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ABSTRACT 

 

A thorough knowledge of the mechanical properties of composites is very important for 

proper design and optimization of structures in composite applications. Experimental 

determination of these properties like strength and modulus is prohibitively expensive, as there 

are unlimited combinations of matrix type, fiber type and stacking sequences possible. In this 

thesis, “Progressive Damage Modeling” is used to simulate the notched and un-notched tension 

and compression tests to obtain the strength and stiffness properties of composites. A quasi-

isotropic layup (25/50/25) of Toray T700GC-12K-31E/#2510 unidirectional tape was used for 

the purposes of simulation. Previously obtained experimental data is used to validate the model. 

The commercially available software ABAQUS, is used for the simulations. A commercially 

available plug-in for ABAQUS, Helius:MCT, which utilizes the concepts of Multi-Continuum 

Theory (MCT), was employed to determine its suitability to accurately predict the loads and 

stiffnesses. Also, the suitability of Helius:MCT for certification, by analysis, of various laminates 

under various types of loading, was evaluated. It is shown that progressive damage modeling, of 

the notched and un-notched tension and compressive tests, using Helius:MCT, results in accurate 

prediction of failure loads and stiffnesses of laminates.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Humans have always endeavored to control things. We have become the dominant species 

on this planet because we have been able to tailor things to meet our own needs.  This highly 

developed ability to “invent” has made itself shown in a variety of areas, from arts to science to 

engineering and what not. Over the recent past, material scientists and engineers have started 

developing composite materials, which can be tailored such that the desired mechanical, 

electrical, magnetic, thermal, optical and environmental properties can be obtained. Because of 

the above advantages, composites have, over the recent past, been used in a variety of 

applications, ranging from machine tools to automobiles to aerospace and in almost every facet 

of life. However, as with all other materials, they are also prone to failure. The failure analysis of 

composites is quite a challenge as they are anisotropic and heterogeneous in nature.  

1.2 The Need for Mechanical Testing of Composites and Related Issues 

As with any other structure, composite structures are subjected to tensile and compressive 

loads. A proper knowledge of the tensile and compressive properties of these composite 

laminates is fundamentally important for proper design and certification a sound structure.  

The determination of the tensile and compressive strength and stiffness for laminated 

composites has till now been achieved mainly by experimental techniques. These are available in 

the references as shown in Table 1.1.  
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TABLE 1.1  

LIST OF ASTM STANDARDS FOR THE DETERMINATION OF VARIOUS LAMINATE 
PROPERTIES 

 

Mechanical Property ASTM Standard 

Ref 

[#] 

Open Hole Tensile Strength and Stiffness ASTM D 5766/D 5766 M -07 [1] 

Open Hole Compressive Strength and Stiffness ASTM D 6484/D 6484 M – 09 [2] 

Un-Notched Tensile Strength and Stiffness ASTM D 5766/D 5766 M -071 [1] 

Un-Notched Compressive Strength and Stiffness ASTM D 6484/D 6484 M – 092 [2] 

Filled Hole Tensile Strength and Stiffness 
ASTM D 6742/D 6742 M – 07 [3] 

Filled Hole Compressive Strength and Stiffness 

 

Researchers have also attempted to predict the notched tension and compression strength 

of composites using mathematical models. Some examples of mathematical models are, (1) the 

“characteristic distance” approach, developed by Whitney and Nuismer [4], (2) models based on 

the fracture mechanics theory, and (3) numerical models using, for example, a finite element 

analysis approach. These numerical models offer better robustness and flexibility compared to 

other closed form solutions. Also, they can be very suitably employed to analyze complex 

geometries and to perform ply-by-ply analysis, which is very important during the analysis of 

composite structures. 

 

                                                 
1, 2 The test specimen was modified and fabricated by not drilling a hole at the center of specimen. 
 



3 
 

Composites, like any other structural material, also need to be joined together in order to 

make useful components. Two popular composite joints are bonded joints and mechanically 

fastened joints (where bolts or rivets are used as fasteners). Both types of joining composites are 

prevalent and research is still required to fully understand the various aspects involved in failure.  

In order to insert the fasteners, holes need to be drilled in the composite materials, and in doing 

so, stress concentrations are introduced and the strength of the pristine composite is 

compromised. In order to determine the extent of property degradation, tests need to be 

performed on such notched composites. The methodology for bearing testing is given in ASTM 

D 5961 / D 5961M - 08 [5]. Bearing testing can be broadly classified into two main categories: 

(1) single shear tests and (2) double shear tests. 

Research on mechanically fastened joints has traditionally involved the testing of 

specimens until failure. By varying a factor under study, and keeping the other parameters 

constant, its influence on joint strength and stiffness can be determined. The common failure 

modes in composite joints are tension, shear, bearing, cleavage and pull through, as shown in 

Figure 1.1. 

 

Figure1.1 Common failure modes of composite joints [6] 
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One of the problems engineers face with composites is that most of the test data available 

on them are proprietary information which is closely guarded by corporations. As a result, 

allowables, mechanical property values, correction factors etc. are not readily available.  

Also, the infrastructure and skilled labor needed to perform such tests makes them very 

expensive. In such a scenario, simulation of these tests can mean a lot of time and money saved. 

1.3 Literature Review 

1.3.1 Mathematical/Empirical Models and Experimental Methods 

One of the first attempts at understanding the stress distribution around a regularly 

shaped discontinuity in an anisotropic plate was made by Lekhnitskii [7], who developed a 

methodology to determine the stress distribution around the discontinuity based on anisotropic 

theory of elasticity. Later, Whitney and Nuismer [4], came up with two related criteria to predict 

the failure of laminated composites containing through thickness discontinuities. These criteria 

were based on the stress distribution around the discontinuities. The criteria were applied to 

circular holes and straight cracks. The point stress model in [4] involves the determination of the 

stress at a specified distance „do‟ away from the discontinuities and assumes that failure occurs 

when the stress at that point equals or exceeds the unnotched strength of the material. On the 

other hand, the average stress model in [4] assumes that failure occurs when the average stress 

over the characteristic distance equals or exceeds the unnotched material strength. 

The models in [4] were the first attempt, albeit semi-empirical, at understanding failure in 

notched tension and compression and bearing. This model is still widely used in industry to 

determine the effect of various factors on the notched strength and bearing properties of 

composites. 
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Awerbuch and Madhukar [8] reviewed several commonly used fracture models for 

predicting the notched strength of composite laminates. Out of those, the Karlak model and the 

model proposed by Pipes et al are described below as examples. 

The effect of stacking sequence on the characteristic distance “do” was first studied by  

Karlak, who showed that  

do = 0.15 R
1/2 for [±45/0/90]s             (1.1) 

and do = 0.11R
1/2 [90/0/±45]s             (1.2) 

or, in general, do = koR
1/2            (1.3) 

where “Ko” depends strongly on stacking sequence. Also, Ko depends on other 

parameters like curing procedures, moisture, quality of fabrication etc.  

Pipes, Wetherford and Gillespie proposed a three parameter fracture model in which the 

characteristic distance, and consequently, notched strength depended on parameters such as fiber 

properties, matrix properties, interfacial properties, stacking sequence etc. However, this model 

depends on the value of “Ro”, referred to as the reference notch radius, whose value is user-

dependent and hence, this model gives different values of “do” for different values of “Ro”. 

Based on the Karlak model, the authors in [8] state that the characteristic dimension also 

depends on other parameters like curing procedures, moisture, quality of fabrication etc. Also, 

they state that the characteristic distance depends on the hole radius for certain laminates while it 

is independent of hole radius for certain other laminates.  

Since then, there seemed to have been no concerted effort to understand the various 

factors affecting the characteristic dimension, until Camanho and Lambert in 2006 [9]. In their 

recent work, they state that “there is no agreement concerning the dependence of the 

characteristic distances on geometry”, and no standardized procedure is available to measure the 
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characteristic distances. Using open-hole tensile test to determine the characteristic distance in 

tension and the double shear bearing test to determine the characteristic distance in compression, 

they plotted graphs to show the dependence of characteristic length in composite bearing on hole 

diameter and specimen width. This indicates that the aforementioned ambiguities still persist.  

