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ABSTRACT 

A composite payload attach fitting (PAF) is being designed and fabricated at NASA MSFC 

for the Block 1B heavy-lift Space Launch System (SLS).Functioning as the primary structural 

interface, the PAF is connected to the payload by metal clevis fittings via pin connections.The 

overall goal of this study was to develop a reliable FE based methodology to analyze the pinned 

joints of composite honeycomb panels and determine their load-carrying capacities.This goal has 

been achieved by the following: (1) development of two-dimensional progressive damage models 

of composite panels for various failure modes, (2) experimental determination of the necessary 

parameters for the progressive failure models, (3) incorporation of the developed composite failure 

models into an FE-based algorithm to analyze the damage progression of composite laminates 

under pin bearing loading conditions and to determine the load carrying capacity of pinned joints 

of composite honeycomb sandwich panels, and (4) validation of the developed failure models via 

experiments. 

Carbon/epoxy unidirectional tape and eight-harness fabric were used for this investigation. 

At the coupon-level tests, the basic mechanical properties and the material degradation parameters 

were obtained. Multi-axial loaded tests served as a validation exercise for the damage models.The 

finite element analyses were conducted using a commercial FE software package Abaqus in 

conjunction with a user material subroutine written in Fortran. The pin-bearing specimens tested 

at WSU as well as test data provided by MSFC were used for the final validation of the developed 

material model. From the results comparison, the FE model with the developed material model 

was able to predict the maximum pin-bearing capacity of composite panels, and the in-plane 

deformations showed satisfactory correlation between the FE models and the experiments. 
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CHAPTER 1 

INTRODUCTION 

It is well known that the damage accumulation and failure in fiber-reinforced laminated 

composites is a complicated phenomenon to describe [1-3]. Mathematical models have attempted 

to relate damage accumulation and final failure to the matrix cracking behavior of the composite 

matrix. In this study, an approach to characterize such behavior was attempted, but not further 

developed. It can be identified such cracking behavior is a macro behavior of the material. Even 

though a composite ply may accumulate matrix cracks, it does not reach its failure state and can 

continue to carry loads. This macro behavior of the composite greatly affects its response in other 

of the material directions due to the micro damage that has accumulated. In other words, the macro 

behavior of the composite reflects how the micro damage affects its stiffness integrity.  

Experimental data showed an association between matrix cracks and the material response 

in several of its directions. However, this relationship did not hold when factors changed. Factors 

such as ply orientations, thicknesses, and loading conditions greatly affected this relationship. The 

material response changed from one condition to another and could not represent the damage 

accumulation with consistency. 

A strain-based approach to describe the damage accumulation and failure in laminated 

composites has been developed. Experimental studies showed the damage progression and failure 

mechanisms in composites. Constitutive equations [3-6] describing the material damage and 

failure behavior were utilized. The progressive damage/failure methodology is believed to be the 

most reliable method to predict the final failure of composite structures. Because of the increased 

computational power nowadays, these analyses can be performed on a personal computer with 

reasonable runtimes.  
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1.1 Literature Research  

1.1.1 Progressive Failure Analysis 

Progressive failure analysis became an attractive way of predicting the strength of 

laminated composite materials. It is based on the evaluation of a set of failure criteria at each 

integration point of a finite element. If a criterion is satisfied, the stiffness of the evaluated element 

is altered to reflect the predicted failure. The analysis is dependent on a source to evaluate the state 

of stress of the analyzed structure. Nowadays, with the vast availability of finite element software 

and improved computational power of machines, this type of analysis has become more accessible  

In this section, models that have implemented progressive failure analyses by several 

researchers are presented. These models analyzed composite structures subjected to tensile, shear, 

and compressive loading conditions. 

1.1.1.1 Tensile and In-Plane Shear Failure Analysis 

Fu-Kuo Chang and Kuo-Yen Chang developed a progressive failure analysis for laminated 

composite plates with open holes and subjected to tensile loading conditions [7]. The model 

capabilities consisted of assessing failure within laminated composites, on a ply-by-ply basis, and 

predicting the ultimate strength of the notched plates of any arbitrary ply orientations. The model 

consisted of a non-linear finite element analysis to calculate the stresses and strains in the 

composite laminates. The failure analysis consisted of assessing the damage accumulation within 

the composite by evaluating a proposed set of failure criteria, to employ the degradation of the 

pertinent elastic constants.  

Chang and Chang stated that an optimal design in composite structures was only achieved 

by the understanding of the progressive failure mechanisms in laminated composites. The 
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proposed model was capable of: (1) predicting failure, (2) evaluating the residual strength, and (3) 

predicting the ultimate strength of symmetric composite laminates with open holes. 

Chang adopted the set of failure criteria for Unidirectional Composites by Hashin [8] and 

modified it accordingly. The modification considered the material in-plane shear nonlinearity 

produced as load progresses and damage accumulates within the composite laminate. The 

expression by Hahn and Tsai [9] to describe the nonlinear shear stress-shear strain relationship 

was adopted. 

 𝛾𝑥𝑦 = (
𝜎𝑥𝑦

𝐺𝑥𝑦
) + 𝛼𝑥𝑦𝜎𝑥𝑦

3  (1) 

where σxy is the ply shear stress,xy is a nonlinear parameter that dictates the shear stress-shear 

strain nonlinear relationship, and Gxy is the in-plane shear modulus. 

1.1.1.1.1 Failure Criteria 

Three failure criteria were utilized, it was stated that the in-plane failure is the dominant 

mechanism in tensile failure of fiber-dominated laminated composites. Therefore, the following 

in-plane failure modes were proposed: Matrix Cracking, Fiber-Matrix Shearing, and Fiber 

Breakage.  

