement 

curves for the specimen with holes. It can be observed that there is no discontinuity and the curves 

appear to be almost linear owing to the quasi-isotropic behavior of the laminate.
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(a) Smallest Hole 

 

(b) Medium Hole 

 

(c) Large Hole 

Figure 6.26: Strain distribution around the big hole of [0 / ±45 /90]𝑠 laminate 
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Figure 6.27: Comparison of strain data around the hole in [0 / ±45 /90]𝑠 laminate with hole size 

increasing from left to right 

 

 

 

 

(a) Small Hole 

Figure 6.28: Force displacement curve for [0 / ±45 /90]𝑠 laminate 
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Figure 6.28 continued 

 

(b) Medium Hole 

 

 

(c) Big Hole 

 

Table 1 shows the comparison of strength data for the three laminates with all the three hole sizes 

with the un-notched laminate strength. The strength of the laminate reduces as the size of the hole 

increases and there is a reduction in the strength of the laminate even with the smallest hole size. 
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[0 / ±45 /90]𝑠 has the highest ultimate strength as it has a larger number of 0o plies and hence, it 

takes more load. 

Table 6.1: Comparison of strength data of notched and un-notched laminates 

Ultimate Notched Strength (𝝈𝑵) 𝑴𝑷𝒂 

Laminate Small hole Medium hole Large hole Un-

notched (𝑴𝑷𝒂) 

[02 / ±45]𝑠 854.47 696.75 616.60 884.30 

[±30]2𝑠 397.25 307.39 301.69 492.20 

[0 / ±45 /90]𝑠  388.84 352.88 332.49 590.90 

 

The parameters 𝑎0 and 𝑑0 obtained for the laminates for all the three hole sizes are tabulated in 

Table 2.  

Table 6.2: Parameters 𝑎0 and 𝑑0 for the laminates with all the hole sizes 

𝒂𝟎 

Laminate Small hole Medium hole Large hole 

[02 / ±45]𝑠 277.07 25.26 16.42 

[±30]2𝑠 15.09 8.38 9.76 

[0 / ±45 /90]𝑠  5.88 7.05 6.87 

𝒅𝟎 

Laminate Small hole Medium hole Large hole 

[02 / ±45]𝑠 19.56 5.71 4.43 

[±30]2𝑠 3.72 2.96 3.43 

[0 / ±45 /90]𝑠  1.95 2.49 2.52 
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 Modeling the geometry for simulations 

6.5.1 Geometry, Load, and Boundary conditions 

The specimens were modeled as one-inch (25.4 mm) wide tensile coupons and the holes were 

made on them at the center of the gage length and width. The average values of the hole diameters 

from the experimental specimens were chosen to be the diameters of the holes in the models. The 

hole sizes (diameter) corresponded to be 3.683 𝑚𝑚, 5.715 𝑚𝑚 𝑎𝑛𝑑 6.604 𝑚𝑚. The load and 

boundary conditions on these models were the same as discussed in section 2.7. Three different 

laminates with stacking sequences as [02 / ±45]𝑠, [0 / ±45 /90]𝑠 𝑎𝑛𝑑 [±30 ]2𝑠 were modeled 

and analyzed with three different hole sizes in each of them.  

6.5.2 Mesh 

The mesh around the holes was also made structured to get more accurate and better convergence 

of results. Sections were created around the holes to get the required mesh. The seeding of edges 

was the same as discussed in section 2.6. The edge along the circumference of the holes was seeded 

with 40 elements. Figure 29 shows the mesh on the coupons for different hole sizes. The models 

with hole diameters as 3.683 𝑚𝑚, 5.715 𝑚𝑚 𝑎𝑛𝑑 6.604 𝑚𝑚 had 263648, 246736, 246736 

elements in them respectively. 
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(a) Hole diameter = 3.683 𝑚𝑚 

 

Figure 6.29: Mesh on open-hole tensile test specimen 
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Figure 6.29 continued 

 

 

 

 

(b) Hole diameter = 5.715 𝑚𝑚 
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Figure 6.29 continued 

 

 

 

 

(c) Hole diameter = 6.604 𝑚𝑚  



225 

 

 Analysis of simulation results for tensile test 

As discussed in the previous chapters, the results were first rotated into the global coordinate 

system as the laminate material orientations were given as an input individually. The default 

deformation output has a scale of 12.6987 and for the better visualization of results, the scale was 

reduced to 1.   

6.6.1 Distribution of stress on laminates 

6.6.1.1 [𝟎𝟐 / ±𝟒𝟓]𝒔 

Figure 30-32 show the variation of axial stress at the hole and also across the length of the 

[02 / ±45]𝑠 laminate. It can be observed that there is compressive and tensile stress around the 

hole and the magnitude of these stresses increases as the hole size increases. From the (b) part of 

these images, the free-edge effects at the holes are observed. The 0𝑜 plies take more tensile loads 

than the 45𝑜 plies. This agrees with the CLPT results discussed in section 5.5.  

 

 

 

(a) Axial variation of stress near hole 

Figure 6.30: Variation of axial stress 𝜎11 on the [02 / ±45]𝑠 laminate with a hole of 

diameter 3.683 𝑚𝑚 
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Figure 6.30 continued 

 

 

 

(b) Variation of stress through thickness near the hole 

 

 

 

(c) Variation of stress on the entire coupon 
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(a) Axial variation of stress near the hole 

 

 

 

 

 

 

(b) Variation of stress through thickness near the hole 

 

Figure 6.31: Variation of axial stress 𝜎11 on the [02 / ±45]𝑠 laminate with a hole of diameter 

5.715 𝑚𝑚  
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Figure 6.31 continued 

 

(c) Variation of stress on the entire coupon 
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(a) Axial variation of stress near the hole 

 

 

 

 

 

(b) Variation of stress through thickness near the hole 

 

Figure 6.32: Variation of axial stress 𝜎11 on the [02 / ±45]𝑠 laminate with a hole of diameter 

6.604 𝑚𝑚 
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Figure 6.32 continued 

 

 

(c) Variation of stress on the entire coupon 
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6.6.1.2 [±𝟑𝟎]𝟐𝒔 

Figures 33-35 show the variation of axial stresses on the [±30 ]2𝑠 laminate. The gradient of tensile 

and compressive stresses has an angle with the axial direction and this is along the fiber direction 

30𝑜. The magnitude of these stresses also increases with the hole size. The stresses also have a 

butterfly profile around the hole. The variation of stress across thickness near the holes has an 

effect of free-edge also on it. This agrees with the results of CLPT.  

 

(a) Axial variation of stress near the hole 

 

 

 

 

(b) Variation of stress through thickness near the hole 

Figure 6.33: Variation of axial stress 𝜎11 on the [±30 ]2𝑠 laminate with a hole of 

diameter 3.683 𝑚𝑚 
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Figure 6.33 continued 

 

(c) Variation of stress on the entire coupon 
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(a) Axial variation of stress near the hole 

 

 

 

 

(b) Variation of stress through thickness near the hole 

Figure 6.34: Variation of axial stress 𝜎11 on the [±30 ]2𝑠 laminate with a hole of 

diameter 5.715 𝑚𝑚 
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Figure 6.34 continued 

 

(c) Variation of stress on the entire coupon 
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(a) Axial variation of stress near the hole 

 

 

 

 

(b) Variation of stress through thickness near hole 

 

Figure 6.35: Variation of axial stress 𝜎11 on the [±30 ]2𝑠 laminate with a hole of diameter 

6.604 𝑚𝑚 
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Figure 6.35 continued 

 

(c) Variation of stress on the entire coupon 
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6.6.2 [𝟎/±𝟒𝟓/𝟗𝟎]𝒔 

Figure 36-38 shows the variation of stress on the [0 / ±45 /90]𝑠 laminate. As in the previous 

laminates, there is tension longitudinally and compression transversely around the hole. The 

magnitude of these stresses increases with the hole size. The region around the hole also has free-

edge effects and hence, there is a variation of these stresses across the thickness of the laminate. 

This variation is also in agreement with the results from CLPT as discussed in the previous chapter.  

 

(a) Axial variation of stress near the hole 

 

 

 

 

(b) Variation of stress through thickness near the hole 

Figure 6.36: Variation of axial stress 𝜎11 on the [0 / ±45 /90]𝑠  laminate with a hole of 

diameter 3.683 𝑚𝑚
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Figure 6.36 continued 

 

 

 

(c) Variation of stress on the entire coupon 
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(a) Axial variation of stress near hole 

 

 

 

 

(b) Variation of stress through thickness near hole 

 

Figure 6.37: Variation of axial stress 𝜎11 on the [0 / ±45 /90]𝑠  laminate with a hole of diameter 

5.715 𝑚𝑚 
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Figure 6.37 continued 

 

(c) Variation of stress on the entire coupon 
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(a) Axial variation of stress near the hole 

 

 

 

 

(b) Variation of stress through thickness near the hole 

Figure 6.38: Variation of axial stress 𝜎11 on the [0 / ±45 /90]𝑠  laminate with a hole of 

diameter 6.604 𝑚𝑚 
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Figure 6.38 continued 

 

(c) Variation of stress on the entire coupon 

 

6.6.3 Variation of stress across the width of the specimen from the hole 

Figure 39 shows the variation of axial stress across the width of the laminates from the hole edge. 

It can be observed that the stress is maximum at the edge of the hole and the magnitude of the 

normalized stress increases with the increase in the hole size. The value converges to 1 at the edge 

of the laminate. The plots for [0 / ±45 /90]𝑠  and [02 / ±45]𝑠 laminates are similar to each other, 

whereas, the maximum stress for the [±30 ]2𝑠 laminate is more than these two laminates. The 

stress concentration factors were observed to be 3.49, 3 and 2.71 for the [02 / ±45]𝑠, 

[0 / ±45 /90]𝑠  and [±30 ]2𝑠 laminates and these values are the same as what is predicted from 

the analytical solution of the stress concentration factor which is independent of the hole size and 

is only dependent on the laminate material properties. 
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(a) [02 / ±45]𝑠 

 

(b) [0 / ±45 /90]𝑠 

 

Figure 6.39: Normalized variation of axial stress 𝜎11 across the width of the specimen with three 

different hole sizes 
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Figure 6.39 continued 

 

(c) [±30 ]2𝑠 

 

6.6.4 Strain distribution around the hole 

6.6.4.1 [𝟎𝟐 / ±𝟒𝟓]𝒔 

Figure 40 shows the variation of axial strain on the [02 / ±45]𝑠 laminate. The magnitude of 

maximum strain increases with the hole size and the variation is identical to the variation of axial 

stress on the laminate. The images also show the strain variation at the tabs in these specimens. 
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(a) Hole diameter =  3.683 𝑚𝑚 

Figure 6.40: Variation of axial strain 휀11 on the [02 / ±45]𝑠 laminate for three different 

hole sizes 
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Figure 6.40 continued 

 

 

 

(b) Hole diameter = 5.715 𝑚𝑚 
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Figure 6.40 continued 

 

 

(c) Hole diameter = 6.604 𝑚𝑚 

 