Hence, experimental testing is still the most fool-proof way of determining the 

mechanically properties of laminated composites. Several works exist on the experimental 

determination of strength and modulus of laminates under different configurations and different 

types of loading, from which one can glean the effect of various factors on the laminate 

properties. These works have highlighted the importance of width (w), end distance (e), hole 

diameter (d) and laminate thickness (t) on joint strength. According to Hart-Smith [10, 11], net 

tension occurs if the bolt diameter is a large fraction of the strip width, whereas bearing failure, 

and subsequent elongation of the hole occurs if the bolt diameter is too small. Shear occurs in 

highly orthotropic materials when the end distances are very large, whereas too small an end 

distance would lead to failure by cleavage. Pull through occurs mainly in countersunk holes. 

Testing by many researchers has shown that minimum values of w/d and e/d needed to achieve 

full strength is dependent on the lay-up used. 

Research by Collings et al. [12] has demonstrated that for balanced fiber reinforced 

composites, the bearing strength depends on the ratio of 0° plies and ±α° plies. Also, the bearing 

strength was found to increase by laterally loading the hole in compression.  

The bearing strength also depends on the stacking sequence. Experiments conducted have 

indicated that this is due to the through thickness direct and shear stresses in the periphery of the 

hole. Observations indicate that placing a 90° layer on the surface improves the bearing strength. 

This is because the 90° ply at the surface produces a compressive through-thickness direct stress 
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which inhibits delamination. Homogeneous stacking sequences give lower bearing strength due 

to high inter-laminar stresses developed.  

The above factors, namely, stacking sequence, joint geometry, matrix and fiber type 

affect the strength of laminated composites. To study all these factors for new laminates would 

require immense amount of resources, which warrant the use of numerical methods. 

1.3.2 Numerical Methods 

The available literature on the numerical analysis of damage and failure in FRPs is 

abundant. Hinton et al. [13] listed different approaches in their paper as part of the world-wide 

failure exercise. However, all these approaches are “individualistic”, which is not surprising 

given the complexity of the topic. A unified, well recognized method is yet to be developed. 

The earliest research papers use simple, 2-D finite element stress analysis to determine 

the stress state in the test coupon. Naik and Crews [14] used the “inverse formulation method” to 

determine the effect of clearance on bearing and bypass stresses in bolted joints. Tay et al [15] 

developed the element failure method (EFM) to study the damage of laminates. They use the 

relationship between the nodal forces and the stiffnesses to simulate damage and failure. The 

concept of Multi-Continuum Theory (MCT) was developed by Mayes and Hansen [16].  

Progressive damage models have also been used by a number of researchers.  

Of the above, progressive damage modeling looks most promising to simulate sub-critical 

damage and failure. As a result it has been used to determine residual strength and study fatigue 

damage [17], simulate failure in bonded joints [18], and also to simulate machining of 

composites to determine the forces involved and the damage progression [19].  
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Since this work involves the use of progressive damage modeling and Multi-Continuum 

theory to simulate the damage when laminates are subjected to loads, these are described in 

detail in the next part of this literature review.  

1.3.3 Progressive Damage Modeling  

The concept behind progressive damage is that when laminae are loaded within a 

laminate, matrix controlled failure and fiber controlled failure can occur separately. After some 

time, the damage accumulated due to these local failures is so large that the laminate loses its 

ability to carry load. So, in progressive damage modeling of laminates, the sequence in which 

local failures occur (leading to total failure of the laminate), is carefully accounting for. The 

failure criteria for the lamina are divided into those for fiber controlled modes of failure and 

those for matrix controlled modes of failure. Thus progressive damage modeling essentially 

involves the prediction of laminate failure from damage occurring in the lamina level. 

The trick in decomposing the failure of the lamina into fiber and matrix controlled failure 

is not to explicitly treat fiber and matrix failure separately, but to implicitly allow interaction 

between matrix and fiber effects. While some failure criteria, such as the Tsai-Wu failure 

criterion does not allow this decomposition of the lamina failure, Hashin failure criteria 

decomposes the same into for subforms. 

Therefore, in general, the laminate failure is “built up” from the lamina level, with the 

presumption that a high level of accuracy in the prediction of the lamina level failure would 

translate into very reliable failure prediction at the laminate level. Shown below in Figure 1.2 are 

the two different aspects of a progressive damage model. 
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Figure 1.2 Stages involved in progressive damage modeling [26] 

In the following section, a brief review of a few articles which use the progressive 

damage modeling to simulate damage and failure in FRPs is presented. 

Camanho and Matthews [20] proposed a 3D finite element model to simulate the 

progression of damage in FRPs subjected to bearing loads. In the model, the elastic properties of 

the materials are related to internal state variables. These variables depend on the damage type, 

and are used to predict damage. 

Hashin‟s failure criteria is used to predict the onset of damage in a lamina. The damage 

modes are predicted by the following: 

Tensile fracture in the fiber (σ11 ≥ 0) 

            (1.4) 

Compressive failure in the failure (σ11 < 0) 

              (1.5) 

Shear cracking or tensile failure in the matrix (σ22 + σ33 ≥ 0) 
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          (1.6) 

Shear cracking or compressive failure in the matrix (σ22 + σ33 < 0) 

      (1.7) 

It was assumed that the joint failed in tension and shear out modes when the fiber damage 

extended to the free edge of the laminate. For bearing failure mode, the concept of characteristic 

distance was again used. It was assumed that failure occurred when the laminate could not 

sustain any additional load at a certain characteristic distance dc away from the circumference of 

the hole.  

As mentioned earlier, internal state variables Di
T and Di

C were multiplied with the 

material stiffness when damage occured. The values of the internal state variables used in [20] 

are shown below in Table 1.2. 

3D isoparamatric linear eight noded solid elements were used for modeling. Each ply 

contained one element through the thickness. Near the circumference of the hole, a fine mesh 

was used to accurately capture the gradients in the stresses. In order to reduce computing time 

and memory usage, and also to reduce high aspect ratio effects, reduced integration was used. 

The bolt was modeled as a rigid body. The master-slave approach was used to simulate contact. 

ABAQUS user developed subroutine was used to implement the failure criteria. In the 

subroutine, the internal state variables, which depend on the type of damage, were passed at the 

beginning of each iteration. The failure criteria were checked for fiber and matrix damage at the 

element integration points. If the failure criteria were satisfied, the material stiffnesses were 

updated as per the previous table. Also, an array of variables was created for the next iteration. In 

the subsequent iteration, if matrix or fiber damage had already occurred at the element 
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integration point, the check was performed for the constituent which had not yet been damaged 

(fiber or matrix) and the internal state variables were again modified. 

TABLE 1.2  

INTERNAL STATE VARIABLES USED IN CAMANHO AND MATTHEWS‟S 
PROGRESSIVE DAMAGE MODEL FOR MECHANICALLY FASTENED JOINTS 

 

Matrix tensile or shear cracking D2
T = D4

T = 0.2 

 

 

 

Fiber tensile fracture D1
T = 0.07  

Matrix compressive or shear cracking D2
C = D4

C = 0.4 

 

 

 

Fiber compressive fracture D1
C = 0.14  

 

The model was validated using experiments performed on a (0°/90°/±45°)2S  lay-up of 

Hexcel T300/914 (Vf = 0.6). The simulation and experimental results showed a very good 

correlation. From the above work, it was shown that internal state variables can be used to keep 

track of damage due to various mechanisms. The Hashin‟s failure criteria, implemented in this 

article using a user developed subroutine in ABAQUS, have since been implemented in 

subsequent ABAQUS versions. 

In the work of Xiao and Ishikawa [21], Hashin and Yamada-Sun‟s failure criteria were 

used to determine the damage initiation. The model was very similar to that in [20] except that 

2D elements were used in this work a two stage stiffness reduction method was proposed. The 
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user developed subroutine in this case was also very similar in functionality to the one developed 

in [20], except for the differences in the way the damage variables were calculated. 

In the work of Lapczyk et al [22], the authors adopt the model developed by 

Matzenmiller et al. [23] to determine the stiffness degradation, where the effective stress , and 

the nominal stress σ, are related as below 

              (1.8) 

where 

 

is the damage operator, and 

df is the damage variable for fiber failure, 

dm is the damage variable for matrix failure, and 

ds is the damage variable for shear failure.  

The damaged compliance matrix has the following form, 

          (1.9) 

and the stiffness matrix is obtained as  

                     (1.10) 
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where                                  (1.11) 

E1, E2, and G12 are the moduli of the undamaged material,   

υ12, υ21 are the Poisson‟s ratios of the undamaged material, 

df and dm  are the damage variables for fiber and matrix, and 

ds is the damage variable corresponding to shear, is given by 

                              (1.12) 

where subscripts „t‟ and „c‟ refer to damage variables for fiber and matrix under tension and 

compression respectively. 