To predict matrix cracking failure, the criterion had the following form 

 (
𝜎𝑦𝑦

𝑌𝑇
)

2

+  
∫ 𝜎𝑥𝑦𝑑𝛾𝑥𝑦

𝑥𝑦

0

∫
0

𝑥𝑦
𝑢

𝜎𝑥𝑦𝑑𝛾𝑥𝑦

=  ℯ𝑀
2  (2) 

Equation (2) is a modification of Hashin’s failure criteria for unidirectional composites [8]. 

It accounts for the shear non-linearity response of the material due to damage accumulation. By 

the introduction of the ply shear stress-strain relationship and solving for the integrals on the left-

hand side, the next expression yielded. When matrix failure was predicted, eM was greater or equal 

to one.  
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 (
𝜎𝑦𝑦

𝑌𝑇
)

2

+  

𝜎𝑥𝑦
2

2𝐺𝑥𝑦
+ 

3

4
 𝛼𝑥𝑦𝜎𝑥𝑦

4

𝑆𝑥𝑦
2

2𝐺𝑥𝑦
+ 

3

4
 𝛼𝑥𝑦𝑆𝑥𝑦

4
=  ℯ𝑀

2  (3) 

where σxy, σyy, and σxy are the ply longitudinal, transverse, and shear stresses, respectively. xy is a 

nonlinear parameter that dictates the shear stress-shear strain relationship. YT and Sxy are the ply 

transverse and shear strength, respectively. 

Chang adopted and modified the derived criterion by Yamada-Sun [10]. The criterion was 

expressed as follows, 

 (
𝜎𝑥𝑥

𝑋𝑇
)

2

+  
∫ 𝜎𝑥𝑦𝑑𝛾𝑥𝑦

𝑥𝑦

0

∫
0

𝑥𝑦
𝑢

𝜎𝑥𝑦𝑑𝛾𝑥𝑦

=  ℯ𝐹
2 (4) 

or 

 (
𝜎𝑥𝑥

𝑋𝑇
)

2

+  

𝜎𝑥𝑦
2

2𝐺𝑥𝑦
+ 

3

4
 𝛼𝑥𝑦𝜎𝑥𝑦

4

𝑆𝑥𝑦
2

2𝐺𝑥𝑦
+ 

3

4
 𝛼𝑥𝑦𝑆𝑥𝑦

4
=  ℯ𝐹

2 (5) 

The criterion states that whenever the combined σxx and σxy stresses in any ply satisfy the 

criterion, the ply failed by either fiber breakage or fiber-matrix shearing.  

1.1.1.1.2 Stiffness Degradation Model 

The material elastic properties were degraded as per the predicted failure mode. Chang’s 

material degradation model was developed on the basis that a finite element’s material property 

was degraded according to a failure mode and within the damaged area, on a ply-by-ply basis. 

Therefore, once the elastic properties underwent certain stiffness loss, stresses within the 

neighboring elements were redistributed. 

For matrix cracking failure in a layer, Chang’s model proposed that the transverse elastic 

modulus Eyy and Poisson’s ratio vyx was reduced to zero. However, the longitudinal elastic modulus 
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Exx and the shear stress-strain relation within a layer remained unchanged. Therefore, the ply 

stiffness matrix of the failed layer was degraded in the following manner.  

 ⌊

Ε𝑥𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑥𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
  

Ε𝑥𝑥𝑣𝑦𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
 

⌋   ⟶   [
𝐸𝑥 0
0 0

] (6) 

For fiber failure or fiber-matrix shearing failure, Chang proposed a model taking a 

micromechanics approach. For fiber failure, Chang’s model degraded the transverse modulus Ey 

and Poisson’s ratio vyx to zero. However, the longitudinal modulus and the shear stress-strain 

relationship degraded according to the size of damage predicted. Thus, these material properties 

degradations followed the expressions according to the weibull distribution [7]. 

 
𝐸𝑥𝑥

𝑑

𝐸𝑥𝑥
= 𝑒

[− (
𝐴

𝐴0
)]

𝛿

 (7) 

 
𝐺𝑥𝑦

𝑑

𝐺𝑥𝑦
= 𝑒

[− (
𝐴

𝐴0
)]

𝛿

 (8) 
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1.1.1.2 Compressive Failure Analysis 

Chang and Lessard [11] investigated the strength of multi-directional, symmetric laminated 

composite plates with open holes under and under in-plane compressive loads, Figure 1. This 

investigation was performed by carrying a progressive failure analysis in which a set of failure 

modes were predicted and material degradations were applied based on the proposed model. The 

model was capable of predicting the extent and failure modes of the internal damage in laminated 

composite plates as a function of the applied loading. A new set of failure criteria was introduced 

which is a modification previously developed by Chang [7]  

 

Figure 1 Chang and Lessard Problem Statement [11]. 

Chang and Lessard’s proposed model consisted of stress and failure analysis. The stress 

and strains of the composite laminas were calculated with a nonlinear finite element code based 

on the Finite Element Deformation Theory. The failure analysis consisted of a set of failure modes, 

which were evaluated, and if satisfied, the material stiffness degradation was performed.  
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The proposed set of failure modes were developed with the base that failure in laminated 

composites is complex by nature. These are dependent on the geometry, loading direction, and ply 

orientations of the composite plies. 

Consider a unidirectional composite laminate; failure modes such as matrix tensile 

cracking, matrix compression, fiber-matrix shearing, and fiber buckling could induce compression 

failure in the laminate. For a composite laminate with an open hole, the failure phenomenon 

becomes more complex because of the stress concentrations produced around the open boundaries. 

For these reasons, the proposed failure analysis was capable of predicting each mode of failure 

and the degradation of elastic material properties within the damaged area.  