6.6.4.2 [±𝟑𝟎]𝟐𝒔 

Figure 41 shows the variation of axial strain on the [±30 ]2𝑠 laminate. The magnitude of maximum 

strain increases with the hole size and the variation is identical to the variation of axial stress on 

the laminate. The images also show the strain variation at the tabs in these specimens.  
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(a) Hole diameter =  3.683 𝑚𝑚 

Figure 6.41: Variation of axial strain 휀11 on the  [±30 ]2𝑠 laminate for three different hole 

sizes 
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Figure 6.41 continued 

 

 

(b) Hole diameter = 5.715 𝑚𝑚
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Figure 6.41 continued 

 

 

 

(c) Hole diameter = 6.604 𝑚𝑚 

 

6.6.5 [𝟎/±𝟒𝟓/𝟗𝟎]𝒔 

Figure 42 shows the variation of axial strain on the [0 / ±45 /90]𝑠  laminate. The magnitude of 

maximum strain increases with the hole size and the variation is identical to the variation of axial 

stress on the laminate. The images also show the strain variation at the tabs in these specimens.  
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(a) Hole diameter =  3.683 𝑚𝑚 

Figure 6.42: Variation of axial strain 휀11 on the  [0 / ±45 /90]𝑠 laminate for three 

different hole sizes 
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Figure 6.42 continued 

 

 

(b) Hole diameter = 5.715 𝑚𝑚
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Figure 6.42 continued 

 

 

(c) Hole diameter = 6.604 𝑚𝑚 

 Analysis of simulation results for [±𝟑𝟎]𝟐𝒔 CTE test 

The results are obtained for two different cooling cycles which go down up to −100℃ & − 180℃ 

and the heating cycle runs up to 180℃. There are two different cooling cycles to validate the 

experimental results and to compare the heating and cooling cycles to the same magnitude of 

temperatures in the positive and negative scales. For the [±30 ]2𝑠 laminate, 𝛼𝑥 is negative 

(−4.5
𝜇휀

℃⁄   ), 𝛼𝑦 is (24.1 
𝜇휀

℃⁄   ). Hence, the deformation of it along the Y-axis is much greater 

than its deformation along X-axis and the laminate shrinks in the X-direction when heated 

accounting for the negative value of CTE.  
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6.7.1 Deformation along X-axis 

Figure 43 shows the deformation along X-axis on the [±30 ]2𝑠 laminate with two different hole 

sizes od diameter 3.683 𝑚𝑚 & 6.604 𝑚𝑚. The laminate expands more along X-axis in the cooling 

cycles and shrinks along X-axis in the heating cycle. This accounts for the negative CTE of the 

laminate in the X-direction. As the temperature is reduced from −100℃ to −180℃, the 

deformation along with the X-axis increases. The range of the variation of deformation is the same 

for both the hole sizes for a given cycle.  

 

 

(i) Cooling cycle minimum temperature magnitude  −100℃  

 

Figure 6.43: Deformation along X-axis 𝑈1 due to temperature change on the  [±30 ]2𝑠 laminate 

for two different hole sizes 
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Figure 6.43 continued 

 

(ii) Cooling cycle minimum temperature magnitude  −180℃  

  

(iii) Heating cycle maximum temperature 180℃ 

(a) Hole diameter = 3.683 𝑚𝑚  



256 

 

Figure 6.43 continued 

 

(i) Cooling cycle minimum temperature magnitude  −100℃  

 

(ii) Cooling cycle minimum temperature magnitude  −180℃ 
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Figure 6.43 continued 

 

(iii) Heating cycle maximum temperature 180℃ 

(b) Hole diameter = 6.604 𝑚𝑚 

 

6.7.2 Deformation along Y-axis 

Figure 44 shows the deformation along Y-axis on the [±30 ]2𝑠 laminate with two different hole 

sizes od diameter 3.683 𝑚𝑚 & 6.604 𝑚𝑚. The laminate expands more along Y-axis in the heating 

cycle and shrinks along Y-axis in the cooling cycles. This accounts for the positive CTE of the 

laminate in the Y-direction. As the temperature is reduced from −100℃ to −180℃, the 

deformation along with the Y-axis increases. The range of the variation of deformation is the same 

for both the hole sizes for a given cycle. This is much more than the deformation in the X-direction 

as the CTE in Y-direction is much higher than in X-direction. 
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(i) Cooling cycle minimum temperature magnitude  −100℃  

 

 

(ii) Cooling cycle minimum temperature magnitude  −180℃  

Figure 6.44: Deformation along Y-axis 𝑈2 due to temperature change on the  [±30 ]2𝑠 laminate 

for two different hole sizes 
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Figure 6.44 continued 

 

(iii) Heating cycle maximum temperature 180℃ 

(a) Hole diameter = 3.683 𝑚𝑚 

 

(i) Cooling cycle minimum temperature magnitude  −100℃  
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Figure 6.45continued 

 

(ii) Cooling cycle minimum temperature magnitude  −180℃ 

 

(iii) Heating cycle maximum temperature 180℃ 

(b) Hole diameter = 6.604 𝑚𝑚 
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6.7.3 Stress in X-direction 

Figure 45 shows the variation of stress along the X-axis of the specimen. For the heating and 

cooling cycles, the regions of tensile and compressive stresses are swapped accounting for the 

swapping of the major and minor axes in these 2 cases. The stresses on the laminate increase as 

the magnitude of cooling temperature increases. The top edge undergoes tension in the cooling 

cycles and it undergoes tension in the heating cycles. This is because of the negative CTE the 

laminate has in X-direction. 

 

 

 

(i) Cooling cycle minimum temperature magnitude  −100℃  

Figure 6.46: Variation of stress in X-direction, 𝜎11 due to temperature change on the 

 [±30 ]2𝑠 laminate for two different hole sizes
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Figure 6.45 continued 

 

 

(ii) Cooling cycle minimum temperature magnitude  −180℃  
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Figure 6.45 continued 

 

 

(iii) Heating cycle maximum temperature 180℃ 

(a) Hole diameter = 3.683 𝑚𝑚 
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Figure 6.45 continued 

 

 

(i) Cooling cycle minimum temperature magnitude  −100℃  
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Figure 6.45 continued 

 

 

(ii) Cooling cycle minimum temperature magnitude  −180℃ 
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Figure 6.45 continued 

 

 

(iii) Heating cycle maximum temperature 180℃ 

(b) Hole diameter = 6.604 𝑚𝑚
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6.7.4 Effect of negative CTE on the deformation of the hole during heating 

Figure 46 shows the effect of change in temperature on the [±30 ]2𝑠 laminate for two different 

hole sizes when it is heated and cooled up to 180℃ and −180℃ respectively. Tables 3 and 4 show 

the variation of dimensions of both the holes in the heating and cooling cycles. The aspect ratio 

(major axis/minor axis) for the deformed ellipse at the end of cooling cycles (X deformation/Y 

deformation) up to −100℃ & − 180℃ is about 1.06 and 1.12 respectively and the aspect ratio at 

the end of heating cycle (Y deformation/X deformation) up to 180℃ for both the holes is about 

1.17.  

 

(a) Hole diameter = 3.683 𝑚𝑚 

Figure 6.47: Effect of temperature change on the  [±30 ]2𝑠 laminate for two different 

hole sizes  
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Figure 6.46 continued 

 

 

(b) Hole diameter = 6.604 𝑚𝑚 
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Table 6.3: Deformation of holes in the cooling cycle 

Cooling 

(Minimum 

Temperature) 

(℃) 

Initial 

diameter 

(mm) 

Deformed (Y) 

(mm) 

Deformed (X) 

(mm) 

Aspect 

Ratio 

(X/Y) 

-100 3.68 3.49 3.70 1.06 

-180 3.68 3.34 3.74 1.12 

-100 6.60 6.27 6.65 1.06 

-180 6.60 6.00 6.72 1.12 

 

Table 6.4: Deformation of holes in the heating cycle 

Heating 

(Maximum 

temperature) (℃) 

Initial 

diameter 

(mm) 

Deformed (Y) 

(mm) 

Deformed (X) 

(mm) 

Aspect 

Ratio 

(Y/X) 

100 3.68 3.87 3.65 1.06 

180 3.68 4.02 3.58 1.12 

100 6.60 6.93 6.54 1.06 

180 6.60 7.28 6.48 1.12 

 

 Conclusions 

Holes of three different sizes were made on laminates with three different stacking sequences and 

the failure modes were determined for them. It was observed that the laminate with stacking 

sequence [02 / ±45]𝑠 has the highest strength as it has a greater number of 0o plies in it. The 

strength was estimated from two different methods, ASC and PSC. A broad range of 𝜎𝑁/𝜎0 were 

found for different values of 𝑎0 and 𝑑0 for ASC and PSC respectively. It was observed that the 

modified PSC is a better estimate for the calculations. It gives a single plot for all the hole sizes 

and it gives a narrower range of estimate compared to the other two cases where there is a wider 

range of values for 𝜎𝑁/𝜎0. Once the 𝜎𝑁/𝜎0 was corrected for finite width, they seem to fit the 
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𝜎𝑁/𝜎0 estimates better. As the size of the hole increases, the strength of the laminates appears to 

reduce. Even the laminates with the smallest hole have a significant reduction in the value of 

strength compared to the un-notched laminate. The stress is the highest at the corner of the hole 

and it reduces exponentially towards the end of the laminate plate.  

The digital twins for the stiffness of the laminates display the detailed variation of stresses on the 

length of the laminate and across the width of it. The magnitude of normalized stress is the highest 

for [02/±45 ]𝑠 laminate. The [±30]2𝑠 laminate has a negative CTE along X-axis and hence, 

simulations were run for the deformation of it with an increase and decrease of temperature. It was 

observed that the hole deforms to an ellipse and the major axis flips for the heating and cooling 

cycles. As a result, the stress concentrations around these holes also flip directions of tension and 

compression. A detailed analysis was carried out for the deformation and the stress distribution 

around the holes of two different sizes.  
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7.  FREE EDGE EFFECTS 

 Introduction 

7.1.1 Stress distributions at the free edge 

With the increasing use of composites in the industry, there is an increasing need to understand 

and solve different problems that are encountered. Free-edge is one such problem which is very 

commonly faced. Due to a mismatch in the elastic properties of the neighboring layers in a 

composite laminate, there are concentrated stresses that arise in the interface of the laminates at 

the free edges when the laminates are thermally or mechanically loaded. These stress fields are 

located at the boundary layers of the laminates where there are steep stress gradients and they 

eventually die out towards the center of the laminate. It is very crucial to obtain the 3D stress field 

at the edges of the laminate to prevent the premature failure of the laminates as they can result in 

delamination and transverse cracking of the laminates. Figure 1 shows the variation of stresses on 

the surface and across the thickness of the laminate. The characterization of the strength of fiber-

reinforced composite materials that are laminated shows that the stress state near free-edge is three-

dimensional in nature and is not predicted accurately by the laminated plate theory. Some 

experimental results have shown that the strength of certain angle-ply laminates can be predicted 

by the laminate strength theories, but the strength of coupons of other fiber orientations cannot be 

predicted by these theories.    
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Figure 7.1: Stress state at the free edge of the specimen 

(Image from Experimental characterization of advanced composite materials (2014)) 

 

7.1.2 Axial displacement and interlaminar shear strain across the thickness 

From a few analyses conducted in the past, it was very evident that a cogent amount of interlaminar 

stress is required to allow shear transfer between layers of an angle-ply laminate that has a fine 

width. The interlaminar stress is restricted to a narrow region near the free-edge and a uniform 

stress field as predicted by the lamination theory is recovered from the inner region of the laminate. 