The damage initiation is determined by the Hashin‟s failure criteria. Further evolution in 

damage causes reduction in the material stiffnesses, which in turn are controlled by damage 

variables whose values may range from zero (representing the undamaged state) to one 

(representing the fully damaged state). The energy dissipation rate during damage depends on the 

thermodynamic forces involved during various failure modes, which in turn is related to the 

Gibbs Free Energy. 

The damage evolution was determined by a new fracture energy dissipation based law. Four 

different fracture energy values need to be specified for the four failure modes, namely 

 Fracture Energy dissipated when fiber damage takes place in tension (Gf
ft) 

 Fracture Energy dissipated when fiber damage takes place in compression (Gf
fc) 

 Fracture Energy dissipated when matrix damage takes place in tension (Gf
mt) 

 Fracture Energy dissipated when matrix damage takes place in compression (Gf
mc) 

 



14 
 

The fracture energy dissipated during failure in each failure mode corresponds, as shown 

below in Figure 1.3, to the area of the triangle OAC drawn on a plane with equivalent 

displacements  as the abscissa and equivalent stresses  as the ordinate. 

 

 

Figure 1.3 ABAQUS Stiffness Degradation Model – Equivalent Stress vs Equivalent 
Displacement [24] 

 
The damage is initiated at the origin and the damage evolution starts at the point . 

Complete damage corresponds to a displacement of . This displacement  differs or different 

failure modes depending on the value of Gf. 

                          (1.13) 

The above proposed model is implemented in the latest versions of ABAQUS, for plane 

stress elements. The main issue at present with this damage model implemented in ABAQUS is 

that the fracture energy values are not available for most commonly available composites. Since 

they strongly influence the damage evolution curve and how it progresses, as explained earlier, 

they need to be experimentally determined. The experimental methods to determine the above 

fracture energies are listed in [25].  
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In [22], the authors conveniently assume the values of these fracture energies in their 

work. However, there have been no other research papers which use the ABAQUS damage 

model as is to simulate damage evolution. 

Huhne et al [26] have studied the behavior of a single bolt composite lap joint using a 3D 

FEM where they use a user defined subroutine to implement the continuous degradation model 

described in [22] for 3D elements. They approximate the continuous degradation of the stiffness 

using piecewise values based on engineering experience as shown in Figure 1.4. However, the 

subroutine developed also has a feature by which the fracture energy values can be used as and 

when they become available, thus enabling the use of the damage evolution law implemented in 

ABAQUS to 3D elements as well. 

 

Figure 1.4 Aproximation of the ABAQUS Degradation Model Using Piecewise Values [26] 

Wang et al [27] use progressive damage modeling to predict the strength of un-notched 

and open hole tension and compression properties of quasi-siotropic AS4/3501-6. A linear 

analysis was carried out to predict the strength of un-notched laminate, and the maximum stress 

failure criterion was used. The model was subjected to a load based on experimental results and 

and the percentage of load at which the 45˚ plies and the 90˚ plies fail was determined. Then, 

considering the 45˚ and 90˚ plies to have failed, the load carried by only 0˚ plies was determined 
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and it was found that the load predicted was deviating from the experimental value. The fallacy 

of this approach is that there is no “progressive” stiffness reduction of failed elements, neither is 

there any deletion of the failed elements. So in a true sense of the word, progressive damage 

analysis was only partially carried out, on a ply level, rather than the element level. Further, 

when it is said that a ply has failed, there is no consideration of which constituent has failed. In 

effect, there is no consideration of the effect that after matrix failure, the fibers in a ply can still 

carry a percentage of the load. However, when the analysis was repeated using a non-linear FE 

model and considering the non-linear shear stress-shear strain relationships of the 45˚ plies, the 

predicted failure load of the 0˚ plies agreed well with the experimental results.  

While predicting the strength for notched laminate, the authors use shell elements and 

model only ¼ of the coupon because of geometric symmetry. However, as will be seen later, the 

use of symmetry is usually detrimental in a progressive failure analysis. The degraded stiffnesses 

E1, E2 are 1% of the original values. 

There have been few instances in literature where a progressive damage analysis was 

carried out to simulate filled hole tension and compression. Yan et al, in their interim FAA report 

[28] have performed progressive damage analysis for a filled hole tension. A 3D composite brick 

element was used in ABAQUS to model the composite and contact constraints were used to 

model the interaction between the hole surface and the bolt as well as the washer and the 

composite. As in [27], only one-fourth of the specimen was modeled. Failure criteria for fiber 

and matrix tension and compression and fiber-matrix shearing, along with a stiffness degradation 

algorithm was used in used in this study to simulate progression of damage. 

According to the report, the results of the simulations agreed well with experimental 

results in cases where matrix-splitting and delamination were not predominant (for example, for 
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a hole/washer dia ratio of 0.5). However, on cases where they were prevalent, the loads were 

under-predicted. For the washer-to-hole diameter ratio at 2.0, the predictions agreed with the data 

quite well, because the extent of the fiber-matrix splitting was found to be minimal from the 

radiographs in the experiments due to the lateral constraining effect.  

1.3.4 Introduction to Multi-Continuum Theory (MCT) [29] 

In continuum mechanics, the value of any physical quantity at a material point of interest can 

be determined by  

 Considering a representative volume element (RVE) around the point of interest. The 

RVE needs to be very small compared to the overall dimensions of the body, but large 

enough to accurately represent the microstructure of the body around the point of interest. 

 Averaging the quantity of interest over that RVE. 

In FRPs however, it is usually the case that the fibers are randomly spaced in the matrix 

(although they maybe unidirectional, as in the case of unidirectional FRPs). This requires that the 

RVE be large enough to capture the behavior of a large number of fibers so that the behavior of 

the composite can be statistically represented in an accurate manner. This can make computation 

extremely expensive, and hence it is a common practice to idealize the distribution of fibers in 

the matrix in such a way as to meaningfully represent the randomly distributed fibers. By doing 

so, we get a unit cell which, when repeated in various directions, represents the composite in a 

statistically simple and meaningful way. The analysis of this unit cell is then considered to 

represent the analysis of the entire composite. 
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In MCT, the continuum concept is extended, so that the RVE contains corresponding 

continua, co-existing within the RVE, representing different materials with considerable 

difference in their material properties.  By doing so for a unidirectional FRP, we have three 

different volume averages, representing physical quantities relevant to the mechanics of the 

unidirectional composites. 

 Physical quantities can be averaged over just the fiber continuum within the RVE. These 

quantities are referred to as fiber average quantities. 

 Physical quantities can be averaged over just the matrix continuum within the RVE. 

These quantities are referred to as matrix average quantities. 

 Physical quantities can also be averaged over both the matrix and fiber constituents 

within the RVE.  These quantities are referred to as homogenized composite quantities. 

While traditional methods of analyzing FRPs focus on developing the relationships between 

various homogenized composite quantities like stress and strain, in MCT relationships are 

developed between (1) various constituent average quantities, and (2) constituent average 

quantities and homogenized composite average quantities. 

The commercially available plug-in for ABAQUS, Helius:MCT, uses the Multi-Continuum 

Theory (MCT) to decompose composite stresses/strains to constituent stresses/strains. 

1.3.4.1 Determination of Constituent Stresses/Strains from Composite Stresses/Strains for 

a Composite Containing a Matrix Phase and a Fiber Phase, Without Considering 

the Effect of Thermal Gradients 

 
If σ(x,y,z) is the stress field in the composite and D is the domain of the representative 

volume element (RVE) of volume „V‟, we have the state of stress in the composite given by, 
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                                 (1.14) 

Similarly, the state of stress in the fiber and matrix is given, respectively, by 

                                 (1.15) 

                                (1.16) 

where Df ad Dm represent the domains occupied by the fibers and matrix, respectively, within D. 

From the above expressions, we get 

                                 (1.17) 

where vf and vm are the volume fractions of the fibers and matrix, respectively, within the 

composite. 

A similar set of expressions can be obtained for the strain tensor, as shown below. 

                                 (1.18)

                                 (1.19) 

                                (1.20) 

                                 (1.21) 

We have the following relations 

                                  (1.22) 
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                                  (1.23) 

                                  (1.24) 

where Cc, Cf and Cm are the 6 X 6 stiffness matrices for the composite (homogenized) material, 

fibers and matrix, respectively.  