A set of failure criteria had been proposed in [7], it was a modification of the criteria 

initially proposed by Hashin [8]. The modified set of failure criteria were capable of predicting 

failure modes in a laminated composite with open holes and subjected to tensile loads; additionally, 

these took into account the nonlinear shear deformations in each composite ply. To capture the 

compressive failure within laminate composite plates, Chang and Lessard introduced other critical 

failure modes such as fiber buckling and fiber-matrix shearing failure modes. These took into 

consideration the effect of ply clustering on the strength of the composite laminates. The complete 

set of failure criteria proposed were Matrix Cracking, Matrix Crushing, Fiber Buckling, and Fiber-

Matrix Shearing.  

1.1.1.2.1 Transverse and Shear Ply Strength 

From previous work done [3, 5, 12, 13], it has been evidenced that the in situ ply strengths 

in a laminated composite can differ significantly from the ply properties measured experimentally. 

This phenomenon is mostly present in two scenarios: (1) when the thickness of a group of plies 
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with the same orientation increases, its strength will decrease and (2) the ply strength will increase 

according to the adjacent ply constraint; the adjacent ply orientation would determine this.  

According to test data reported by Flaggs and Kural [14], as the thickness of the 90-degree 

ply in a [0/90] laminate increased, their strength decreased and approached the transverse strength 

of an [90n]S unidirectional laminate. The data set from [14] for T300/934 Graphite/Epoxy is 

illustrated in Figure 2. 

 

Figure 2 Chang and Lessard Data Sets [11]. 

To account for this effect, Chang and Lessard proposed an analytical expression to describe 

the transverse strength when plies of the same orientation were clustered together. The expression 

was described as a simple decaying distribution and it is a function of layer thickness and 

neighboring ply orientation, equation (9). 

 𝑌𝑇 = 𝑌𝑇
𝑜 (1 + 𝐴

sin(∆𝜃)

𝑁𝐵 ) (9) 

where A and NB are expressions related to the weibull distribution of the fibers.[11]  

  



 

9 

 

Chang observed similar behavior in [15] for the ply shear strength distribution. It was 

reported that the in situ ply shear strength in a composite laminate depended on the thickness 

of the ply groups and the orientations. Figure 3 shows the ply shear strength distribution of 

tested laminates as a function of the number of 90 degrees clustered plies [11, 15]. 

 

Figure 3 Chang and Lessard Model Comparisons [11]. 

The expression for predicting the ply shear strength reduction proposed had the following 

form. 

 𝑆𝑐 = 𝑆𝑐
𝑜 (1 + 𝐶

sin(∆𝜃)

𝑁𝐷 ) (10) 

where C and ND are expressions related to the weibull distribution of the fibers.[11]  
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1.1.1.2.2 Stiffness Degradation Model 

The degradation of a ply effective stiffness strongly depended on the prediction of a set of 

failure modes. Once a specific failure mode was predicted, based on local ply stresses and 

strengths, the damaged area suffered a material stiffness degradation. The proposed degradation 

model was as following 

When matrix tensile failure was predicted, the transverse modulus Eyy and poison’s ratio 

vyx were reduced to zero. The composite resin was not able to carry any more loads in tension. 

However, the longitudinal modulus and shear stress-shear strain relationship remained unchanged.  

 

 ⌊

Ε𝑥𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑥𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
  

Ε𝑥𝑥𝑣𝑦𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
 

⌋   ⟶   [
Ε𝑥𝑥 0

0 0
]  (11) 

 𝐺𝑥𝑦 =  
𝜕∫ (𝛾𝑥𝑦)

𝜕∫𝑥𝑦

 ⟶   
𝜕∫ (𝛾𝑥𝑦)

𝜕𝛾𝑥𝑦
 (12) 

For matrix compression failure, the same type of damage was considered as in matrix 

tensile failure. The transverse modulus Eyy and poisons ratio vyx were reduced to zero, while the 

longitudinal modulus and shear stress-shear strain relationship remained unchanged.  

 ⌊

Ε𝑥𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑥𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
  

Ε𝑥𝑥𝑣𝑦𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
 

⌋   ⟶   [
Ε𝑥𝑥 0

0 0
] (13) 

   𝐺𝑥𝑦 =  
𝜕∫ (𝛾𝑥𝑦)

𝜕𝛾𝑥𝑦
 ⟶   

𝜕∫ (𝛾𝑥𝑦)

𝜕𝛾𝑥𝑦
 (14) 
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Fiber buckling was considered a catastrophic mode of failure. When this mode was 

predicted, it was assumed that the material in that region could not sustain any more loads. 

Therefore, all material properties were reduced to zero. 

 ⌊

Ε𝑥𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑥𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
  

Ε𝑥𝑥𝑣𝑦𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
 

⌋   ⟶   [
0 0
0 0

]   (15) 

 𝐺𝑥𝑦 =  
𝜕∫ (𝛾𝑥𝑦)

𝜕𝛾𝑥𝑦
 ⟶   0 (16) 

When fiber-matrix shearing failure was predicted, the material could not sustain any more 

shear loads. However, the material could still be able to carry loads in the fiber and resin direction. 

Therefore, the shear modulus and poisons ratios vyx and vxy were reduced to zero. 