The location of maximum interlaminar shear stress is found at the interface of the lamina with 

fiber orientations of +θ and -θ. The interlaminar normal stress, 𝜎𝑧, 𝜎𝑦, 𝜏𝑦𝑧  are very small in the 

angle-ply laminates. When a uniform uniaxial stress is applied to a laminate, it can be proven that 

the lamina state of stress contains only two components in the laminate coordinate system. These 

components of stress are 𝜎𝑥 and 𝜏𝑥𝑦. 
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Figure 2 shows the variation of interlaminar shear strain and Figure 3 shows the variation of axial 

displacement distribution across the thickness of the laminate. The first Distribution I, corresponds 

to the elastic analysis and hence to a state of stress-strain at or below the proportional limit. As the 

load is increased and the material response enters the nonlinear range, the axial displacement 

distribution changes to a form corresponding to Distribution II. Finally, an interlaminar shear 

failure results in a separation of the laminae at the interfaces (𝑧/ℎ𝑜  =  ±1.0) and produces the 

displacement Distribution III. Distribution IV corresponds to the interlaminar shear failure. 

 

 

Figure 7.2: Axial displacement across the thickness 

(Image from Experimental characterization of advanced composite materials (2014)) 
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Figure 7.3: Interlaminar shear strain across the thickness 

(Image from Experimental characterization of advanced composite materials (2014)) 

7.1.3 Variation of stresses across the width 

When uniform uniaxial stress is applied to a laminate, it can be proven that the lamina state of 

stress contains only two components in the laminate coordinate system. These components of 

stress are 𝜎𝑥 and 𝜏𝑥𝑦. Further, it can be shown that 𝜎𝑦 is zero. Also, the direction of the shear stress 

is the only varying parameter for a lamina of 𝜃 and – 𝜃 directions.  

Thus, we have 

𝜎𝑥(𝜃) = 𝜎𝑥(−𝜃) = 𝜎𝑥̅̅ ̅ 

 

𝜏𝑥𝑦(𝜃) =  −𝜏𝑥𝑦(−𝜃) 

Free edge effects arise to the fact that for finite width specimens to maintain a traction free surface 

at the edge, there arises interlaminar shear stress.  

If the stress state is independent of the x – coordinate (St. Venant’s principle) we have 

 

𝜕𝜎𝑥
𝜕𝑥 

= 0 

Thus, the equilibrium equations are given by 

 



275 

 

𝜕𝜏𝑥𝑦

𝜕𝑦
+
𝜕𝜏𝑥𝑧
 𝜕𝑧 

= 0 

Since the in-plane shear stress must vanish on the free surface of the specimen, we have  

 

𝜕𝜏𝑥𝑦

𝜕𝑦
= −

𝜕𝜏𝑥𝑧
 𝜕𝑧 

 

 

The uniform axial extension form of the strain-displacement relationship is assumed in order to 

yield stress filed independent of the axial coordinate, x 

 

𝑢 = 휀0𝑥 + 𝑈(𝑦, 𝑧) 

𝜎𝑦 = 𝜎𝑧 = 𝐶45 = 0 

 

That leads to  

𝛼𝑈𝑦𝑦 + 𝑈𝑧𝑧 = 0 

𝛼 =
𝑆11𝑆55

[𝑆11𝑆66 − 𝑆16
2 ]

 

𝜏𝑥𝑧~ 𝑆16휀0√
1

𝑆11𝑆55[𝑆11𝑆66 − 𝑆16
2 ]
  

 

It is important to note that the components of the compliance matrix, referred to as 𝑆𝑖𝑗 are in the 

laminate coordinate system. The surface deformation in Figure 4 clearly illustrates the nature of 

the interlaminar phenomenon. Here we see that the axial displacement in the direction of the 

applied load has an anti-symmetric form that is clearly restricted to as boundary layer. More 

important, as we saw in analyzing the off-axis tensile coupon, the gradient in displacement in this 

region reflects the “freedom” of the surface layer to exhibit deformation as if it was not bonded to 

the rest of the laminate, but free to deform as it would as an off-axis coupon of the same orientation, 

𝜃. 
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(a) Across width 

 

(b) Across thickness 

Figure 7.4: Axial displacement across width and thickness of the laminate 

(Image from Experimental characterization of advanced composite materials (2014)) 

 

The through thickness results show that the interlaminar shear stress is zero on the upper and lower 

surfaces, as it must be. Note also that the interlaminar shear stress changes sign at the multiple 

interfaces in much the same way as the in-plane shear stress changes sign for 𝜃 and –𝜃. While a 

finite maximum value for the interlaminar stress at the free-edge is shown, this is certainly not the 

case. Rather, the stress at the intersection of the interlaminar planes: z = +3h and +h are unbounded. 

Namely, a mathematical singularity exists in these positions. This can be seen in Figure 5.  
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Figure 7.5: Interlaminar shear stresses through the thickness 

(Image from Experimental characterization of advanced composite materials (2014)) 

 

A simplified shear stress distribution is shown in Figure 6. The mathematical singularity at the free 

edge can be simplified, wherein 𝜏𝑥𝑧 has a finite value at the free-edge and the smooth curves are 

replaced by linear approximations. This approach will preserve the relationship between the in-

plane and interlaminar stresses, but will allow simple relationships to be developed for relating the 

couples, 𝐶𝑥𝑧 and 𝐶𝑥𝑦 to the magnitude of the shear stress at the free edge. Further, Figure 7 shows 

the variation of complete stress results at the interface of a [±45]𝑠 laminate with the material 

properties of the laminate specified accordingly. 
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(a) Simplified                                                   (b) Actual 

Figure 7.6: Simplified and Actual shear stress distributions across the width of the sample 

(Image from 12a, 12b Free-edge Phenomena, Presentation. PPT. (2019)) 

 

 

Figure 7.7: Variation of stresses at the interface of [±45]𝑠 laminate 

(Image from 12a, 12b Free-edge Phenomena, Presentation. PPT. (2019)) 

 Experimental Procedure 

4 types of laminates were prepared to study the free-edge effects. These were 

[±30 ]2𝑠, [±302 ]2𝑠, [±30/902 ]𝑠, [±302/904 ]𝑠. Ten specimens of each laminate were studied. 

For the calibration of the DIC camera, the position of the samples and the lighting conditions affect 
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the exposure of the image. The samples were aligned as accurately in the load cell as was possible. 

The level checked using a spirit level. The load cell was calibrated for a 22kip calibration. The 

ramp rate for the test was 2 mm/min for the first two samples and was increased to 4 mm/min for 

the remaining samples. The samples were loaded until failure. There was no speckling on the 

samples and the data obtained from DIC cameras was used to capture the video of the samples 

failing. The data reduction was done using the aforementioned formula and the results were 

compared to those obtained using CDMHub. Figure 8 shows the experimental set-up that was used 

to test the samples for free-edge effects. 

 

 

       

Figure 7.8: Experimental Setup 

 Processing of experimental results  

The sample dimensions were measured for further calculations to be carried out on the specimen. 

Table 1 shows the average and standard deviation values of these data for the four laminates that 

were tested. It can be observed that the sample dimensions are close to each other as the standard 

deviation values are quite low. The samples with 16 plies have a thickness twice of the samples 

with 8 plies. 
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Table 7.1: Average and standard deviation values of sample dimensions 
 

Specimen Dimensions 

Laminate [±𝟑𝟎 ]𝟐𝒔 [±𝟑𝟎𝟐 ]𝟐𝒔 [±𝟑𝟎/𝟗𝟎𝟐 ]𝒔 [±𝟑𝟎𝟐/𝟗𝟎𝟒 ]𝒔 

Width (mm) 25.39 25.37 25.37 25.32 

Width STD 0.04 0.04 0.08 0.06 

Thickness (mm) 1.52 3.17 1.62 3.17 

T STD 0.04 0.07 0.03 0.08 

Length (mm) 152.79 152.70 152.78 152.59 

Length STD 0.41 0.28 0.06 0.10 

CSA (mm2) 38.48 80.51 41.11 80.21 

 

Load-displacement data was extracted and cleaned using a MATLAB code and plotted per 

specimen per laminate. The cleaning process only adjusted the offsets on the loads and 

displacements data by ensuring a start at the origin. The approximate value of the axial strain was 

taken by dividing the displacement by the mean gauge length of the laminate type. Axial stresses 

were calculated by dividing the force by the mean cross-sectional area of the laminate type.  

For the simplified version of calculating the anti-symmetric in-plane shear and interlaminar shear, 

the following formula was used:  

ℎ = 𝑚ℎ0 

𝜏𝑥𝑧 =
2

𝑚
[
𝑏 −𝑚ℎ0/ 2

𝑏 − 𝑚ℎ0/ 3
] 

Where ℎ0 is the thickness of each layer, and b is the half-width of the specimen. 

7.3.1 [±𝟑𝟎 ]𝟐𝒔 laminate 

Figure 9 shows the load versus displacement curves and the axial stress versus strain curves for all 

the samples made from the [±30 ]2𝑠 laminate. The mean ultimate stress, Young’s Modulus, 

Interlaminar Shear Stress, and Peel Stress values are calculated from the data accordingly. 
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Figure 7.9: Load Displacement and stress-strain plot for [±30 ]2𝑠 laminate 

7.3.2 [±𝟑𝟎𝟐 ]𝟐𝒔 laminate 

Figure 10 shows the load versus displacement curves and the axial stress versus strain curves for 

all the samples made from the [±302 ]2𝑠 laminate. This laminate has a ply thickness twice of that 

of the previous laminate. As the thickness of the laminate increases, the strength of it decreases. 

Hence it can be observed that the ultimate stress of the laminate is lower. The mean ultimate stress, 

Young’s Modulus, Interlaminar Shear Stress, and Peel Stress values are calculated from the data 

accordingly.  
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Figure 7.10: Load Displacement and stress-strain plots for [±302 ]2𝑠 laminate 

 

From Figure 11 we can see evidence of delamination failure at the edges of the specimen. Since 

the ply thickness is two times more than the laminate with 8 plies, the delamination is more clearly 

visible in this case. The simplified version was used for calculating the peel stress. For this 

laminate, b = 12.685mm, h = 3.17mm, m=16 and in-plane shear stress (from CPT) is 558.25 MPa, 

interlaminar shear stress at failure was 66.61 MPa and peel stress was 7.12 MPa. The mean 

ultimate stress was calculated to be 411.47 MPa and Young’s Modulus was 28.44 GPa.  
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Figure 7.11: Delamination failure at the edge of the specimen for  [±302 ]2𝑠 laminate 

 

7.3.3 [±𝟑𝟎/𝟗𝟎𝟐 ]𝒔 laminate 

Figure 12 shows the load versus displacement curves and the axial stress versus strain curves for 

all the samples made from the [±30/902 ]𝑠 laminate. The mean ultimate stress and Young’s 

modulus were calculated for this laminate. Since this is not an angled ply laminate, the interlaminar 

shear stress and peel stress of the laminate is not calculated. The ultimate stress of this laminate is 

less than the previous laminate with 8 plies because of the presence of 90 oriented plies which 

reduce the strength of the laminate significantly to about half the previous strength as the number 

of angled plies are reduced to half in this case. The code in cdmHUB is also not valid for laminates 

with 90 angled plies. Hence, the plots with the analytical solution are not obtained for this laminate. 