Substituting the above in eq. (1.17), we get 

                                                                                                 (1.25) 

From equations (1.25) and (1.21), we get 

                    (1.26) 

Grouping the similar terms and multiplying both sides by , we get 

                       (1.27) 

If 

,  

then,               (1.28) 

The above equation can be used to obtain the state of strain in the matrix from eq. (1.21) 

           (1.29) 

from which the state of strain in the fiber can be obtained, also by using eq. (1.21) 

                      (1.30)  
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1.4 Objective 

The objective of this thesis is to simulate the following tests to determine the 

corresponding strength and modulus of a quasi-isotropic layup (25/50/25) of Toray T700GC-

12K-31E/#2510 unidirectional tape. 

1. Open Hole Tension 

2. Open Hole Compression 

3. Un-Notched Tension 

4. Un-Notched Compression 

The simulation results are validated with experimental results, so that similar models can 

be used to determine strength and stiffness for other materials and stacking sequences 

The commercially available finite element software ABAQUS is used for all simulations. 

The commercially available plug-in for ABAQUS, Helius:MCT, which uses the Multi-

Continuum Theory (MCT) to decompose composite stresses/strains to constituent 

stresses/strains, is used for progressive damage modeling to simulate the damage initiation and 

evolution during testing.  

In this thesis, the suitability of Helius:MCT, to accurately predict strength and stiffness of 

various laminates under various types of loading, is determined, so as to ascertain its potential in 

the certification  of laminates by analysis.  
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CHAPTER 2 

SALIENT FEATURES OF PROGRESSIVE DAMAGE MODELING 

 

2.1 Challenges involved in progressive damage modeling 

The main motivation for performing a progressive failure analysis is that linear elastic 

analysis leads to very conservative strength predictions, which result in over-designed structures. 

This pre-empts any advantages which can be derived from weight savings which could be 

achieved by the use of composite materials. 

However, progressive damage modeling is more demanding and less forgiving. One cannot 

ignore highly stressed elements, as is sometimes the case while performing a linear static 

analysis, as these highly stressed elements are where the failure is initiated. Every event is 

important in the load history. The analyst has to be very diligent, as any misplaces failure can 

lead to a cascading domino effect.  

2.2 The issue of convergence 

Another issue which generally discourages people from performing a progressive damage 

analysis is that it is difficult to obtain good convergence. Convergence can be a problem due to:  

(1) Material non-linearity (such as the softening behavior exhibited by materials when they are 

stressed). Most composites are generally brittle, and hence the convergence properties for 

composites are better. 

(2) Boundary non-linearity, and  

(3) Geometric non-linearity  
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In general, the addition of artificial damping to overcome material softening to obtain a 

converged solution should be avoided. However, in certain cases, the addition of damping could 

become a „necessary evil‟ to obtaining a converged solution.  

2.3 Stiffness Degradation 

In progressive damage modeling, especially when using the implicit scheme, where 

deleting failed element is a tedious process, the approach adopted is to degrade the stiffnesses of 

the constituents in the failed elements. These stiffness degradation factors depend on mesh 

density (element size). The element size is directly proportional to the value of the degradation 

factors. 

2.4 Effects of symmetry 

  The use of in-plane symmetry effects should be avoided if possible. The only plane of 

symmetry which can be used in a progressive damage analysis without having a detrimental 

effect on the results is the through thickness symmetry in case of symmetric laminates. Figure 

2.1 shows an angled ply and let the fibers orientations be θ. 

 

 

Figure 2.1 Effects of symmetry – Angled ply with fiber orientation θ 

Let us assume that the model used to represent this ply used both the in plane symmetry 

effects, i.e., only one-fourth of the ply is modeled.  
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Figure 2.2 Effects of symmetry – Misrepresentation of the angled ply 

As can be seen from Figure 2.2, this would create regions of stress concentrations at the 

lines of symmetry, where the fibers appear to „break off‟ and orient themselves in the (θ  900) 

directions. In cases where there are no other significant areas of stress concentrations, these lines 

of symmetry can act as regions of failure initiation and result in erroneous results. 

2.5 Element Selection 

The use of higher order elements should be avoided in a progressive damage analysis. This 

is because higher order elements are preferred when there is a smooth spatial distribution of 

properties. However, in a progressive failure simulation, there exists a very discontinuous spatial 

distribution of material properties. 

Reduced integration elements should be used in a progressive damage analysis as often as 

possible. The advantages of using a reduced integration element are: 

1. The stresses, strains and displacements are most accurately calculated at the reduced 

integration point without any ambiguity. This is very important in order to determine the 

„failure state‟ of the element and to evaluate the need for stiffness degradation. 
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2. In cases where bending is predominant, use of reduced integration shell elements 

alleviates the effects of „spurious transverse shear stiffness‟ and „thickness/Poisson 

stiffening‟.  

3. Visualization of results become much more convenient when reduced integration 

elements are used. 

2.6 Modeling schemes 

Two schemes of modeling composites exist: 

1. Representing each ply by one element in the thickness direction, referred to in this article 

as the Discrete Layer (DL) scheme. The elements generally used in this scheme are 8 

noded, 3D continuum solid elements (C3D8R). 

2. Defining the stacking sequence of the entire laminate in a single element during the 

section definition process, referred to in this article as the Equivalent Single Layer (ESL) 

scheme. 

The ESL scheme can be adopted when the thickness is very small compared to the other 

dimensions of the structure. In such a model, the in-plane strains are linear, while the transverse 

shear and normal strains are constant. 

Also, in an ESL model, as the thickness increases, the effect of matrix and fiber post failure 

stiffnesses decreases, as the effect of a failure in one ply is not felt significantly by other plies. 

ESL predicts higher load then other types of thickness discretizations, as these models do not 

strictly consider the effects of transverse shear (as can be seen by the results of the NHT 

simulation using discrete layer method and ESL method). 

Two types of elements can be used in the ESL scheme: 
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1. S4R – Can be used in the ESL scheme. It has a very rudimentary and approximate 

representation of transverse shear stiffness, and does not account for transverse normal 

strains.  Has both translational and rotational degrees of freedom. 

2. SC8R – Very similar to S4R, but it‟s a 3D shell element. The thickness is not just 

implied, as is the case in S4R, but explicit. Because of this thickness, SC8R does account 

for transverse normal strain, and hence needs the thickness modulus as an extraneous 

stiffness parameter input. Since it has 8 nodes, there is no need for rotational degrees of 

freedom, as the translational DOFs can be used to induce rotations.  

Both S4R and SC8R exhibit good bending behavior. They only use in-plane stresses (σ11, σ12, 

σ22) and strains (no transverse shear) to determine failure. In problems where in-plane stresses 

are predominant, these shell elements are appropriate. The advantage of using these elements in 

an ESL scheme is that they reduce the number of elements and hence the problem size, resulting 

in extremely quick run-times. If transverse shear effects are significant (for example in cases 

where the thickness is comparable to the dimensions of the stress concentration, or other 

dimensions in the structure), using shell elements may result in inaccurate predictions. Since 

these elements have a rudimentary representation of transverse shear stiffness, this is not defined 

within the element but has to be supplied by the user as an „extraneous stiffness parameter‟. 

2.7 Salient features of Helius:MCT 

1. In Helius:MCT, the stiffness of the failed component is degraded instantaneously (as 

opposed to a gradual reduction in the ABAQUS implementation of damage evolution).  

2. An advantage of using Helius:MCT is that it has the capability to handle with material 

non-linearity judiciously. A solution almost always converges at every load step in a 
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simulation in which the only source for non-linearity is material non-linearities. 

Furthermore, the results obtained are accurate in most cases, or at least close enough to 

explain a general trend or concept. 
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CHAPTER 3 

NUMERICAL SIMULATIONS, RESULTS AND DISCUSSIONS 

 

This chapter contains the results and discussions of the various validation studies performed 

using progressive damage modeling. As stated in the objective, test results obtained for a 

25/50/25 laminate [(45/0/-45/90)3]s, made from Toray T700GC-12K-31E/#2510 unidirectional 

laminae [30] was used for validations. Four different tests were chosen for validation purposes, 

as also stated in the objective. The laminate information is provided in Table 3.1 and the lamina 

properties are provided in Figure 3.1. 