  ⌊

Ε𝑥𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑥𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
  

Ε𝑥𝑥𝑣𝑦𝑥

1− 𝑉𝑥𝑦𝑉𝑦𝑥
       

Ε𝑦𝑦𝑣𝑦

1− 𝑉𝑥𝑦𝑉𝑦𝑥
 

⌋   ⟶   [
𝐸𝑥𝑥 0

0 𝐸𝑦
] (17) 

 𝐺𝑥𝑦 =  
𝜕∫ (𝛾𝑥𝑦)

𝜕𝛾𝑧𝑦
 ⟶   0 (18) 
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1.1.1.3 Three-Dimensional Failure Analysis 

Olmedo and Santiuste [16] developed a three-dimensional set of failure criteria to predict 

the failure in a single lap bolted composite joint. The set of failure criteria is an extension of the 

criteria developed by F.K. Chang, L. Lessard, and Y. Chang [7, 11], these authors modified the 

original Hashin failure criteria for unidirectional composites [8]. Chang et al modified Hashin's 

failure criteria by considering the effects of the in-plane shear stress-shear strain non-linearity. 

Moreover, Olmedo extended this by considering a three-dimensional stress field and including 

out-of-plane failure modes. To accomplish this, the out-of-plane shear stress-shear strain non-

linearity was included.  

1.1.1.3.1 Failure Criteria 

Olmedo and Santiuste proposed three-dimensional failure criteria was defined as follows. 

With the failure index eM for matrix failure if greater than 1 when 𝜎𝑦𝑦 > 0 or 𝜎𝑧𝑧 > 0, 

 𝑒𝑀
2 =  (

𝜎𝑦𝑦

𝑌𝑇
)

2

+   
2𝜎𝑥𝑦

2 /𝐺𝑥𝑦+ 3𝛼𝜎𝑥𝑦
4

2𝑆𝑥𝑦
2 /𝐺𝑥𝑦+ 3𝛼𝑆𝑥𝑦

4 +  
2𝜎𝑦𝑧

2 /𝐺𝑦𝑧+ 3𝛼𝜎𝑦𝑧
4

2𝑆𝑦𝑧
2 /𝐺𝑦𝑧+ 3𝛼𝑆𝑦𝑧

4  (19) 

or 

 𝑒𝑀
2 =  (

𝜎𝑧𝑧

𝑌𝑇
)

2

+   
2𝜎𝑥𝑧

2 /𝐺𝑥𝑧+ 3𝛼𝜎𝑥𝑧
4

2𝑆𝑥𝑧
2 /𝐺𝑥𝑧+ 3𝛼𝑆𝑥𝑧

4 +  
2𝜎𝑦𝑧

2 /𝐺𝑦𝑧+ 3𝛼𝜎𝑦𝑧
4

2𝑆𝑦𝑧
2 /𝐺𝑦𝑧+ 3𝛼𝑆𝑦𝑧

4  (20) 

when 𝜎𝑦𝑦 < 0 or 𝜎𝑧𝑧 < 0, 

 𝑒𝑀𝐶
2 =  (

𝜎𝑦𝑦

𝑌𝐶
)

2

+   
2𝜎𝑥𝑦

2 /𝐺𝑥𝑦+ 3𝛼𝜎𝑥𝑦
4

2𝑆𝑥𝑦
2 /𝐺𝑥𝑦+ 3𝛼𝑆𝑥𝑦

4 +  
2𝜎𝑦𝑧

2 /𝐺𝑦𝑧+ 3𝛼𝜎𝑦𝑧
4

2𝑆𝑦𝑧
2 /𝐺𝑦𝑧+ 3𝛼𝑆𝑦𝑧

4  (21) 

or  

 𝑒𝑀𝐶
2 =  (

𝜎𝑧𝑧

𝑌𝐶
)

2

+   
2𝜎𝑥𝑧

2 /𝐺𝑥𝑧+ 3𝛼𝜎𝑥𝑧
4

2𝑆𝑥𝑧
2 /𝐺𝑥𝑧+ 3𝛼𝑆𝑥𝑧

4 +  
2𝜎𝑦𝑧

2 /𝐺𝑦𝑧+ 3𝛼𝜎𝑦𝑧
4

2𝑆𝑦𝑧
2 /𝐺𝑦𝑧+ 3𝛼𝑆𝑦𝑧

4  (22) 

With the failure index ℯ𝑓 for fiber failure if greater than 1, when 𝜎𝑥𝑥 > 0, 

 𝑒𝐹
2 =  (

𝜎𝑥𝑥

𝑋𝑇
)

2

+   
2𝜎𝑥𝑦

2 /𝐺𝑥𝑦+ 3𝛼𝜎𝑥𝑦
4

2𝑆𝑥𝑦
2 /𝐺𝑥𝑦+ 3𝛼𝑆𝑥𝑦

4 +  
2𝜎𝑥𝑧

2 /𝐺𝑥𝑧+ 3𝛼𝜎𝑥𝑧
4

2𝑆𝑥𝑧
2 /𝐺𝑥𝑧+ 3𝛼𝑆𝑥𝑧

4  (23) 
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when 𝜎𝑥𝑥 < 0, 

 𝑒𝐹
2 =  (

𝜎𝑥𝑥

𝑋𝐶
)

2

 (24) 

With the failure index ℯ𝑓𝑚 for fiber/matrix shearing failure if greater than 1, when 𝜎𝑥𝑥 < 0 

 𝑒𝐹𝑀
2 =  (

𝜎𝑥𝑥

𝑋𝐶
)

2

+  
2𝜎𝑥𝑦

2 /𝐺𝑥𝑦+ 3𝛼𝜎𝑥𝑦
4

2𝑆𝑥𝑦
2 /𝐺𝑥𝑦+ 3𝛼𝑆𝑥𝑦

4 +  
2𝜎𝑥𝑧

2 /𝐺𝑥𝑧+ 3𝛼𝜎𝑥𝑧
4

2𝑆𝑥𝑧
2 /𝐺𝑥𝑧+ 3𝛼𝑆𝑥𝑧

4  (25) 

The developed set of failure criteria was implemented in a finite element analysis of a 

single lap bolted composite joint and was validated using experimental data available in the 

literature.  