The average ultimate stress was found to be 299.88 MPa and Young’s Modulus was 26.8 GPa.  
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Figure 7.12: Load Displacement and stress-strain plot for [±30/902 ]𝑠 laminate 

 

7.3.4 [±𝟑𝟎𝟐/𝟗𝟎𝟒 ]𝒔 laminate  

Figure 13 shows the load versus displacement curves and the axial stress versus strain curves for 

all the samples made from the [±302/904 ]𝑠 laminate. The mean ultimate stress and Young’s 

modulus were calculated for this laminate. As discussed for the previous laminate, since not plies 

are angled, the interlaminar shear stresses and the peel stresses of the laminate are not calculated 

and the analytical results from cdmHUB are also not obtained. The ultimate strength of this 

laminate is also lower than the laminate with a lower ply thickness. The average ultimate stress 

was found to be 209.59 MPa and Young’s Modulus was 26.21 GPa.   
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Figure 7.13: Load Displacement and stress-strain plot for [±302/904 ]𝑠  laminate 

 

Figure 14 shows the delamination in the [±302/904 ]𝑠  laminate. This is not that evident in the 

laminate with lower ply thickness and it is more visible in this case. 
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Figure 7.14: Evident delamination at the edges for [±302/904 ]𝑠  laminate 

 Modeling of geometry for simulations 

Laminates with two different stacking sequences, [±30 ]2𝑠 and [±30/902 ]𝑠 were modeled with 

the same geometry as the experiment with a width of 5.6896 mm, which is 5 times the thickness 

of the laminate. This was done to have more elements across the width and to capture the free edge 

effects. The properties of the other two laminates are the same as these but the laminate thickness 

is twice as them. Hence, to study the deformation and stress properties, it is sufficient to analyze 

these two. This is done to account for and to study the free-edge effects on the edges of the samples 

as well. The variation of stresses across the thickness, width is analyzed for both the laminates and 

the free-edge effects are analyzed. 

 The fiber orientation was assigned individually to each of the plies and hence, for the post-

processing of the data, a global coordinate system is created and all the parameters are hence 

rotated in terms of the global coordinates. The load and boundary conditions for the test are the 

same as a typical tensile test as discussed in section 2.7.  

7.4.1 Mesh 

To capture the free edge effects on the coupon, the mesh was further refined as the width was five 

times the thickness of the entire laminate. 40 elements are seeded across the width and each 
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element has a width of one lamina. The geometry was modeled with standard 3D stress elements 

with a quadratic geometric order (C3D20- 20 node quadratic brick). Reduced integration was used 

at the tabs to decrease the computation time. There are 1496320 elements on the coupon. Figure 

15 shows the images of mesh on the coupon. The tabs were seeded with 4 elements across the 

thickness.  

   

  

Figure 7.15: Mesh on the edges of free-edge coupon with a width of 5t 

 Analysis of simulation results and comparison with theoretical results 

Since the orientation of fibers in the laminate was assigned for individual layers, to get the final 

properties of the deformed laminate, the parameters were rotated to the global coordinate system. 

For the analytical results, the free edge elasticity solution application in cdmHub was used with 
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the material parameters the same as that mentioned in chapter 2. The load was the same as the 

maximum value of experimental strain that the laminate experiences. The results obtained from 

the analytical solution and the simulation were compared and validated. For the plots from Abaqus, 

the location across thickness and width were normalized by dividing the values by 1.13792 and 

5.6896 respectively.  

7.5.1 [±𝟑𝟎 ]𝟐𝒔 laminate 

7.5.1.1 Axial displacement across thickness at the free edge 

Figure 16 shows the plots of variation of axial displacement across the thickness from both the 

analytical solution and from the tensile simulation of the [±30 ]2𝑠 laminate. The laminate has a 

maximum displacement at the laminate center where there are −30𝑜 plies. The −30𝑜 plies also 

have greater displacement than the 30𝑜 plies that are present through the thickness of the laminate. 

This was measured in the middle of the axial length of the laminate. Figure 17 shows the contoured 

variation of the axial displacement on the entire laminate and the variation across the thickness of 

the laminate at the gage length.  
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(a) Analytical solution 

 

(b) Abaqus simulation result 

Figure 7.16: Variation of axial displacement 𝑈1 across thickness at the free edge of [±30 ]2𝑠 
laminate 
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(a) Axial displacement at gage length 

 

  

Figure 7.17: Contoured variation of axial displacement 𝑈1 on the [±30 ]2𝑠 laminate 
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7.5.1.2 Stresses across thickness at the free edge 

Figure 18 shows the variation of stresses across thickness at the free edge of  [±30 ]2𝑠 laminate. 

The stresses in plots from Abaqus simulation are in MPa. Figure 19 shows the contoured variation 

of these stresses on the laminate. All of these stresses reach their peak values at the interface 

between two plies where their orientation changes. The axial and in-plane shearing stresses remain 

almost constant throughout the thickness of each ply. The interlaminar shearing stress varies 

through the thickness of the ply and peaks at the interface. The shear stresses also reach 0 at the 

free surfaces on the top and bottom. The distribution of these stresses is also symmetric with 

respect to the mid-plane of the laminate. The peak values of the stresses also remain constant as 

the fiber orientations remain the same with respect to the longitudinal axis. Figure 18c shows the 

superimposition of the analytical and finite element solution and it can be seen that the peak value 

of 𝜏𝑥𝑧 is more in the analytical solution and this is due to the mathematical singularity in the 

solution at the interfaces.  As the number of Fourier terms is increased the magnitude of this stress 

increases. The  FE solution also approaches this value when the number of terms is increased 

across the thickness of each ply. 
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(a) Analytical solution 

 

 

(b) Abaqus simulation result (Stresses in MPa) 
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(c) Superimposition of the Analytical and FE solution 

Figure 7.18: Variation of stresses across thickness at the free edge of [±30 ]2𝑠 laminate  
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(a) Axial stress 𝜎𝑥𝑥 

 

Figure 7.19: Contoured variation of stresses on [±30 ]2𝑠 laminate 
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Figure 7.19 continued 

   

  

(b) Interlaminar shearing stress 𝜏𝑥𝑧 
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Figure 7.19 continued 

   

  

(c) In-plane shearing stress 𝜏𝑥𝑦 

 

7.5.1.2.1 Variation of normal and transverse stresses through thickness 

Figure 20 shows the variation of normal and transverse stresses across the thickness of [±30 ]2𝑠 

laminate. The stresses reach zero at the free surfaces on the top and bottom of the laminate. The 

transverse and out of plane shear stresses are zero across the thickness of the laminate. The value 

of 𝜎𝑧𝑧 peaks at the center of the laminate. Figure 21 shows the contour variation of these stresses 

at the edge and along the length of the laminate.  The analytical solution assumes that the peel 

stress  𝜎𝑧𝑧 is zero across thickness and hence, there is no validation analytical plot for this case.  
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Figure 7.20: Variation of normal and transverse components of stresses across thickness at the 

free edge of [±30 ]2𝑠 laminate  
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(a) Transverse stress 𝜎𝑦𝑦 

Figure 7.21: Contour variation of normal and transverse components of stresses across 

thickness at the free edge of [±30 ]2𝑠 laminate 
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Figure 7.21 continued 

   

  

(b) Normal stress 𝜎𝑧𝑧 
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Figure 7.21 continued 

   

  

(c) In-plane shearing stress 𝜏𝑦𝑧 

 

7.5.1.3 Stresses across width 

Figure 22 shows the variation of stresses across the width of the specimen from the midplane to 

the edge of the sample. In the analytical plot, the blue, red and green plots in the analytical solution 

represent the axial, in-plane shearing and interlaminar shearing stresses respectively. In the Abaqus 

simulation results, the plots for 𝜏𝑥𝑦 are taken from the values of stresses at the middle of each ply 

and the plots for 𝜏𝑥𝑧 𝑎𝑛𝑑 𝜎𝑥𝑥 are plotted by considering the values at the interface between the 

plies.  
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In the legends of these plots, the plies are numbered from bottom to top, that is, 1 is the bottom-

most ply with an orientation of 300. 2, 3 and 4 represent the subsequent bottom-up plies with 

orientations −300, 300 𝑎𝑛𝑑 −300 respectively. The stresses were also plotted at the mid-plane of 

the laminate and on its top surface. The X-axis of these plots denotes the normalized width of the 

laminate. It can be clearly seen that there is a boundary layer at the edges before the stresses reach 

a constant value at the center. This is a consequence of the free-edge effect on the laminate. The 

sign of the stresses also reverses for the subsequent plies and interfaces.   

Figure 23 shows the contour plot of the variation of these stresses across the width of the laminate 

especially at the free-edge covering the boundary layer.  
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(a) Analytical solution 

 

(i)  Axial stress 𝜎𝑥𝑥 

 

Figure 7.22: Variation of stresses across the width on [±30 ]2𝑠 laminate 
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Figure 7.22 continued 

 

(ii) Interlaminar shearing stress 𝜏𝑥𝑧 

 

 

(iii) In-plane shearing stress 𝜏𝑥𝑦 

(b) Abaqus simulation result (Stresses in MPa) 
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(i) Axial stress 𝜎𝑥𝑥 

   

(ii) Interlaminar shearing stress 𝜏𝑥𝑧 

   

(iii) In-plane shearing stress 𝜏𝑥𝑦 

Figure 7.23: Contoured variation of stresses across the width and at the edge of [±30 ]2𝑠 
laminate 

7.5.1.4 Stresses across thickness at the laminate center 

Figure 24 shows the variation of stresses across thickness at the laminate center.  In the analytical 

plots, the blue, red and green plots represent the axial, in-plane shearing and interlaminar shearing 

stresses respectively. The axial stress is constant across the thickness and the interlaminar shearing 
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stress is zero throughout the laminate and the in-plane shearing stress has an alternating change in 

sign across thickness as the sign of the ply reverses.  

Figure 25 shows the contour variation of these stresses across the thickness of the laminate at the 

center.  

 

(a) Analytical solution  

 

(b) Abaqus simulation result (Stresses in MPa) 

Figure 7.24: Variation of stresses across thickness at the center of [±30 ]2𝑠 laminate 
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(i) Axial stress 𝜎𝑥𝑥 

  

(ii) Interlaminar shearing stress 𝜏𝑥𝑧 

   

(iii) In-plane shearing stress 𝜏𝑥𝑦 

Figure 7.25: Contoured variation of stresses at the center of [±30 ]2𝑠 laminate
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7.5.1.5 Axial displacement across the width 

Figure 26 shows the variation of axial displacement across the width of [±30 ]2𝑠 laminate. In the 

plots obtained from the simulation results, the stresses are plotted at the interfaces of the plies and 

the legends are numbered from bottom to top, that is, 1 is the bottom-most ply with an orientation 

of 300. 2, 3 and 4 represent the subsequent bottom-up plies with orientations −300, 300 𝑎𝑛𝑑 −300 

respectively. The stresses were also plotted at the mid-plane of the laminate and on its top surface. 