3.1 Material Characterization 

The commercially available product from Firehole Technologies, Helius Material Manager 

was used to characterize the materials. As can be seen, for all the four simulations listed earlier, 

the material has to be characterized either for tension and compression. The user is encouraged to 

refer the Helius Material Manager user guide [29] for more information on characterizing 

materials, and just a brief snapshot is provided showing the characterization of Toray T700GC-

12K-31E/#2510 for tension and compression in Figure 3.2 and Figure 3.3, respectively. 

3.1.1 Assumptions 

• F23
su assumed to be 7.25 ksi, a common value for carbon/epoxy unidirectional materials. 

• Fiber volume fraction taken as 55% (approximate value) based on physical test results 

[30]. 

Once the material is characterized and saved, it can be used to define the laminate material 

during the material definition phase of ABAQUS using the Helius:MCT plug-in to ABAQUS 

[29].  
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Figure 3.1 T700GC-12K-31E/#2510 Lamina Properties [31] 
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TABLE 3.1  

LAMINATE CONFIGURATION CHOSEN FOR SIMULATIONS [28] 

Lamina Fiber/Resin T700G/#2510, from Toray (America), Inc. 

Material Form 150 g/m2, Unidirectional Carbon Tape 

Nominal Cured Ply Thickness (in) 0.006 

Layup % (0°/45°/90°) 25/50/25 

Stacking Sequence [(45/0/-45/90)3]s 

Nominal Laminate Thickness (in) 0.144 

 
 

 

Figure 3.2 Unidirectional lamina creation in Helius Material Manager for Open Hole Tension 
and Un-Notched Tension simulations. 
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Figure 3.3 Unidirectional lamina creation in Helius Material Manager for Open Hole 
Compression and Un-Notched Compression simulations. 

3.2 Open Hole Tension (OHT) Test Simulation 

For the OHT test simulation, the coupon dimensions were obtained from [30] as shown 

below in Figure 3.4. 

The information of the FE model used to simulate the OHT test is given below. 

• Each lamina was represented by one element through the thickness. Appropriate 

orientations were assigned to each layer. 

• Element type: C3D8R (Hourglass stiffnesses obtained by the use of Firehole‟s XSTIFF 

software [29]) 

• Section: Solid homogeneous 
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Figure 3.4 Open Hole Tension - Specimen Dimensions [30] 

• Material: Assigned through Helius:MCT Material Manager. Only the Progressive 

Damage Modeling option was selected. 

• Matrix and fiber post failure stiffness values were set at 0.01 and 0.0001 respectively. 

(Refer to the parametric study results) 

• Number of elements: 131232, number of nodes: 141100. 
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• ABAQUS/Standard was used to run the analysis.  

• Total number of increments 20. Time period 1. 

• Total Displacement 0.08”. 

 

Figure 3.5 Boundary Conditions Used for OHT Simulation 

3.2.1 The Meaning of Purpose of the Post Failure Degradations Explained With Respect 

to Open Hole Tension Simulation 

The stiffnesses of the matrix and fiber remain constant UNTIL failure is computed by 

Helius.  After failure, the stiffness of the failed integration point is reduced by the ratio defined 

by the matrix post-failure stiffness and the fiber post-failure stiffness. For example, if the matrix 

stiffness is 100 and the fiber stiffness is 2000, and if the matrix post-failure stiffness is 0.1 and 

the fiber post-failure stiffness is 0.01, from the start of the analysis up to failure, the matrix 

stiffness is 100 and the fiber stiffness is 2000.  Once failure is detected, the stiffness of the matrix 

is reduced to 10 (10=100*0.1) and the stiffness of the fiber is reduced to 20 (20=2000*0.01). 

From here on in this article, the Matrix Post Failure Stiffness is abbreviated as MPFS and the 

Fiber Post Failure Stiffness is abbreviated as FPFS. 
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3.2.2 Parametric study to determine the effect of MPFS and FPFS on the accuracy of load 

prediction 

 

Figure 3.6 Determination of the Effect of MPFS and FPFS on the Accuracy of Load Prediction 
During an OHT Simulation 

 
A parametric study was carried out in order to determine the most optimum values MPFS 

and FPFS. It was seen (Figure 3.6) that for MPFS = 0.01 and FPFS = 0.0001, the stress on the 

specimen most closely matched the experimental value. Hence the values MPFS = 0.01 and 

FPFS = 0.0001 were chosen for further analyses. It can also be seen from Figure 3.6 that the 

load-displacement curves obtained from simulation have a higher slope than the experimental 

curve. This can be attributed to the fact that the FE models are inherently stiff, due to an 

idealized representation of the material, and also to that fact that there may have been slippage 

between the grip wedges and the coupon during testing. 
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3.2.3 Parametric study to determine the effect of the number of increments on the 

accuracy of load prediction 

In progressive damage modeling, any load step needs to be divided into a number of 

increments in order to most accurately simulate the progression of damage. Progressive damage 

simulations, by their very nature, are dependent on the number of increments chosen in a load 

step and, in some cases, this number affects the accuracy of the results significantly. A study on 

the effect of the number of increments on the accuracy of the result was performed by running 

the OHT model over 20 and 100 Increments respectively. As can be seen from Figure 3.7, 

increasing the number of increments has a minimal effect on accuracy of the results. 

 

 

Figure 3.7 Determination of the Effect of No. of Increments on the Accuracy of Load Prediction 
During an OHT Simulation 
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3.2.4 Comparison of Load vs Displacement Curves and Progression of Failure 

In Helius:MCT, the damage variables are stored in Solution Dependant Variables 

(SDVs). The solution dependant variable SDV1 represents the failure state of the composite 

material, and can take the values as shown in Table 3.2. 

TABLE 3.2  

SDV1 AND CORRESPONDING FAILURE STATES 

Value of SDV1 Failure State 

1 No failure  

2 Matrix Failure 

3 Fiber and Matrix Failure 

 

In this article, in all progressive damage pictures, the color code is as follows: 

Blue: No damage in either matrix or fiber 

Green: Matrix Damage 

Red: Fiber and Matrix Damage 

As can be seen from Figure 3.8, failure starts occurring much before the actual ultimate 

load is reached. It is seen that the first matrix failure in the 90˚ plies at 2958.5 lbf, which is only 

28.5% of the total load carrying capability of the specimen. The ultimate failure only occurs after 

there is fiber failure in the 0˚ plies. This shows that under tension, an open hole specimen can 

carry a significant amount of load even after the first occurrence of matrix failure. 
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Figure 3.8 Comparison of Experimental and Simulated Load vs Displacement Curves for an 
OHT Test 

3.2.5 Determination of Tensile Modulus from the Stress vs Strain Curve 

3.2.5.1 Methodology to obtain Extensometer Strains from the FE Model 

 

Figure 3.9 Determination of Extensometer Strains in the FE Model 
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Since during actual testing, the extensometer used to obtain the strain measurements has a 

gage length of 1”, two points on the model, on either side of the hole, are chosen such that their 

longitudinal distance is 1”, as shown in Figure 3.9. The difference in the displacements of points 

1 and 2 along the longitudinal direction gives the strain. 

 

Figure 3.10 Stress vs Strain Curve for a Specimen of a Sample of Specimens Tested in OHT 

 

Figure 3.11 Stress vs Strain Curve Obtained from FE Simulation of the OHT Test 
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Figure 3.12 Comparison of Stress vs Strain Graphs Obtained from Experiments and FEA (until 
failure) – OHT Test 

As can be seen from Figure 3.12, there is very close agreement between the tensile 

modulus obtained by experiments and that obtained by the simulation. 

3.2.6 Comparison of Results 

Table 3.3 shows a comparison of the ultimate stress and modulus values obtained during 

an OHT test and those obtained by FE analysis. It is seen that there is a close agreement between 

the predicted values from FEA and the experimental results.  

TABLE 3.3  

COMPARISON OF FAILURE STRESS AND MODULUS OBTAINED FROM 
EXPERIMENTS AND FE SIMULATION OF AN OHT TEST 

 
Experimental (Mean Normalized) FEA % Error 

Stress [ksi] 49.51 47.91 3.24 

Modulus [Msi] 6.59 7.00 -6.28 
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3.2.7 Damage progression Pictures 

Figure 3.13Figure 3.13 through  Figure 3.21 show the progression of damage during an open 

hole tension test. 