1.1.1.3.2 Stiffness Degradation Model 

A degradation material model in conjunction with a set of failure criteria was developed 

Olmedo and Santiuste conducted the finite element analysis using the commercial finite element 

software Abaqus/Standard along with user-defined subroutines. Table 1 illustrates the degradation 

scheme used in Olmedo and Santiuste for when the failure criteria were satisfied. 

Table 1 Olmedo and Santiuste Stiffness Degradation Scheme 

Failure Mode Ex Ey Ez vxy vxz vyz Gxy Gxz Gyz 

Gxy Nonlinearity Exx Eyy Ezz vxy vxz vyz 1 Gxz Gyz 

Gxz Nonlinearity Exx Eyy Ezz vxy vxz vyz Gxy 1 Gyz 

Gyz Nonlinearity Exx Eyy Ezz vxy vxz vyz Gxy Gxz 1 

Matrix Exx 0.4Eyy 0.4Ezz 0 0 0 Gxy Gxz 0.2Gyz 

Fiber 0.14Exx 0.4Eyy 0.4Ezz 0 0 0 0.25Gxy 0.25Gxz 0.2Gyz 

Fiber/Matrix Shearing Exx Eyy Ezz 0 0 vyz 0.25Gxy 0.25Gxz Gyz 

 

The results predicted by Olmedo’s numerical model were compared against Riccio [17], 

who developed a progressive failure analysis for composite plates using the 3D Hashin failure 

criteria. A satisfactory results comparison was reported [17, 18]. 
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1.1.2 Progressive Damage Analysis 

Progressive damage analysis follows similarly the methodology of a progressive failure 

analysis. A set of damage criteria is evaluated on the element’s integration points, and if the criteria 

were satisfied, the stiffness of the material would be degraded according to a degradation model 

to reflect the damage that has accumulated. Nonetheless, a progressive damage analysis performs 

a gradual stiffness degradation, rather than degrading the material stiffness by fixed values as a 

typical progressive failure analysis does. For these reasons, it is believed that an increase in 

accuracy when predicting the behavior of composite materials would be obtained with this 

methodology. 

Similarly, this section will present previous numerical models that have been proposed by 

researchers in the past. 

1.1.2.1 Tensile and In-Plane Shear Damage Analysis 

Shahid [3, 5] developed a progressive failure analysis for predicting the damage and further 

failure response of multi-directional symmetric laminated composite plates. A two-dimensional 

accumulative damage model for composite laminated plates was derived. The composite plates 

could be subjected to in-plane tension, and shear or a tension-shear loading combination. The 

model was developed to be able to analyze notched or un-notched composite plates. 

Shahid took a different approach when compared to previous researchers [7, 11, 16] whose 

models aimed to predict failure in laminated composite materials without considering damage 

accumulation. Shahid’s model was capable of predicting damage progression and failure in 

laminated composite plates, the mode and extent of damage concept in the composites material 

were introduced. Once damage occurs, the laminate response under different loading conditions 

can no longer be determined using the Classical Lamination Theory for Composites, meaning that 
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the response of the plates could only be determined up to initial ply failure. To determine the 

response of the laminate beyond the initial ply failure, the ply stiffness as a function of damage 

had to be determined.  

The proposed analytical model was derived using a Theory of Elasticity and Continuum 

Damage Mechanics approach. It consisted of predicting the degraded effective stiffness of a 

composite laminate on a ply-by-ply basis after damage was predicted, and as a function of matrix 

crack density. Once damage was detected, the material property degradations were performed 

according to the developed constitutive model. Since the model, only accounts for the in-plane 

response of composite laminates, matrix cracking, fiber breakage, and fiber-matrix shear out 

failure modes were proposed. 

Shahid states that the accumulation of damage in laminated composite plates before final 

failure is strongly dominated by matrix cracks. Therefore, it was assumed that fiber breakage and 

fiber-matrix shear out occurred instances before the final failure of the composite plates. 

Additionally, crack density is dependent on factors such as material properties, plies thicknesses, 

and ply location in the laminate. For these reasons, Shahid’s constitutive model for predicting the 

degraded stiffness of a cracked ply took into consideration the neighboring ply constraint effects. 

The model derived consisted of calculating the stiffness degradation of a ply in a composite 

laminate as a function of matrix crack density. Matrix cracking was assumed the first mode to 

cause damage in a composite laminate; as the laminate was subjected to some loading, the damage 

would progressively accumulate and matrix cracks would expand. This meant that at any load level 

matrix cracks could be quantified by a crack density factor , which is defined as the number of 

matrix cracks per unit length and are measured perpendicular to the fiber direction Moreover, the 

ply degraded stiffness strongly depended on the crack density factor . 
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Shahid considered a symmetric composite laminate initially oriented in the X1-X2-X3 

coordinate system, as shown in Figure 4. In this laminate, the damage was introduced to two plies 

in the form of matrix cracks. Since the laminate is symmetric, the damaged plies have the same 

orientation and were nominated as “Ply m” as shown in (a). This analytical model aimed to 

calculate the degraded effective stiffness of the “Ply m”.  

In (b), the laminate was rotated to the x’-y’-z’ coordinate system such that ply m is a 90-

degree ply in the new coordinate system. This model assumed that cracks extended throughout the 

width of the laminate and were equally spaced, as shown in (c) and (d). The spacing between each 

crack was defined as 2l.  

 

Figure 4 Shahid Representative Element Scheme [3]. 
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A representative element, as shown in Figure 4, was used for the development of the 

analytical model. This representative element was chosen at a crack density =
1

2𝑙
 , and symmetry 

boundary conditions were applied. To obtain the in-plane degraded stiffness of the damaged ply 

m, the representative element was analyzed under uniaxial tension and pure shear loading 

conditions.  