There is a boundary layer at the edges of the laminate and hence, the displacement reaches a 

constant value only at the center of laminate. 
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(a) Analytical solution  

 

 

(b) Abaqus simulation result  

Figure 7.26: Variation of axial displacement 𝑈1 across width of [±30 ]2𝑠 laminate
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7.5.2 [±𝟑𝟎/𝟗𝟎𝟐 ]𝒔 laminate 

7.5.2.1 Axial displacement across thickness at the free edge 

Figure 27 shows the plots of variation of axial displacement across the thickness from the tensile 

simulation of the [±30/902 ]𝑠 laminate. The laminate has maximum displacement where there are 

−30𝑜 plies. The −30𝑜 plies also have greater displacement than the 90𝑜 𝑎𝑛𝑑 30𝑜 plies that are 

present through the thickness of the laminate. This was measured in the middle of the axial length 

of the laminate. Figure 28 shows the contoured variation of the axial displacement on the entire 

laminate and the variation across the thickness of the laminate at the gage length.  There is no 

analytical solution available for this laminate as it is available only for the [±𝜃]𝑠 case.
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Figure 7.27: Variation of axial displacement 𝑈1 across thickness at free edge of [±30/902 ]𝑠 
laminate 
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(a) Axial displacement at gage length 

 

 

Figure 7.28: Contoured variation of axial displacement 𝑈1 on the [±30/902 ]𝑠  laminate
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7.5.2.2 Stresses across thickness at the free edge 

Figure 29 shows the variation of stresses across thickness at the free edge of  [±30/902 ]𝑠 

laminate. The stresses in plots from Abaqus simulation are in MPa. Figure 28 shows the contoured 

variation of these stresses on the laminate. All of these stresses reach their peak values at the 

interface between two plies where their orientation changes. The axial and in-plane shearing 

stresses remain almost constant throughout the thickness of each ply. The interlaminar shearing 

stress varies through the thickness of the ply and peaks at the interface. The shear stresses also 

reach 0 at the free surfaces on the top and bottom. The distribution of these stresses is also 

symmetric with respect to the mid-plane of the laminate. The peak value of stresses at the interface 

of ±30𝑜 laminae is more than the peak value of stresses at −30𝑜 𝑎𝑛𝑑 90𝑜 laminae.  There is no 

analytical solution available for this laminate as it is available only for the  [±𝜃]𝑠 case. 



313 

 

 

 (Stresses in MPa) 

Figure 7.29: Variation of stresses across thickness at the free edge of [±30/902 ]𝑠 laminate  
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(a) Axial stress 𝜎𝑥𝑥 

 

Figure 7.30: Contoured variation of stresses on [±30/902 ]𝑠 laminate 
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Figure 7.30 continued 

  

  

(b) Interlaminar shearing stress 𝜏𝑥𝑧
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Figure 7.30 continued 

   

  

(c) In-plane shearing stress 𝜏𝑥𝑦 
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7.5.2.2.1 Variation of normal and transverse stresses through thickness 

Figure 31 shows the variation of normal and transverse stresses across the thickness of 

[±30/902 ]𝑠 laminate. The stresses reach zero at the free surfaces on the top and bottom of the 

laminate. The value of 𝜎𝑧𝑧 peaks at the interface between −30𝑜  and 90𝑜 plies. Hence, the peel 

stress is maximum at these locations. The shear stress 𝜏𝑦𝑧 and 𝜎𝑦𝑦 are zero across the thickness of 

the laminate.  

Figure 32 shows the contour variation of these stresses at the edge and along the length of the 

laminate. The peak values of these stresses at the interface of plies are clearly visible in these 

images.  

  

 

Figure 7.31: Variation of normal and transverse components of stresses across thickness at the 

free edge of [±30/902 ]𝑠 laminate
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(a) Transverse stress 𝜎𝑦𝑦 

 

Figure 7.32: Contour variation of normal and transverse components of stresses across thickness 

at the free edge of [±30/902 ]𝑠 laminate
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Figure 7.32 continued 

   

  

(b) Normal stress 𝜎𝑧𝑧
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Figure 7.32 continued 

   

  

(c) In-plane shearing stress 𝜏𝑦𝑧 
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7.5.2.3 Stresses across width 

Figure 33 shows the variation of stresses across the width of the specimen from the midplane to 

the edge of the sample. In the analytical plot, the blue, red and green plots in the analytical solution 

represent the axial, in-plane shearing and interlaminar shearing stresses respectively. In the Abaqus 

simulation results, the plots for 𝜏𝑥𝑦 are taken from the values of stresses at the middle of each ply 

and the plots for 𝜏𝑥𝑧 𝑎𝑛𝑑 𝜎𝑥𝑥 are plotted by considering the values at the interface between the 

plies.  

In the legends of these plots, the plies are numbered from bottom to top, that is, 1 is the bottom-

most ply with an orientation of 300. 2, 3 and 4 represent the subsequent bottom-up plies with 

orientations −300, 900 𝑎𝑛𝑑 900 respectively. The stresses were also plotted at the mid-plane of 

the laminate and on its top surface. The X-axis of these plots denotes the normalized width of the 

laminate. It can be clearly seen that there is a boundary layer at the edges before the stresses reach 

a constant value at the center. This is a consequence of the free-edge effect on the laminate. The 

sign of the stresses also reverses for the subsequent plies and interfaces.   

Figure 34 shows the contour plot of the variation of these stresses across the width of the laminate 

especially at the free-edge covering the boundary layer. There is no analytical solution available 

for this laminate as it is available only for the  [±𝜃]𝑠case. 
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(i) Axial stress 𝜎𝑥𝑥 

Figure 7.33: Variation of stresses across width on [±30/902 ]𝑠  laminate 
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Figure 7.33 continued 

 

(ii) Interlaminar shearing stress 𝜏𝑥𝑧 

 

 

(iii) In-plane shearing stress 𝜏𝑥𝑦 

 (Stresses in MPa) 
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(i) Axial stress 𝜎𝑥𝑥 

   

(ii) Interlaminar shearing stress 𝜏𝑥𝑧 

   

(iii) In-plane shearing stress 𝜏𝑥𝑦 

Figure 7.34: Contoured variation of stresses across the width and at the edge of [±30/902 ]𝑠 
laminate 
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7.5.2.4 Stresses across thickness at the laminate center 

Figure 35 shows the variation of stresses across thickness at the laminate center.  The axial stress 

is mostly taken by the ±30𝑜plies and 90𝑜 do not take much axial loads. 90𝑜 plies do not take any 

in-plane shearing stress and all of it is taken by ±30𝑜plies with alternating signs of stress between 

the positive and negative oriented plies.  

Figure 36 shows the contour variation of these stresses across the thickness of the laminate at the 

center.  

 

 

(a) Analytical solution  

 

Figure 7.35: Variation of stresses across thickness at the center of [±30/902 ]𝑠 laminate 
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Figure 7.35 continued 

 

 

(b) Abaqus simulation result (Stresses in MPa) 
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(i) Axial stress 𝜎𝑥𝑥 

(ii)  

  

(iii)Interlaminar shearing stress 𝜏𝑥𝑧 

(iv)  

   

(v)  In-plane shearing stress 𝜏𝑥𝑦 

Figure 7.36: Contoured variation of stresses at the center of [±30/902 ]𝑠 laminate 
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7.5.2.5 Axial displacement across the width 

Figure 37 shows the variation of axial displacement across the width of [±30/902 ]𝑠  laminate. In 

the plots obtained from the simulation results, the stresses are plotted at the interfaces of the plies 

and the legends are numbered from bottom to top, that is, 1 is the bottom-most ply with an 

orientation of 300. 2, 3 and 4 represent the subsequent bottom-up plies with orientations 

−300, 900 𝑎𝑛𝑑 900 respectively. The stresses were also plotted at the mid-plane of the laminate 

and on its top surface. There is a boundary layer at the edges of the laminate and hence, the 

displacement reaches a constant value only at the center of laminate.
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(a) Analytical solution 

 

 

(a) Abaqus simulation result  

Figure 7.37: Variation of axial displacement 𝑈1 across width of [±30/902 ]𝑠   laminate



330 

 

 Conclusions 

Table 2 shows a summary of all the values calculated for all the laminates. It can be observed that 

the ultimate stress of the laminates is dependent on the stacking sequence and the thickness of the 

plies. The strength of the laminate reduces with an increase in thickness and with the number of 

90 oriented plies in the laminate. However, the material properties such as Young’s modulus do 

not depend on the ply thickness. The value is hence found to be almost the same for the cases of 

the same stacking sequence irrespective of the ply thickness.  

The interlaminar shear stresses initiate failure for small fiber angles and the strength of the angle-

ply laminates could be described in terms of Mode I and Mode II fracture toughness. The lumping 

plies also result in greater through thickness axial deformation of the laminate.  

The failure in these laminates is different from each other. In the [±30 ]2𝑠, [±302 ]2𝑠  laminates, 

there is ‘hair-like’ delamination that occurs along the flat edges of the sample and in the 

[±30/902 ]𝑠, [±302/904 ]𝑠  laminates, there is delamination between the plies of the laminate and 

they open up prior to failure and close upon failure.  
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Table 7.2: Summary of the results 

Mean Ultimate Stress (MPa) 

[±𝟑𝟎 ]𝟐𝒔 [±𝟑𝟎𝟐 ]𝟐𝒔 [±𝟑𝟎/𝟗𝟎𝟐 ]𝒔 [±𝟑𝟎𝟐/𝟗𝟎𝟒 ]𝒔 

514.97 411.47 299.88 209.59 

 

 

Young's Modulus (GPa) [Calculated by ASTM D3039 from 1000με to 3000 με] 

[±𝟑𝟎 ]𝟐𝒔 [±𝟑𝟎𝟐 ]𝟐𝒔 [±𝟑𝟎/𝟗𝟎𝟐 ]𝒔 [±𝟑𝟎𝟐/𝟗𝟎𝟒 ]𝒔 

29.59 28.44 26.80 26.21 

 

Interlaminar Shear Stress (MPa) 

[±𝟑𝟎 ]𝟐𝒔 [±𝟑𝟎𝟐 ]𝟐𝒔 

136.66 66.61 

 

Peel Stress (MPa) 

[±𝟑𝟎 ]𝟐𝒔 [±𝟑𝟎𝟐 ]𝟐𝒔 

27.86 7.12 

 

Simulations were carried out to analyze the stress distributions on the [±30 ]2𝑠 and [±30/902 ]𝑠 

laminates across the width and across the thickness of the laminate. The free edge effects are 

visible in these cases and the effect of ply orientation on the stress concentrations are analyzed. 

The axial displacements and the stresses are validated with the analytical solutions obtained from 

the free-edge solution on cdmHub. To capture these effects the coupon was modeled with a width 

of 5 times the thickness of the laminate and the number of elements across the width is increased. 