 

Figure 3.13 First Matrix Failure at 90˚ Plies 12 and 13. Load = 2958.5 lbf

 

Figure 3.14 First Matrix Failure at other 90˚ Plies. Load = 3253.97 lbf 

 

Figure 3.15 First Matrix Failure at 45˚ Plies. Load = 3845.42 lbf 
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Figure 3.16 First Matrix Failure at Plies 3 and 22. Load = 3993.19 lbf 

 

Figure 3.17 First Matrix Failure at the Top and Bottom Plies. Load = 4436.69 lbf 

 

Figure 3.18 First Failure at 0˚ Plies. Load = 8778.94 lbf 
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Figure 3.19 Failure Condition of Various Plies at the Instant of First Fiber Failure in the 0˚ Plies 

 

Figure 3.20 Progression of Failure of Plies 2 and 23 Shown as an Example  
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Figure 3.21 Failure Condition of Various Plies at Ultimate Load  
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3.3 Open Hole Compression Test (OHC) Simulation 

For this simulation the coupon dimensions were obtained from [30] as shown below in 

Figure 3.22. 

 

Figure 3.22 Open Hole Compression: Specimen Dimensions [30]  
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The information of the FE model used to simulate open hole compression test is given below. 

• Each lamina was represented by one element through the thickness. Appropriate 

orientations  were assigned to each layer. 

• Element type: C3D8R (Hourglass Stiffnesses obtained by the use of Firehole‟s XSTIFF 

software [29]) 

• Section: Solid homogeneous 

• Material: Assigned through Helius:MCT Material Manager. Only the Progressive 

Damage Modeling option was selected. 

• Matrix and fiber post failure stiffness values was set at 0.1 and 0.01 respectively. 

• Number of elements: 131232, number of Nodes: 141100 

• ABAQUS/Standard was used to run the analysis.  

• Total number of increments 20. Time period 1. 

• Total Displacement 0.08”. 

 

Figure 3.23 Boundary Conditions used for OHC Simulation
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3.3.1 Parametric study to determine the effect of MPFS and FPFS on the accuracy of load 

prediction  

 

Figure 3.24 Determination of the Effect of MPFS and FPFS on the Accuracy of Load Prediction 
During an OHC Simulation 

Just as in the case of the OHT simulation, a parametric study was carried out in order to 

determine the most optimum values of MPFS and FPFS. It was seen that (Figure 3.24) for MPFS 

= 0.1 and FPFS = 0.01, the stress on the specimen most closely matched the experimental value. 

Hence the values MPFS = 0.1 and FPFS = 0.01 were chosen for further analyses. 

Another way of explaining the above phenomenon is based on the “nature of primary 

loading”. For the OHT model, the primary loading is tension and for OHC the primary loading is 

compression. During an OHT test, the transverse crack during failure will continue to separate 

and no load will be transferred across it.  However, during an OHC test, since the crack faces are 

in contact, there is some load transfer from one side of the crack to the other.  So, during OHT, 
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the post-failure stiffness of the failed region will be lower relative to that during OHC.  That is 

the reason for using higher post-failure degradation values for the OHC model. 

3.3.2 Parametric study to determine the effect of the number of increments on the 

accuracy of load prediction 

 

Figure 3.25 Determination of the Effect of No. of Increments on the Accuracy of Load 
Prediction During an OHC Simulation 

A study on the effect of the number of increments on the accuracy of the result was 

performed by running the OHC model over 20 and 100 Increments respectively.  As can be seen 

from Figure 3.25, the accuracy increases as the number of increments are increase, and when the 

model is run over 100 increments, the predicted load very closely matches with the experimental 

results. 

It is to be noted that in case of OHC simulation, unlike the OHT simulation, there is no 

sudden drastic drop in the load carrying capacity of the coupon. This can, again, be attributed to 
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the fact that there is continued load transfer across the failed regions even after failure. This fact, 

combined with the „relatively‟ high post failure stiffnesses causes the load to pick up even after 

there is fiber failure in the 0˚ plies. However, in this thesis, the coupon is considered to have 

failed at the point where there is a load drop due to fiber failure in the 0˚ plies.  

3.3.3 Comparison of Load vs Displacement Curves and Progression of Damage 

 

 

Figure 3.26 Comparison of Experimental and Simulated Load vs Displacement Curves for an 
OHC Test 

Unlike in the case of OHT, where matrix failure occurs in the 45˚ and 90˚ plies long 

before the ultimate load is reached, there is a more „localized‟ failure period during an OHC test. 

The matrix failure in the 45˚ and 90˚ plies starts occurring very close to the ultimate load of the 

laminate, as can be seen from Figure 3.26. 
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3.3.4 Determination of Compressive Modulus from the Stress vs Strain Curve 

 

Figure 3.27 Stress vs Strain Curve for a Specimen of a Sample of Specimens Tested in OHC 

 

Figure 3.28 Stress vs Strain Curve Obtained from FE Simulation of the OHC Test 
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Figure 3.29 Comparison of Stress vs Strain Graphs Obtained from Experiments and FEA (until 
failure) – OHC Test 

As can be seen from Figure 3.29, there is very close agreement between the compressive 

modulus obtained by experiments and that obtained by the simulation. 

3.3.5 Comparison of Results 

Table 3.4 shows a comparison of the ultimate stress and modulus values obtained during 

an OHC test and those obtained by FE analysis. It is seen that there is a close agreement between 

the predicted values from FEA and the experimental results.  

TABLE 3.4  

COMPARISON OF FAILURE STRESS AND MODULUS OBTAINED FROM 
EXPERIMENTS AND FE SIMULATION OF AN OHC TEST 

 
Experimental (Mean Normalized) FEA % Error 

Stress [ksi] 41.69 36.33 12.87 

Modulus [Msi] 6.05 6.00 0.74 



51 
 

3.3.6 Damage Progression Pictures 

Figure 3.30 through Figure 3.33 show the progression of damage during an open hole 

compression test. 

 

Figure 3.30 Progression of Failure in 0˚ Plies 

 

Figure 3.31 Progression of Failure in 45˚ Plies 

6924.15 lbf 7017.62 lbf 7135.1 lbf 7538.2 lbf 7713.59 lbf 

After failure at 7846.59 lbf 

After failure at 7846.59 lbf 

7017.62 lbf 7135.1 lbf 7538.2 lbf 7713.59 lbf 



52 
 

 

 

Figure 3.32 Progression of Failure in -45˚ Plies 

 

 

Figure 3.33 Progression of Failure in 90˚ Plies 

  

After failure at 7846.59 lbf 

After failure at 7846.59 lbf 

7017.62 lbf 7135.1 lbf 7713.59 lbf 

7713.59 lbf 7017.62 lbf 7135.1 lbf 7538.2 lbf 7671.9 lbf 



53 
 

3.4 Un-Notched Tension Simulation 

For this simulation the coupon dimensions were obtained from [30] as shown below in 

Figure 3.34. The test specimen fabricated by not drilling a hole at the center of specimen. 

 

Figure 3.34 Un-Notched Tension: Specimen Dimensions [30] 
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3.4.1 Discrete Layer (DL) Model 

At first, a discrete layer (DL) model was built, with one element representing one ply in 

the thickness direction. The mesh density used in this model was the same as that used in the 

open hole tension and compression simulations. However, unlike the OHT and OHC 

simulations, there is no mesh transition as there was no information on the region of failure a 

priori. The information of the DL model used to simulate the un-notched tension test in 

ABAQUS/Standard is given below. 

• Each lamina was represented by one element through the thickness. Appropriate 

orientations were assigned to each layer. 

• Element type: C3D8R (Hourglass Stiffnesses obtained by the use of Firehole‟s XSTIFF 

software [29]) 

• Section: Solid homogeneous 

• Material: Assigned through Helius:MCT Material Manager. Only the Progressive 

Damage Modeling option was selected. 

• Matrix and fiber post failure stiffness values were set at 0.01 and 0.0001 respectively, just 

as in the case of the OHT simulation. 

• Number of elements: 160200, number of nodes: 177684 

• Global mesh size of 0.03 was used. 

• Only one half (12 of the 24 plies) was modeled to reduce the model size and improve the 

run time. A symmetric boundary condition was “not” used. Therefore the load predicted 

by FEA was doubled to obtain the actual load carried by all 24 plies of the coupon. 

• Total number of increments 20. Time period 1. 

• Total Displacement 0.15”. 
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Figure 3.35 Boundary Conditions used for Un-Notched Tension Simulation Using DL Model 

The comparison of the ultimate load predicted by simulation and that obtained from 

actual testing is shown below in Figure 3.36. 

 

Figure 3.36 Load vs displacement Curve Comparison for Un-Notched Tension Test: 
Experimental vs Discrete Layer FE Model 
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As can be seen, the ultimate load is grossly under-predicted by a Discrete Layer modeling 

scheme. The reason for this mismatch becomes apparent when the failure is observed more 

closely. 