Consequently, Shahid presented the effective in-plane stress-strain relationship of a 

laminate as a function of crack density  in the 90-degree cracked ply.  

 (

𝜎𝑥1𝑥1

𝜎𝑦1𝑦1

𝜎𝑥1𝑦1

) = (
𝐴11(𝜑) 𝐴12(𝜑)  

𝐴21(𝜑) 𝐴22(𝜑)  
0 0

0
0

𝐴66(𝜑)
) (

𝜀𝑥1𝑥1

𝜀𝑦1𝑦1

𝜀𝑥1𝑦1

) − (
𝜎𝑁1

𝜎𝑁2

0
) (26) 

It was assumed that the stiffness degradation in the laminate was due to the presence of 

matrix cracks in the 90-degree ply; therefore, the effective stiffness matrix of the laminate as a 

function of crack density  was presented as follows. 

 𝐴(𝜑) =
1

𝐻
 [𝐻𝑈 (

𝐴11
𝑈 𝐴12

𝑈 0

𝐴21
𝑈 𝐴22

𝑈 0

0 0 𝐴66
𝑈

)  + ℎ90 (
𝑄11(𝜑) 𝑄12(𝜑)  

𝑄21(𝜑) 𝑄22(𝜑)  
0 0

0
0

𝑄66(𝜑)
)

90

] (27) 

Where [AU] is the undamaged stiffness matrix of the laminate being analyzed, [Q()]90 is 

the stiffness matrix of a ply as a function of matrix crack density, HU is the half laminate thickness 

without considering the 90-degree ply m, and h90 is the thickness of the ply m.  

From the laminate stiffness as a function of crack density derived, the degraded effective 

stiffness matrix of a ply as a function of crack density can be obtained. The expression was 

presented as follows: 

 [𝑄()]90 =
1

ℎ90
{[𝐴 ()]𝐻 − [𝐴𝑈] 𝐻𝑈}  (28) 
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Thus, the on-axis stiffness of the ply m can be obtained by a 90 degrees tensor rotation of 

[𝑄()]90, its expression had the form of  

 [𝑄 ()]90 =  (

𝑄𝑥𝑥(𝜑) 𝑄𝑥𝑦(𝜑)  

𝑄𝑦𝑥(𝜑) 𝑄𝑦𝑦(𝜑)  

0 0

0
0

𝐺𝑥𝑦(𝜑)
)

90

 (29) 

where the on-axis coordinate system is the one in which the x-axis is parallel and the y-axis is 

perpendicular to the fiber direction. It was concluded that for any m-th ply, the on-axis stiffness 

matrix as a function of crack density could be expressed as:  

 [𝑄 ()]𝑚 =  (

𝑄𝑥𝑥(𝜑) 𝑄𝑥𝑦(𝜑)  

𝑄𝑦𝑥(𝜑) 𝑄𝑦𝑦(𝜑)  

0 0

0
0

𝐺𝑥𝑦(𝜑)
)

𝑚

 (30) 

Shahid introduced a new set of equations in which not only the mode of failure was 

predicted, but the extent of damage could also be estimated. These equations were evaluated at a 

determined combined state of stress while using the ply effective strength values. When a single 

criterion was satisfied, the extent of damage was known because the ply effective strength values 

were calculated at determined crack density values.  

1.1.2.1.1 Damage Growth Equations 

Shahid modeled three types of in-plane damage modes: matrix cracking, fiber-matrix shear 

out, and fiber breakage. The following expressions predicted the mode and the extent of damage 

of a laminated composite ply.  

For matrix cracking the criterion was proposed as following, 

 (
𝜎𝑦𝑦

𝑌𝑇 (𝜑)
)

2

+  (
𝜎𝑥𝑦

𝑆𝑥𝑦(𝜑)
)

2

=  ℯ𝑀  
2 ≥ 1 (31) 

where σyy is the effective ply transverse stress, and σxy is the effective ply shear stress. Additionally, 

the expression used the effective ply strength values. YT() is the effective ply transverse strength, 
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and Sxy(φ) is the effective ply shear strength. Both strength values were defined as functions of 

crack density φ. 

For fiber-matrix shear out the criterion was proposed as following, 

 (
𝜎𝓍𝑥

𝑋𝑇 
)

2

+  (
𝜎𝑥𝑦

𝑆𝑥𝑦(𝜙)
)

2

=  ℯ𝑆  
2 ≥ 1 (32) 

where σxx is the effective longitudinal stress in a ply and Xt is the tensile strength of a unidirectional 

composite laminate.  

For fiber-matrix shear out the criterion was proposed as following, 

 (
𝜎𝑥𝑥

𝑋𝑇
) =  𝑒𝐹  ≥ 1 (33) 

When any of the criteria were satisfied, under a combined state of stress, the material was 

subjected to a loss of its stiffness properties. 

It was stated that matrix cracking was the failure initiation mode up until when crack 

density φ reached its saturation value and no more cracks could be created. As load keeps 

increasing, the additional energy input to the composite laminate would be the initiator of other 

types of failure modes, which would lead to the total failure of the laminate.  

As load keeps increasing, and because fibers are much stronger than the matrix in a 

composite laminate, failure due to tension and shear loads is associated with fiber breakage and 

fiber-matrix shear out. These would finally lead to the failure of the composite laminate in a 

catastrophic manner. Therefore, the stiffness properties degradation scheme was defined as 

follows. 

1.1.2.1.2 Stiffness Degradation Model 

Fiber-Matrix Shear Out failure mode was identified to occur when excessive shear 

deformations along the fiber direction in a composite laminate were present. Shahid stated that 

unidirectional composite laminates have a high non-linear shear stress- shear strain behavior. 
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Additionally, it was evident that the shear modulus Gxy could no longer be a constant value, and it 

would strongly depend on the shear stresses or strains applied. Shahid modeled such non-linearity; 

the proposed ply constitutive equations in terms of matrix crack density φ had the following form.  