There was a presence of a boundary layer at the free edges of the laminates. This is due to the 

misbalance of stresses at the free surfaces. This phenomenon was also observed in the open-hole 

tension case where the edge of the hole also experiences free edge effects. 
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8. MODE I- INTERLAMINAR FRACTURE 

 Introduction 

8.1.1 Common failure modes in a composite laminate 

There are three basic modes in the failure of composite materials. Mode I comprises of the opening 

mode, mode II comprises of the in-plane shear or the sliding shear mode and Mode III comprises 

of the out of plane shear mode or twisting shear mode. These failure modes are depicted in Figure 

1.  

 

Figure 8.1: Modes of failure in a composite material 

(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed) 

 

Delamination is the phenomenon in which the two adjacent plies in composite laminates get 

separated. It is one of the most critical failure modes in composite laminates. It represents the 

crack-like discontinuities in a laminate which can propagate during its laminate and hence, it is a 

very important factor while determining the damage tolerance and the durability of the laminate. 

They can be produced during the manufacturing or the handling or even during the service of the 

laminate. The delamination is produced as a combination or as a single effect of any of the modes 

described above. It is a “major life-limiting failure process” for a laminate. 

As the crack starts to extend, the fibers pull out of the delaminated surfaces ahead of the crack tip 

and a zone of fibers bridging the gap is formed between the delamination faces. This is formed 
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directly behind the crack tip. The effect of fiber bridging is more when the crack is small and the 

effect is very small when the crack propagates to a bigger extent. Figure 2 shows the fiber bridging 

observed in the specimen. As the delamination progresses, the displacement in the direction of 

crack opening increases and these bridged fibers continue out pull out and they also break due to 

the applied tensile stress.  

 

Figure 8.2: Fiber bridging 

(Image from Experimental characterization of advanced composite materials (2014)) 

 

 

Linear Elastic Fracture Mechanics (LEFM) is usually used to study the fracture and delamination 

of the laminates. The main assumption used in this approach is that the material is perfectly elastic. 

There are two main approaches used in this process. One is energy-based and the other is stress-

based. Both of these approaches produce equivalent results for elastic materials. The critical strain 

energy release rate is generally an accepted measure of the total energy required to initiate 

delamination in the material and is denoted by 𝐺𝐶. This value is dependent on the mode of 

delamination of the laminate. Hence, for mode I, mode II and mode III, the 𝐺𝐶 values are 

𝐺𝐼𝐶 , 𝐺𝐼𝐼𝐶  𝑎𝑛𝑑 𝐺𝐼𝐼𝐼𝐶 respectively. 

8.1.2 Compliance and strain energy release rate for interlaminar fracture 

Double Cantilever Beam (DCB) test was used to determine the Mode I failure in the laminates as 

it is the most commonly used. Mode I delamination is also the most common failure mode among 

all the 3 failure modes. Figure 3 shows a standard DCB specimen with the hinged loading. 
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Figure 8.3: DCB specimen with hinge loading 

(Image from Experimental characterization of advanced composite materials (2014)) 

 

Figure 4 shows the DCB geometry under tensile loading, where 𝛿 = 2𝑢.  

 

Figure 8.4: DCB specimen under loading 

(Image from Experimental characterization of advanced composite materials (2014)) 

 

𝛥𝑈 =
𝑃𝛥𝑢

2
, 𝛥𝑊 = 𝑃𝛥𝑢 

𝛥𝐻 = 𝛥𝑊 − 𝛥𝑈 = 𝑃𝛥𝑢 −
𝑃𝛥𝑢

2
=
𝑃𝛥𝑢

2
 

𝐺𝛥𝐴 =
𝑃𝛥𝑢

2
 → 𝐺 =

𝑃

2
(
𝑑𝑢

𝑑𝐴
) 

𝑢 = 𝐶𝑃, (𝐶 = 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒) 

𝑑𝑢

𝑑𝐴
= 𝐶 (

𝑑𝑃

𝑑𝐴
) + 𝑃 (

𝑑𝐶

𝑑𝐴
) = 𝑃(

𝑑𝐶

𝑑𝐴
) 

𝑑𝑃

𝑑𝐴
= 0 (𝑓𝑖𝑥𝑒𝑑 𝑙𝑜𝑎𝑑) 
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𝐺 =
𝑃

2
(
𝑑𝑢

𝑑𝐴
) =

𝑃2

2
(
𝑑𝐶

𝑑𝐴
) 

 

From the classical beam theory, the load-point compliance, C (given by 𝛿/𝑃) for the DCB 

specimen, assuming that it is an ideal slender beam, becomes, 

𝑪 =
𝟐𝒂𝟑

𝟑𝑬𝟏𝑰
 

Where P is the applied load, δ is the crack opening, 𝐸1 is the modulus of composite in the fiber 

direction, I is the moment of inertia and a is the crack length. The strain energy release rate, 𝐺 =

𝐺𝐼 is obtained as follows: 

𝐺 =
𝑃2

2
(
𝜕𝐶

𝜕𝐴
) 

𝐺 =
𝑃2𝑎2

𝑏𝐸1𝐼
 

  

Figure 5 shows the stress variation near the notch. It can be observed that the plot reaches a peak 

value near the notch and it reduces exponentially to the value of σ0 near the end of the plate. For a 

crack, the radius of curvature approaches zero and hence it is assumed to be a straight line. 

 

Figure 8.5: Variation of stress from near the notch to the end of the laminate 

(Image from Callister. Materials Science and Engineering: An Introduction. 7th Ed) 

The stress varies as the following equation: 
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𝜎(𝑥) =
𝐾𝐼

√2𝜋𝑥
 

𝜎𝑦𝑦 = 𝜎(1 +
2𝑎

𝑏
) 

The Mode I stress field equation is given by,  

𝜎𝑦𝑦 =
𝐾𝐼

√2𝜋𝑥
+ 𝑂(√𝑥) 

𝜎𝑥𝑦 = 𝜎𝑦𝑧 = 0 

 

Where K is the stress concentration factor and as x or 𝑏 → 0, the stress approaches a value of 

infinity. 

According to Griffith’s theory of fracture, 𝐻 = 𝑊 − 𝑈 represents the energy to create new 

surfaces and 𝛥𝐻 ≥  𝐺𝐶𝛥𝐴, where W is the work done by external forces, U is the elastic strain 

energy in the body and GC is the work required to create a new crack of area A. It represents crack 

propagation and not crack initiation. At the critical condition, 𝛥𝐻 =  𝐺𝐶𝛥𝐴, where, 

𝐺 =
𝑑𝐻

𝑑𝐴
= lim

𝐴→0

𝛥𝐻

𝛥𝐴
 

𝐺 ≥ 𝐺𝐶 

G, energy release rate is usually in J/mm2 or N/mm and K, is usually in the units of MPa √mm. 

The energy release rate for plane stress and plane strain cases is as follows: 

𝐺𝐼 =

{
 

 
𝐾𝐼
2

𝐸
𝑃𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

(1 − 𝜈2)𝐾𝐼
2

𝐸
𝑃𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑛}

 

 
 

8.1.3 Load and displacement control for DCB specimen 

There are two types of loading for a DCB specimen, load and displacement control. In a load 

control case, the crack propagates indefinitely for a given applied load and for a displacement 

control case, the crack stops after it propagates a certain displacement. For stable crack growth,  

𝑑𝐺

𝑑𝑎
≤ 0 

For a load control case: 

𝑑𝐺

𝑑𝑎
=
2𝑃2𝑎

𝑏𝐸1𝐼
 



338 

 

For a displacement control case: 

𝑑𝐺

𝑑𝑎
=
−9𝛿2𝐸1𝐼

𝑏𝑎3
 

The initiation value is obtained from the Teflon ‘crack’ that was placed in the laminate while the 

sample was prepared. This crack is not sharp and it has a pre-defined size. The propagation value 

is obtained from the cracks that arise from the delamination and the crack is very sharp and difficult 

to measure. 

8.1.4 Calculation of strain energy release rate 

There are 4 methods to get the value of 𝐺𝐼𝐶 for a laminate.  

 

8.1.4.1 Simple Beam Theory 

Simple Beam Theory assumes that the beam is perfectly built-in and there is no rotation in it. The 

value of 𝐺𝐼𝐶 from the simple beam theory can be obtained from the following equation: 

𝐺𝐼𝐶 =
3

2
(
𝑃𝛿

𝑤𝑎
) 

This expression overestimates 𝐺𝐼 because the beam is not perfectly built-in where rotation may 

occur at the delamination front.  

8.1.4.2 Modified Beam Theory  

The Modified Beam Theory (MBT) method corrects 𝐺𝐼 for this rotation by treating the DCB as if 

it contained slightly longer delamination, 𝑎 + |𝛥|, where Δ is the correction factor. The value of 

𝐺𝐼𝐶 obtained from this method is given from the following equation: 

𝐺𝐼𝐶 =
3

2
(

𝑃𝛿

𝑤(𝑎 + |𝛥|)
) 

The graph of 𝐶1/3 vs a shifts to the left by |𝛥| as shown in Figure 6. 
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Figure 8.6: MBT with correction factor 

 

The flexural modulus hence becomes, 

𝐸1𝑓 =
64(𝑎 + | Δ| )3𝑃

𝛿𝑏ℎ3
 

8.1.4.3 Compliance Calibration Method 

The Compliance Calibration (CC) Method uses another term called ‘n’ which is the slope of the 

least-squares plot of log(C) vs log(a). The compliance calibration is shown in Figure 7.  

 

Figure 8.7: Compliance Calibration 

 

Where 𝑛 =  𝛥𝑦/ 𝛥𝑥 and the mode I interlaminar fracture toughness is given by the following 

equation: 

𝐺𝐼 = 
𝑛𝑃𝛿

2𝑏𝑎
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8.1.4.4 Modified Compliance Calibration Method 

The Modified Compliance Calibration (MCC) method introduces the term 𝐴1 which is the slope 

of the least squares plot of the delamination length normalized by specimen thickness, 𝑎/ℎ, as a 

function of the cube root of compliance, 𝐶1/3 as shown in Figure 8. Mode I interlaminar fracture 

toughness becomes as shown in the equation below. This method considers Fiber bridging which 

shows up in the 𝐴1 term. 

𝐺𝐼 = 
3𝑃2𝐶2/3

2𝐴1𝑏ℎ
 

 

 

Figure 8.8: Modified Compliance Calibration 

 Experimental Procedure 

The samples were prepared by the ASTM standards for laminates with stacking sequence as [0]24. 