Let us consider the instance of first matrix failure in the 90˚ plies at a load of 6981.72 lbf, 

as shown in Figure 3.37. 

 

 

Figure 3.37 Occurrence of First Matrix Failure in the 90˚ ply During the Un-Notched Tension 
Test Simulation Using a DL Model 
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These failures occur at the edges of the coupon, where boundary conditions are defined, 

as the BCs themselves act as regions of stress concentrations in the absence of any kind of a 

notch in the specimen.  

With the increase in load, the matrix continues to fail in the 90˚ plies. However as matrix 

failure progresses in the 90˚ plies, there is load redistribution to the adjacent 45˚ plies due to the 

action of transverse shear effects. This additional load on the 45˚ plies due to load redistribution 

from the 90˚ plies causes the nucleation of matrix failure in the 45˚ plies. Again, the first matrix 

failure seen in the 45˚ plies is near the BC regions. 

The above phenomenon, occurring at a load of 8264.96 lbf is shown below in Figure 

3.38. 

  

Figure 3.38 Load Redistribution from 90˚ plies to 45˚ plies resulting in matrix failure in 45˚ plies 
– DL model Un-Notched Tension simulation 
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As the coupon continues to be loaded, there is almost complete failure in the 90˚ plies, 

and progression of matrix failure in the 45˚ plies. Also, the load redistribution into the 0˚ plies 

due to matrix failure in the 45˚ plies due to transverse shear effects causes initiation of matrix 

failure in the 0˚ plies. This phenomenon, occurring at a load of 9395.6 lbf, is shown below in 

Figure 3.39. 

 

 

Figure 3.39 Load Redistribution from 90˚ and 45˚ plies to 0˚ plies resulting in matrix failure in 0˚ 
plies – DL model Un-Notched Tension simulation 
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The transverse shear effect described earlier, namely 

(1) Load redistribution into the 45˚ plies due to matrix failure in the 90˚ plies, causing, in 

turn, matrix  failure in the 45˚ plies. 

(2) Load redistribution into the 0˚ plies due to matrix failure in the 45˚ plies 

cascades continuously over the next few load steps, until there is so much load in the 0˚ plies (as 

the 0˚ plies are the strongest plies with least amount of failure), that the fibers can no longer 

carry the load and they fail. It is this continuous and predominant effect of transverse shear 

which causes the under-prediction of load in a discrete layer model, by accelerating the failure 

process. The failure condition of all the plies at ultimate load is shown below in Figure 3.40. 

 

Figure 3.40 Failure condition of the plies at ultimate load - DL model Un-Notched Tension 
simulation 
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3.4.2 Equivalent Single Layer (ESL) Model  

In order to alleviate the effects of transverse shear, an Equivalent Single Layer (ESL) model, 

in which all the plies are represented in a single element through the thickness, was developed. 

The model information is given below.  

• The entire laminate was represented by one element through the thickness. Appropriate 

orientations were assigned by defining a composite layup. 

• Element type: SC8R (Extraneous stiffness parameters obtained by the use of Firehole‟s 

XSTIFF software [29]).  

• Section: Composite layup defined using the lamina material information and the ply 

stack-up  

• Material: Assigned through Helius:MCT Material Manager. Only the Progressive 

Damage Modeling option was selected. 

 Matrix and fiber post failure stiffness values set at 0.01 and 0.0001 respectively 

• Number of elements: 1200 

• Number of Nodes: 2592 

• ABAQUS/Standard was used to run the analysis.  

• Total Displacement 0.15”. 

The boundary conditions used in the model is shown in Figure 3.41. The above model 

was run over 20 increments and it was found that the run times for ESL models were 

exceptionally low. The results obtained and the progression of damage are shown in Figure 3.42 

and Figure 3.43. 
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Figure 3.41 Boundary Conditions used for Un-Notched Tension Simulation Using ESL Model 

 

Figure 3.42 Load vs Displacement Curve and Ply-by-Ply Progression of Failure During the 20 
Increment ESL Model Simulation of the Un-Notched Tension Test 
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Figure 3.43 Load vs Displacement Curve and Progression of Failure Shown Through Envelope 
Contour Plots During the 20 Increment ESL Model Simulation of the Un-Notched Tension Test 

It is seen that due the absence of any stress concentrations in the specimen, the boundary 

conditions themselves act as stress concentrations, where the first matrix damage in the 90˚ plies 

and the first fiber damage in the 0˚ get initiated, followed bt damage progression. 

With run times in the order of minutes, the model was run over 100 increments, and the 

load displacement curve is shown below in Figure 3.44. It can be seen that there is no effect of 

changing the number of increments on the predicted ultimate load of the coupon. The only 

difference between the 20 and 100 increment runs is the load drop observed during the load 

redisitribution process between the plies.  
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Figure 3.44 Load vs Displacement Curve – 100 Increment ESL Model Simulation of the Un-
Notched Tension Test 

3.4.3 Parametric study to determine the effect of MPFS and FPFS on the accuracy of load 

prediction 

 
A parametric study was carried out in order to determine the effect of changing the post 

failure stiffnesses on the predicted load value. As can be seen from Figure 3.45, changing the 

post failure stiffnesses has minimal effect on the predicted ultimate load. 

The comparison of the experimental and simulated values of ultimate load is shown 

below in Figure 3.46. As can be seen, there is a very good correlation between the two results.  
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Figure 3.45 Parametric Study to Determine the Effect of MPFS and FPFS on the Load Prediction 
During an Un-Notched Tension Simulation. 

 

 

Figure 3.46 Load vs displacement Curve Comparison for Un-Notched Tension Test: 
Experimental vs Equivalent Single Layer FE Model 
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3.4.4 Determination of Tensile Modulus from the Stress vs Strain Curve 

 

Figure 3.47 Stress vs Strain Curve for a Specimen of a Sample of Specimens Tested in Un-
Notched Tension 

 

Figure 3.48 Stress vs Strain Curve Obtained from ESL Model FE Simulation of the Un-Notched 
Tension Test 
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Figure 3.49 Comparison of Stress vs Strain Graphs Obtained from Experiments and FEA (until 
failure) – Un-Notched Tension Test 

As can be seen from Figure 3.49, there is very close agreement between the tensile 

modulus obtained by experiments and that obtained by the simulation. 

3.4.5 Comparison of Results 

Table 3.5 shows a comparison of the ultimate stress and modulus values obtained during 

an un-notched tension test and those obtained by FE analysis. It is seen that there is a close 

agreement between the predicted values from FEA and the experimental results.  

TABLE 3.5  

COMPARISON OF FAILURE STRESS AND MODULUS OBTAINED FROM 
EXPERIMENTS AND FE SIMULATION OF AN UN-NOTCHED TENSION TEST 

 

 
Experimental (Mean Normalized) FEA % Error 

Stress [ksi] 95.23 91.01 4.43 

Modulus [Msi] 6.73 6.96 -3.37 
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3.4.6 Un-Notched Tension Simulation for a Tabbed Specimen 

Although the experiments in [30] were carried out without tabbing the coupon, it was 

attempted to see how the results vary with a tab in the coupon. Another motivation was to find 

out the location of failure in case of a tabbed specimen. A model was built with tabs as shown 

below in Figure 3.50. 

The tabs dimensions were as per ASTM 5766 [1] and a non Helius:MCT, isotropic, 

elastic fiberglass material was used to define the material for the tabs. The fiberglass properties 

used, based on engineering experience, were   

Young‟s Modulus = 2.7 Msi  

Poisson‟s Ratio = 0.25 

A solid section with C3D8R elements was used, instead of a shell section, as shown in 

the Figure 3.51. 

 

Figure 3.50 Un-Notched Tension: Specimen Modeled with Tabs 
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Figure 3.51 Boundary Conditions used for Un-Notched Tension Simulation for a Specimen with 
Tabs 

 

Figure 3.52 Load vs Displacement Curve and Ply-by-Ply Progression of Failure During the 100 
Increment ESL Model Simulation of the Un-Notched Tension Tabbed Specimen Test 
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Figure 3.53 Load vs Displacement Curve and Progression of Failure Shown Through Envelope 
Contour Plots During the 100 Increment ESL Model Simulation of the Un-Notched Tension 

Tabbed Specimen Test 

The rest of the features in the model were the same as that of the un-tabbed specimen 

model. The above model was run over 100 increments, and the results and progression of failure 

is shown in Figure 3.52 and Figure 3.53.  