 (
𝜎𝑥𝑥

𝜎𝑦𝑦
) = (

𝑄𝑥𝑥(𝜑) 𝑄𝑥𝑦(𝜑)

𝑄𝑦𝑥(𝜑) 𝑄𝑦𝑦(𝜑)
) (

𝜀𝑥𝑥

𝜀𝑦𝑦
) (34) 

 
𝑥𝑦

=
𝑥𝑦

𝐺𝑥𝑦()
+ 𝛼𝑥𝑦  (

𝑥𝑦

𝐺𝑥𝑦()
)

3

 (35) 

Where xy is a nonlinear parameter to be determined from shear tests,𝜎𝑥𝑦, 𝜀𝑖𝑗, and 
𝑥𝑦

 are 

the ply stresses and strains on the on-axis ply coordinate system. Equation (34) was first introduced 

by Tsai and Hahn [9] to model the shear stress- shear strain nonlinearity, without considering 

damage effects. In Shahid, the effect of matrix cracking was introduced on the shear modulus 

solely and no degradations were considered on the nonlinear parameter xy. 

Moreover, Shahid stated that the shear modulus Gxy could be further softened due to slip 

deformations, interface debonding, or plasticity. As the load applied in a laminate keeps increasing, 

it will lead to a final shear rupture failure. Therefore, the shear modulus needed further degradation, 

which could not be done using the elasticity theory.  

Shahid used the continuum damage mechanics approach for concrete [19, 20]. This 

assumed that the degree of material degradations performed on each composite ply due to shear-

out failure was directly associated with the accumulation or saturation of matrix crack density. 

Thus, the effective ply stiffness matrix had the following form.  

 [𝑄𝑥𝑦]
𝑠

= [𝑄𝑥𝑦(𝜑)] = (
𝑄𝑥𝑥(𝜑) 𝑄𝑥𝑦(𝜑)

𝑄𝑦𝑥(𝜑) 𝑄𝑦𝑦(𝜑)
) (36) 

and 

 𝐺𝑥𝑦
𝑠 = 𝑑𝑠 𝐺𝑥𝑦(𝜑) (37) 



 

21 

 

 𝑑𝑠 = 𝑒
−(

𝜑

𝜑0
)

𝜂

 (38) 

where φ0 is the saturation crack density value which corresponds to shear rupture failure of a ply, 

η is a shape parameter that dictates the rate of material degradation and had to be obtained from 

shear tests.  

By applying Taylor’s series expansion about (
𝜑

𝜑0
)

𝜂

 on equation (38), it can be simplified 

as follows: 

 𝐺𝑥𝑦
𝑠 = 𝐺𝑥𝑦(𝜑) [1 −  (

𝜑

𝜑0
)

𝜂

− ⋯ ] (39) 

Therefore, by the continuum damage mechanics approach, (
𝜑

𝜑0
)

𝜂

, can be treated as the 

damage degradation factor for fiber-matrix shear-out failure in laminated composites.  
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1.1.2.2 Compressive Damage Analysis 

Fu-Kuo Chang and Chang-Li investigated methods to characterize the bearing failure and 

response of mechanically fastened composite joints [4, 6]. Chang’s investigation consisted of two 

phases, experimental and analytical. The experimental investigation was performed to characterize 

the bearing failure mechanisms and mechanics in composite laminated plates. The experimental 

observations served to derive an accumulative damage model. The model developed predicted the 

bearing failure in laminated composite joints. The model was developed to predict accumulated 

damage in laminated composites under compressive loads. Its development was heavily based on 

the accumulative damage analysis of laminated composites developed by Shahid [3]. 

The analytical model proposed consisted of predicting damage accumulation, which 

estimated the state and extent of damage of a ply. Additionally, a material degradation model was 

presented for a predicted state of damage. Chang stated that one of the important aspects to 

consider in the bearing failure mechanics of laminated composites is that this is a stage-by-stage 

process. 

1.1.2.2.1 Damage Growth Equations 

A new set of damage accumulation criteria was proposed; it considered the state and extent 

of damage in a ply. Matrix compression and fiber compression-shear damage modes were 

introduced. 

For matrix compression failure, the following criterion was proposed.  

 (
𝑦𝑦

𝑌𝑐
)

2

+  (
𝑥𝑦

𝑆𝑥𝑦(𝜑)
)

2

= 𝑒𝑀𝐶
2  ≥ 1,𝑦𝑦  < 0 (40) 

where σyy and σxy are the effective transverse and shear stresses of the ply under consideration. S(φ) 

is the effective ply shear strength and was defined to be a function of matrix crack density φ. YC is 
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the ply transverse compressive strength and remained unchanged in Chang’s study. The expression 

for fiber compression-shear damage was proposed as following.  

 (
𝑥𝑥

𝑋𝑐
)

2

+  (
𝑥𝑦

𝑆𝑥𝑦(𝜑)
)

2

= 𝑒𝐹𝐶
2  ≥ 1,𝑥𝑥  < 0 (41) 

where XC is the longitudinal compressive strength of a unidirectional ply. 

The developed criteria predicted the state of damage within a ply; meaning that, when 

satisfied, the matrix crack density of the analyzed ply was estimated.In summary, the criteria 

presented served to predict the state of damage within a ply when subjected to compressive loads. 

When the combined state of stress satisfied any of the criteria, the failure mode and the damage 

state were predicted on a ply-by-ply basis. The damage state was quantified in terms of matrix 

crack density φ, and it progressively accumulated as load increased. In order to monitor the damage 

progression, Chang introduced the corresponding ply constitutive equations.  