They were manufactured with a crack in them by inserting a non-adhesive insert such as Teflon 

on the midplane of the laminate. It serves as the delamination initiator. The length of the insert 

was set to be 50 mm according to the ASTM standards. The hinges were bonded to one end of the 

specimen where the crack was formed and hence, the initial crack length in the specimen was 25 

mm since the length of the metal hinges was 25 mm and they were attached to the laminate by 

using an adhesive. Figure 3 shows the schematic diagram of how the specimen looks like after the 

metal hinges are bonded on them. A total of 10 specimens were made for this test out of which 5 

of them were tested. Table 1 shows the dimensions of the specimen that were tested. Figure 9 

shows the side view of a DCB specimen with metal hinges on it. 
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Table 8.1: DCB Specimen Dimensions 

Sample Thickness (mm) Width 

1 3.780 25.643 

2 3.793 25.593 

3 3.940 25.670 

4 3.853 25.653 

7 3.767 25.637 

 

 

 

Figure 8.9: DCB specimen with hinges 

 

From the ASTM D 5528-01 standard for the DCB test, in Figure 4, the variables to be measured 

before the DCB test are δ-crack opening, a-crack length, a0- is the initial crack length and its 

recommended value is 50 mm, P-applied force, h-thickness, w-width. The specimen was loaded 

with a cross-head rate of 4 mm/min in the 5-kip load frame as shown in Figure 10. 
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Figure 8.10: Loading of the DCB specimen in the 5-kip load frame 

 

 The samples were sprayed on the side faces and the test was performed so that the crack 

propagation can be accurately measured across the length of the sample. A total of 5 runs were 

performed on each of the samples where the test was stopped after the crack propagates in each of 

the cases. The load versus displacement curves were plotted for each of the samples for each of 

the runs. A linear fit was made on the force versus displacement was done to get the value of 1/𝐶 

for the samples. The plots were made to get the constant values for MBT, CC and MCC methods. 

The value of 𝐺𝐼𝐶  was hence calculated for the samples. 

 Processing of experimental results 

8.3.1 Data reduction from Modified Beam Theory 

Figure 11 shows the data reduction from Modified Beam Theory.  From Figure 6, we know that 

the plot needs to be made between 𝐶1/3 and a and the value of x-intercept is Δ. A linear curve fit 

was made on the data to obtain this value. The value of Δ was hence obtained to be -8.2983. 
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Figure 8.11: Data reduction from Modified Beam Theory 

 

8.3.2 Data reduction from Compliance Calibration 

Figure 12 shows the data obtained from the Compliance Calibration where log(c) versus log(a) 

was plotted and the slope of this curve gives the value of n. This plot is expected to look similar to 

Figure 7. The value of n was hence found to be 2.3995. 

 

Figure 8.12: Data reduction from Compliance Calibration 
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8.3.3 Data reduction from Modified Compliance Calibration 

Figure 13 shows the data reduction from the modified CC. The normalized crack length a/h is 

plotted against 𝐶1/3 and 𝐴1 is obtained from the slope of the curve as shown in Figure 8. The value 

of 𝐴1 was hence obtained to be 43.91459. 

 

Figure 8.13: Data reduction from Modified Compliance Calibration 

 

8.3.4 Force-displacement plots for the tested samples 

Figure 14 shows the force versus displacement curves for all the 5 samples that were tested.
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(a) Sample 1                                                           (b) Sample 2 

  

(c) Sample 3                                                              (d) Sample 4 

Figure 8.14: Load Vs Displacement curves for the DCB samples 
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Figure 8.14 continued 

 

(e) Sample 7 

 

8.3.5 𝑮𝑰𝑪 calculated from different methods and propagation of the crack  

The 𝐺𝐼𝐶   values were calculated using the three methods as described above and Figure 15 shows 

the comparison of these plots for sample 7. ASTM standard recommends MBT as it is the most 

conservative among all the different methods. 

 

Figure 8.15: Comparison of 𝐺𝐼𝐶   values obtained from different methods 
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The propagation of the crack across the length of the sample for each of the runs is shown in Figure 

16.  

 

Figure 8.16: Propagation of crack across the length of the sample 

 

The phenomenon of fiber bridging was clearly observed in the samples as the crack propagates 

and it is shown in Figure 17. 

 

Figure 8.17: Fiber Bridging while testing the DCB samples 

 

For a few samples, the hinges were separated from the sample during the test as shown in Figure 

18. This is because of the shearing of the hinges from the samples. 
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Figure 8.18: Shearing of hinges during the test 

 

Tables 2, 3 and 4 show the data for the values of 𝐺𝐼𝐶   obtained from the three different methods.  

Table 8.2: Results from MBT method 

Sample Run 1 

(kJ/m2) 

Run 2 

(kJ/m2) 

Run 3 

(kJ/m2) 

Run 4 

(kJ/m2) 

Run 5 

(kJ/m2) 

1 0.596 0.597 0.670 0.876 1.124 

2 0.692 0.534 0.539 0.633 0.602 

3 0.798 0.611 0.618 0.566 0.533 

4 0.840 0.611 0.599 0.589 0.596 

7 0.758 0.570 0.521 0.525 0.561 

 

Table 8.3: Results from CC Method 

Sample Run 1 

(kJ/m2) 

Run 2 

(kJ/m2) 

Run 3 

(kJ/m2) 

Run 4 

(kJ/m2) 

Run 5 

(kJ/m2) 

1 0.609 0.585 0.633 0.807 1.025 

2 0.770 0.574 0.544 0.618 0.563 

3 0.864 0.647 0.639 0.572 0.528 

4 0.887 0.627 0.601 0.581 0.582 

7 0.889 0.655 0.590 0.589 0.624 
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Table 8.4: Results from MCC method 

Sample Run 1 

(kJ/m2) 

Run 2 

(kJ/m2) 

Run 3 

(kJ/m2) 

Run 4 

(kJ/m2) 

Run 5 

(kJ/m2) 

1 0.598 0.755 0.993 1.413 1.871 

2 0.810 0.562 0.569 0.761 0.569 

3 0.902 0.726 0.652 0.580 0.552 

4 0.824 0.561 0.564 0.527 0.539 

7 1.069 0.758 0.694 0.708 0.659 

 Modeling of geometry for simulation 

The geometry was modeled as two parts. One of them was the dcb-leg and the other one was the 

hinge. The dimensions of the hinges and the dcb-leg were according to the ASTM D5528 (Standard 

Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced 

Polymer Matrix) standards. A section was created at a distance of 50 mm from the end of the 

composite laminate in order to account for the pre-incorporated crack in the laminate as in the case 

of a typical DCB specimen. The laminate was modeled to be 25.4 mm wide and 110 mm long. 

The hinges were modeled to have a base length of 22.4 mm, inner curvature of 1.6 mm and outer 

curvature of 3 mm. The laminate was modeled with half thickness and was assembled later to form 

an entire [0]24 laminate by importing two equivalent dcb-leg parts. Hence, each half had a 

thickness of 1.9 mm and a total thickness is 3.8 mm. This value of thickness was obtained by 

multiplying the number of plies (12 plies in half of the laminate) with ply thickness as obtained 

from the material data sheet for a composite material composed of the F155 matrix and AS4C-

GP12K fiber. It is a thermosetting composite of the same material that was used for the previous 

tests. The material properties are given in section 2.5.1. Figure 19 shows the geometry of the two 

parts, dcb-leg and the hinge that were modeled. 
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(a) DCB-leg 

 

(b) Hinge 

Figure 8.19: Parts modeled for DCB analysis 

 

The parts were then assembled to form the entire geometry as shown in figure 20. The hinges were 

placed towards the end of the part where there is a crack in the laminate.  
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Figure 8.20: DCB part assembly 

 Boundary conditions and Interactions 

8.5.1 Boundary conditions 

The boundary conditions were assigned according to the manner in which the DCB specimen is 

placed in the test fixture. The bottom hinge is given an encastre boundary condition and a reference 

point is created above the top hinge where the surface of the hinge is coupled with it for all the 

degrees of freedom with the surface. It is constrained movement along the X and Z axes and is 

given a displacement of 7.1902 along the Y-axis. This displacement was given as a ramp. This 

value is obtained from the experiment that was conducted and the maximum displacement that the 

hinge has. Figure 21 shows the boundary conditions that were applied to the DCB specimen in 

accordance with the experiment.  
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Figure 8.21: Boundary conditions on the DCB specimen 

 

8.5.2 Interaction properties to model cohesion  

Two interaction properties were used. One was in between the bottom of the hinges with the 

laminate. Only a cohesive behavior was defined for these surfaces with stiffness coefficients 𝑘𝑛𝑛 =

𝑘𝑠𝑠 = 𝑘𝑡𝑡 = 1 ∗ 10
6.   The stiffness coefficients were set to be uncoupled with each other. The 

eligible slave nodes were set to be default. For the interaction for the DCB laminate where the 

crack is propagating, four different contact properties were defined, namely, tangential behavior, 

normal behavior, cohesive behavior, and damage. The friction formulation in tangential behavior 

was set to be frictionless. In normal behavior, the pressure-overclosure was set to have “Hard” 

contact and the constraint enforcement method was set to be default with the separation to be 

allowed after contact. The cohesive behavior in DCB was set to be the same as the cohesive 

behavior between the hinges and the laminate. With the same values of the stiffness coefficients. 

For the damage behavior modeling, the damage evolution and stabilization were specified and in 

the initiation tab, quadratic traction was used where nominal stress for normal only was 70 and 

was 140 for shear-1 and shear-2 only cases. Under the evolution tab, the type was set to be energy 
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with a linear softening. A mixed-mode behavior was specified with power law and the mode mix 

ratio was energy and the power-law/BK exponent was set to be 1. The normal fracture energy was 

0.8 and 1st and 2nd fracture energies were set to be 0.9 and 3 respectively. In the stabilization tab, 

the viscosity coefficient was set to be 0.00002.  

Hence, three different interactions were used where these 2 interactions properties were used. For 

specifying these interactions, sets were created by selecting the respective surfaces. All the three 

interactions were set to have a standard surface-to-surface contact. The interaction between the 

hinge bottom and the laminate was modeled with the hinge being the master surface and the dcb-

leg being the slave surface. The initial clearance was set to have a uniform value of 1*10-10 across 

the slave surface. For the DCB, the bottom of the top half was set to be the master surface and the 

top of the second leg was set to be the slave surface.  

Figure 22 shows the interactions that were applied to the DCB specimen in accordance with the 

experiment. 

 

Figure 8.22: Interactions on the DCB specimen 
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 Mesh parameters and convergence studies 

The entire geometry was modeled with a structured mesh with 3D stress solid elements. The hinges 

were modeled with C3D8 elements (3D stress elements with 8-node linear brick) and the laminate 

was modeled with C3D8R elements (3D stress elements with 8-node linear brick, reduced 

integration, hourglass control). The global size on the hinges was 1 and, on the laminate, it was 

0.5. The number of elements in each of the hinges was 1225 and the number of nodes was 2600. 

In each part of the laminate, there are 44880 elements with 57460 nodes. Hence, the total assembly 

has a total number of 120120 nodes and 92210 elements out of which 89760 elements are linear 

hexahedral elements of type C3D8R and 2450 elements are linear hexahedral elements of type 

C3D8. Figure 23 shows the mesh on the part assembly. 

 

 

Figure 8.23: Mesh on the DCB part assembly 
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8.6.1 Convergence studies 

A mesh convergence study was carried out for the parameters described in Table 5. Figure 2 also 

shows the variation of these parameters with the number of elements in the model. The number of 

elements is varied depending on the global mesh size that was assigned to the geometry. This study 

was done to check the variation of parameters with the increase in the number of elements in the 

geometry. Hence, the computational time can be significantly reduced when the number of 

elements is reduced without significantly reducing the parameters that are studied. Two plots are 

made as shown in Figure 24 for mesh convergence because of the difference in the scale of the 

magnitude of the Von Mises stress and hence to make the plots more defined.  