It can be seen that in a tabbed specimen, the failure is initiated at the end of the tab, 

which now acts as the new stress concentration region. A comparison of the load-displacement 

curves are shown below in Figure 3.54. It is seen from a comparison of Figure 3.46 and Figure 

3.54 that the predicted ultimate load of the tabbed specimen is slightly higher than that for an un-

tabbed specimen. 
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Figure 3.54 Load vs displacement Curve Comparison for Un-Notched Tension Test: 
Experimental vs ESL FE Model of a Tabbed Specimen 

3.4.7 Comparison of failure stresses 

Table 3.6 shows a comparison of the failure stress values obtained during an un-notched 

tension test (of an un-tabbed specimen) and those obtained by FE analysis of a tabbed specimen.  

 
TABLE 3.6  

COMPARISON OF FAILURE STRESS OBTAINED FROM EXPERIMENTS AND FE 
SIMULATION OF AN UN-NOTCHED TENSION TEST OF A TABBED SPECIMEN 

Experimental (Mean Normalized) 

[ksi] 

FEA 

[ksi] 
% Error 

95.23 103.03 8.20 
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3.5 Un-Notched Compression Simulation 

As in the case of un-notched tension, there is no standard test for an un-notched 

compression test. Hence the specimen is based on [30], with the only modification being the 

elimination of the hole. The coupon information is shown below in Figure 3.55. 

 

 

Figure 3.55 Un-Notched Compression: Specimen Dimensions [30] 
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3.5.1 Equivalent Single Layer (ESL) Model 

The equivalent single layer model was also used for simulating the un-notched compression 

test. The model information is given below: 

• The entire laminate was represented by one element through the thickness. Appropriate 

orientations were assigned by defining a composite layup. 

• Element type: SC8R (Extraneous stiffness parameters obtained by the use of Firehole‟s 

XSTIFF software [29]) 

• Section: composite layup defined using the lamina material information and the ply 

stack-up  

• Material: Assigned through Helius:MCT Material Manager. Only the Progressive 

Damage Modeling option was selected. 

• Number of elements: 1200, number of nodes: 2592 

• ABAQUS/Standard was used to run the analysis.  

• Total Displacement 0.15”. 

• As the run times for an ESL model were found to be exceptionally low, the model was 

analyzed over 100 increments.  

The boundary conditions for the un-notched compression simulation are shown in Figure 

3.56. The load displacement curve is shown, and the damage progression is explained, in 

Figure 3.57. Just as in the case of OHC simulation, the MPFS value used was 0.1 and the 

FPFs value used was 0.01. 
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Figure 3.56 Boundary Conditions used for Un-Notched Compression Simulation using the ESL 
Model 

 

 

Figure 3.57 Load vs Displacement Curve and Ply-by-Ply Progression of Failure During the 100 
Increment ESL Model Simulation of the Un-Notched Compression Test 
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3.5.2 Parametric study to determine the effect of MPFS and FPFS on the accuracy of load 

prediction  

 

 

Figure 3.58 Parametric Study to Determine the Effect of MPFS and FPFS on the Load Prediction 
During an Un-Notched Compression Simulation. 

The same model used earlier was run with MPFS = 0.01 and FPFS = 0.0001, to 

determine the effect of the number if increments on the prediction of ultimate load. As can be 

seen from Figure 3.58, there was little effect of the post failure stiffness values on the predicted 

ultimate load, just as in the case of the un-notched tension simulation.  

A comparison of the experimental and predicted load displacement curves is given below 

in Figure 3.59. It can be seen that there is a very good correlation between the experimental 

curve with that predicted by FEA. 
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Figure 3.59 Load vs displacement Curve Comparison for Un-Notched Compression Test: 
Experimental vs ESL FE Model 

3.5.3 Determination of Compressive Modulus from the Stress vs Strain Curve 

The stress vs strain curves were plotted to obtain the compressive modulus and the results 

are shown below. 

 

Figure 3.60 Stress vs Strain Curve for a Specimen of a Sample of Specimens Tested in Un-
Notched Compression 
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Figure 3.61 Stress vs Strain Curve Obtained from ESL Model FE Simulation of the Un-Notched 
Compression Test 

 

Figure 3.62 Comparison of Stress vs Strain Graphs Obtained from Experiments and FEA (until 
failure) – Un-Notched Compression Test 

As can be seen from Figure 3.62, there is very close agreement between the compressive 

modulus obtained by experiments and that obtained by the simulation. 
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3.5.4 Comparison of Results 

Table 3.7 shows a comparison of the ultimate stress and modulus values obtained during 

an un-notched compression test and those obtained by FE analysis. It is seen that there is a close 

agreement between the predicted values from FEA and the experimental results.  

TABLE 3.7  

COMPARISON OF FAILURE STRESS AND MODULUS OBTAINED FROM 
EXPERIMENTS AND FE SIMULATION OF AN UN-NOTCHED COMPRESSION TEST 

 

 
Experimental (Mean Normalized) FEA % Error 

Stress [ksi] 81.12 72.20 11.00 

Modulus [Msi] 6.42 6.40 0.41 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

 
 

In this thesis, progressive damage modeling was used to simulate the notched and un-

notched tension and compression tests to obtain the strength and stiffness properties of a quasi-

isotropic layup (25/50/25) of Toray T700GC-12K-31E/#2510 unidirectional tape. The 

commercially available software ABAQUS, and a commercially available plug-in for ABAQUS, 

Helius:MCT, which utilizes the concepts of Multi-Continuum Theory (MCT), was used for the 

simulations. Previously obtained experimental data was used to validate the model.  

The obvious conclusion which can be drawn from this work is that progressive damage 

modeling can be used to accurately simulate physical testing. Based on the evidence obtained 

from the discussed simulations, it can be concluded that Helius:MCT predicts failure loads fairly 

accurately. 

The MPFS and FPFS values chosen for tension cases result in very accurate load 

predictions, and it looks like the same values can be used to simulate tension tests on other 

laminate configurations without much need for additional parametric studies. However, the 

effect of e/d, w/d etc. on the post failure stiffness values for open hole tension tests may need 

some more studies. 

Compression test simulations, on the other hand, give percentage error values between 10% 

and 15%. Although this may look less impressive than the tension simulations when considered 

in isolation, a few more simulations need to be run to make an accurate judgment on the ability 

of Helius:MCT to predict the compression loads accurately. However, it can be safely 

ascertained that the predictions are close enough for any “first-cut” analysis which may be 

required. Also, there are always chances that the experimental results themselves contain 
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inherent errors. So one can come to „quantitative‟ and „tangible‟ conclusions only after 

simulating a fair number of laminate configurations.  

It is also seen that ESL models work better for un-notched tension/compression, while a DL 

models work for notched tension/compression. The ESL models are also found to be less 

dependent on the values of the MPFS and FPFS chosen during simulation, and on the number of 

step increments. 

Based on the evidence from the simulations run for this thesis, an interesting thing can be 

noticed about the convergence capabilities of Helius:MCT. It seems that Helius:MCT has the 

ability to handle material non-linearities judiciously. A solution almost always converges at 

every load step in a simulation in which the only source of non-linearity is material non-linearity. 

A limitation in the approach used in this study is that the methodology needs to be 

calibrated by comparison to experimental data at least once, before being applied to other 

laminates. This is because the current understanding of MPFS and FPFS is more qualitative, 

rather than quantitative. The accuracy of the results vary considerably with the choice of the post 

failure stiffnesses, necessitating a lot of parametric studies to come up with a suitable 

combination of MPFS and FPFS. 

Based on the above conclusions, there is a lot of scope for further research in the area. One 

primary research objective which can be pursued is the validation of other mechanical tests (such 

as filled hole tension/compression, single and double shear bearing, V-notch rail shear, etc.). 

Also, various laminate configurations can be simulated to ascertain the advantages/limitations of 

the software, if any. Again, the need for further research to obtain a quantitative understanding of 

the effect of post failure stiffnesses cannot be over-emphasized. Also, apart from coupon level 

simulations, the scope can be extended to include sub-structure or structure level simulations.  
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The current version of Helius:MCT does not allow the user to change the values of MPFS 

and FPFS when plain weaves and other form of fiber assemblages are to be simulated. Once this 

feature is incorporated into the software, a similar work can be performed on laminates made 

from various types of weaves.  
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