 

Table 8.5: Mesh convergence study data for DCB specimen 

Mesh _Size Number of 

elements 

Number of 

nodes 

Max S. Mises 

(MPa) 

Max S11 

(MPa) 

Max RF2 

(N) 

Max RF 

mag (N) 

0.2 1259750 1415760 961.9 428.8 432.8 453.2 

0.3 376790 448272 960.8 425.7 431.7 452.4 

0.4 175700 217168 958 424 429.5 450.4 

0.5 92210 120120 963.6 391.4 428.4 449.7 

0.6 48566 68496 926.7 343 412 432 

0.75 32438 46640 936.2 338.8 415 435.4 

0.8 20114 32722 876.5 280.7 379.3 398.1 

0.9 16226 26776 889 284.7 382.9 402.2 

1 13450 22516 870.3 278.7 381.7 400.1 
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Figure 8.24: Mesh convergence study plots for DCB specimen 

 

 Step Outputs 

Automatic stabilization was set with a damping factor of 0.0002 and the maximum ratio of 

stabilization to strain energy was set to be 0.05. The step size was set to be 1 with initial and 

maximum increment size to be 0.01 and the minimum increment size was 1 ∗ 10−15. In the field 

output request, the parameters CSDMG (Scalar stiffness degradation for cohesive surfaces) and 

CSQUADSCRT (Quadratic traction damage initiation criterion for cohesive surfaces) were 

requested to see the propagation of the crack and in the history output request, RF2 and U2 were 

requested at the domain set as the reference point. 

 Analysis of simulation results 

8.8.1 Force-displacement curve  

The reaction force and displacement along Y-direction are requested as the history outputs from 

the simulation to plot the Load versus displacement curves in a DCB specimen (as shown in Figure 

25) and to compare it with the experimental results for a DCB. From Figure 25 it can be observed 

that the load-displacement curve obtained from the history output of the simulation is as expected 

and this was obtained from the reference point. Various different parameters were tried for the 

viscosity coefficient and the initiation stress parameters to optimize the force-displacement plots 
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with respect to the experimental data. The plots were observed to be a close match for the viscosity 

coefficient of 0.00002 and a normal only coefficient of 70 MPa. The plots are very close to each 

other when the shear-1 and shear-2 only components are 110 MPa and 140 MPa. The initial peak 

that is seen in the experimental data is because of the Teflon insert that has a finite thickness to it 

and hence leading to blunt initial crack propagation. The normal fracture energy was set to be 0.8 

KJ/m2 and the first shear fracture energy was set to be 0.9 KJ/ m2. 
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(a) Solution convergence Studies 

 

(b) Final values of normal traction 

Figure 8.25: Force-displacement plot for crack propagation on DCB specimen for different 

simulation parameters 
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8.8.2 Compliance and Strain energy release rate calculations 

Tables 6 and 7 show the compliance data from the experimental and simulation data. It can be 

observed that the compliance data is in the same range since the rates for crack propagation are 

almost the same for both the cases and this can be seen from the values of crack length a in both 

the cases.  

Figures 26 and 27 show the validation data for force versus crack length and compliance versus 

crack length for both the experimental and simulation results. The data is observed to be in close 

agreement and there is a slight variation in the force data for the initial crack propagation because 

of the Teflon insert in the laminate which acts as the initial crack length for the DCB. The data is 

in close agreement in the other locations.  

 

 

Table 8.6: Experimental Compliance data 

a(mm) log(a) P(N) δ (mm) P/δ 

(N/mm) 

Compliance 

(δ/P) 

25 1.40 193.38 2.16 89.60 0.01 

28 1.45 140.23 2.48 56.52 0.02 

35 1.54 120.71 3.42 35.29 0.03 

40 1.60 102.73 4.23 24.26 0.04 

49 1.69 95.98 6.23 15.40 0.06 
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Table 8.7: Simulation Compliance data 

a(mm) log(a) P(N) δ (mm) P/δ 

(N/mm) 

Compliance 

(δ/P) 

25 1.40 150.57 2.16 69.78 0.01 

29.5 1.47 139.92 2.48 56.45 0.02 

33.5 1.52 122.47 3.42 35.80 0.03 

39.5 1.60 109.40 4.24 25.82 0.04 

47.5 1.68 91.81 6.24 14.73 0.06 
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Figure 8.26: Force-crack length validation plot for DCB specimen 

 

 

 

Figure 8.27: Compliance-crack length validation plot for DCB specimen 
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Tables 8 and 9 show the strain energy release rate 𝐺𝐼𝐶 calculations from different methods for both 

the experimental and simulation data. The calculations are done similar to the method explained 

in section 8.1.4. Table 10 shows the percentage difference between the experimental and 

simulation results and the values are observed to be very close to each other.  

 

Table 8.8: Experimental Strain energy release rate (KJ/m2) data 

a(mm) G_IC 

(SBT) 

G_IC 

(MBT) 

G_IC  

(CC) 

25 0.98 0.66 0.73 

28 0.73 0.51 0.55 

35 0.69 0.51 0.52 

40 0.64 0.49 0.48 

49 0.72 0.57 0.54 

 

Table 8.9: Simulation Strain energy release rate (KJ/m2) data 

a(mm) G_IC 

(SBT) 

G_IC 

(MBT) 

G_IC 

(CC) 

25 0.78 0.64 0.65 

29.5 0.69 0.60 0.59 

33.5 0.74 0.65 0.63 

39.5 0.69 0.62 0.59 

47.5 0.71 0.65 0.60 
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Table 8.10: Percentage error of strain energy release rate using different methods 

a 

(experimental) 

(mm) 

a 

(simulation) 

(mm) 

SBT 

(%) 

MBT 

(%) 

CC 

(%) 

25 25 21.56 2.39 10.97 

28 29.5 4.67 17.34 8.20 

35 33.5 6.83 25.61 21.26 

40 39.5 8.74 26.12 23.42 

49 47.5 0.52 12.46 12.90 

 

 Conclusions 

All the DCB samples which were made with [0]24 laminates were tested for mode I failure to 

determine the energy release rate of the laminate. The value of 𝐺𝐼𝐶 was determined by using 4 

different reduction methods. It was observed that it takes less force to displace the crack more. 

This might be because of some issue in the sample geometry. The ASTM standard recommends a 

63 mm insert to ensure that the initial crack length is more than 50 mm. This also ensures the 

validity of slender beam theory equations. Fiber bridging also occurs in the samples due to which 

there is an increase in the value of 𝐺𝐼𝐶 of the laminate. It was observed that the values obtained 

from Modified Beam Theory were the most conservative and hence the lowest among all the 

methods. Fiber bridging was observed when the crack propagated across the length of the samples. 

In 2 of the samples, the hinges broke while the samples were loaded in the MTS. This might be 

because the hinges were not bonded strongly enough to the laminate and the hinges hence sheared 

due to the load.  

The analysis was carried out for a Double Cantilever Beam specimen by using a cohesive surface 

interaction between the top and the bottom surface of the laminate. The metal hinges were also 

modeled on which the load was applied. The value of compliance obtained from the experimental 

solution was compared to the results obtained from the output data plot of Abaqus to check the 

validity of the simulation. It was observed that the compliance was in close agreement in both 

cases. This variation in the results may be because, some parameters while modeling the Cohesive 
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elements may not be exactly as what is expected from the analytical solution and not all the 

experimental parameters would have been accounted for while simulating the test.  
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9. FUTURE WORK 

The process of making and testing test samples can be a very time-consuming process as it requires 

a lot of labor for the same. It also requires the utilization of a lot of material to make all the 

specimens required for conducting the different tests. It might be possible that such amounts of 

material might not be available for conducting these tests. The way the specimens were modeled 

in these tests involves taking the input of material properties from the data sheets and hence, it can 

hence be generalized for any given composite material if the basic properties of the fiber and matrix 

are available. 

1. Each of the properties studied for the characterization of this material is a very deep concept 

of its own and hence, more detail analysis of the stress and strain conditions at different 

regions of the specimen can be analyzed to study the distribution of the stresses and strains 

also near the tabs which have a higher stress concentration. 

2. The load was applied as a displacement similar to the way the experiment was conducted 

for a time period of 1 minute. But, the specimens usually withstand different amounts of 

deformations up to different time intervals. Hence, it is very crucial to change these 

parameters while accounting for the failure of the specimen.  

3. Different traction separation laws on DCB specimen and tune the cohesive interface 

properties to get a more precise method of crack propagation. The parameters that were 

used to model the DCB specimen can be validated by conducting the respective tests so 

that the results are more optimized. 

 Failure Analysis 

4. The work done in this thesis covers creating digital twins which account for the similarity 

in stiffness of the modeled specimen and the experimental specimen. It can be further 

extended to the failure analysis of the tensile specimen once some basic parameters from 

the tensile test samples are obtained. This can include the energy-based evolution of the 

damage variables. A part of this study was started using the Hashin failure criterion. More 

research can be done on optimizing these parameters for the given material so that perfect 
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digital twins can be created for all the tests. The damage evolution and damage stabilization 

variables were approximated as follows: 

Table 9.1: Hashin Damage parameters 

Longitudinal 
Tensile 

Strength 
(MPa) 

Longitudinal 
Compressive 

Strength 
(MPa) 

Transverse 
Tensile 

Strength 
(MPa) 

Transverse 
Compressive 

Strength 
(MPa) 

Longitudinal 
Shear 

Strength 
(MPa) 

Transverse 
Shear 

Strength 
(MPa) 

1847.405 900 55.34 100 96.52 96.52 

 

Table 9.2: Damage Evolution parameters 

Longitudinal 
Tensile 

Fracture 
Energy 

Longitudinal 
Compressive 

Fracture 
Energy 

Transverse 
Tensile 

Fracture 
Energy 

Transverse 
Compressive 

Fracture 
Energy 

12 12 1 1 

 

Table 9.3: Damage Stabilization parameters 

Longitudinal 
Tensile 

viscosity 
coefficient 

Longitudinal 
Compressive 

viscosity 
coefficient 

Transverse 
Tensile 

viscosity 
coefficient 

Transverse 
Compressive 

viscosity 
coefficient 

0.002 0.002 0.002 0.002 

 

For the same, continuum shell elements were used to model the laminates and the tabs were 

modeled with 3D stress elements as the failure in them is not analyzed. The Damage and Hashin 

failure variables were selected to get as a field output. Figure 1 shows the various output variables 

obtained from the Hashin failure criteria. 0 denotes no failure and 1 denotes complete failure of 

the  [±𝟑𝟎 ]𝟐𝒔 laminate. The respective compression parameters show that the damage parameters 

are 0 on the laminate as it is in a state of tension only. There is no output for the tabs as they are 

modeled as solid elements. 
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(a) Hashin Fiber Tension Damage Initiation Criterion (HSNFTCRT) 

 

Figure 9.1: Hashin failure criterion on [±30 ]2𝑠 laminate 
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Figure 9.1 continued 

 

 

(b) Hashin Matrix Tension Damage Initiation Criterion (HSNMTCRT) 

 

The stress on this laminate was found to be as shown in Figure 2. The magnitude of stress is lower 

than that obtained from elastic analysis (section 5.4.1.3). Hence, the potential future work can be 

to optimize the parameters further to get the values close to the experimental data.
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Figure 9.2: Axial stress on [±30 ]2𝑠 laminate 