The presented accumulative damage model for predicting the bearing failure of laminated 

composites extended Shahid’s model [3]. Shahid derived the effective constitutive equations of a 

ply as a function of matrix crack density. Expression (42) describes the stiffness matrix of a 

degraded ply, as proposed in Shahid [3, 5]. 

 {

𝑥𝑥

𝑦𝑦

𝑥𝑦

} =  [

𝑄𝑥𝑥(𝜑) 𝑄𝑥𝑦(𝜑)  

𝑄𝑦𝑥(𝜑) 𝑄𝑦𝑦(𝜑)  

0 0

0
0

𝑄𝑠𝑠(𝜑)
] {

𝜀𝑥𝑥

𝜀𝑦𝑦


𝑥𝑦

} (42) 

where φ is matrix crack density and was defined as 𝜑 =
1

2𝑙
, and 2l is the matrix crack spacing 

measured perpendicular to the fiber direction, as shown in Figure 5 
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Figure 5 Chang and Chang Crack Density Definition 

Chang stated that the matrix crack density within a laminate could vary from ply to ply due 

to ply orientations and positions; therefore, the degraded ply stiffness matrix was defined as unique 

for each ply. 

1.1.2.2.2 Stiffness Degradation Model 

The ply constitutive equations when matrix compression damage was predicted assumed 

no degradations of the compressive stiffness in the directions perpendicular and parallel from the 

fiber direction. However, degradations in the shear properties could still be present. Therefore, the 

effective ply stiffness matrix due to matrix compressive damage was proposed to be as follow 

when 𝑦𝑦 < 0. 

 [𝑄 (𝜑)] = [

𝑄𝑥𝑥 𝑄𝑥𝑦 

𝑄𝑦𝑥 𝑄𝑦𝑦  

0 0

0
0

𝑄𝑠𝑠(𝜑)
] (43) 

Since the bearing failure of composite plates was noticed to be a stage-by-stage process, 

matrix compressive damage could induce more internal damage and could eventually cause the 

collapse of the laminate. Therefore, Chang adopted the continuum damage model proposed by 

Chaboche [19, 20]. The effective engineering properties of the damaged ply due to matrix 

compressive damage were proposed as following. 
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  𝐸𝑥𝑥
𝑑 =  𝐸𝑥𝑥 (44) 

 𝐸𝑦𝑦
𝑑 =  𝐸𝑦𝑦𝑑𝑚 (45) 

 𝑣𝑥𝑦
𝑑 =  𝑣𝑥𝑦 (46) 

 𝑣𝑦𝑥
𝑑 =  𝑣𝑦𝑥𝑑𝑚 (47) 

 𝐺𝑥𝑦
𝑑 (𝜑) =  𝐺𝑥𝑦(𝜑)𝑑𝑚 (48) 

 𝑑𝑚 =  𝑒
−(

𝑦𝑦

𝑦𝑦
0 )

𝛽

 
 (49) 

where dm is the material degradation factor due to matrix compression-induced damage. The factor 

was modeled such that when the transverse strains reached their failure value, the material stiffness 

degradation was total. The rate of material degradation was defined as β and was obtained from 

compressive tests.  

Fiber compressive-shear failure was related to fiber-matrix shearing and fiber kinking or 

fiber buckling. In this analysis, once the damage accumulation criteria were satisfied, the material 

underwent some sort of stiffness degradation. Chang stated that once the longitudinal strain of a 

ply reached the ultimate fiber buckling strain, the composite laminate could lose entirely its entire 

load carrying capabilities. Therefore, Chang’s study proposed constitutive equations for fiber 

compression-shear failure when matrix cracking developed in tension and compression. 

With matrix compression 𝑦𝑦 < 0,  

 {

𝑥𝑥

𝑦𝑦

𝑥𝑦

} =  [

𝑄𝑥𝑥
𝑚𝑐 𝑄𝑥𝑦

𝑚𝑐  

𝑄𝑦𝑥
𝑚𝑐 𝑄𝑦𝑦

𝑚𝑐  

0 0

0
0

𝑄𝑠𝑠
𝑚𝑐(𝜑)

] [

𝑑𝑐 0 0
0 𝑑𝑐 0
0 0 𝑑𝑐

] {

𝜀𝑥𝑥

𝜀𝑦𝑦


𝑥𝑦

} (50) 
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With matrix tension 𝑦𝑦 > 0, 

 {

𝑥𝑥

𝑦𝑦

𝑥𝑦

} =  [

𝑄𝑥𝑥
𝑚𝑡 𝑄𝑥𝑦

𝑚𝑡 (𝜑) 

𝑄𝑦𝑥
𝑚𝑡 𝑄𝑦𝑦

𝑚𝑡(𝜑)  

0 0

0
0

𝑄𝑥𝑠
𝑚𝑡(𝜑)

] [

𝑑𝑐 0 0
0 𝑑𝑐 0
0 0 𝑑𝑐

] {

𝜀𝑥𝑥

𝜀𝑦𝑦


𝑥𝑦

} (51) 

 𝑑𝑐 = 𝑒
−( 𝑥𝑥

𝑥𝑥
0 )

𝛽

 (52) 

where dc is the material degradation factor due to fiber compressive-shear failure, it is dependent 

on the longitudinal compressive strain of a unidirectional ply. The rate of material degradation βc 

was defined in the same manner, as for matrix compressive failure. As the longitudinal strain of a 

ply reached its failure value, dc would approach a complete stiffness degradation. 

Chang et al proposed an accumulative damage model to predict the mechanics and 

mechanisms of bearing failure in laminated composite plates. From experiments [6], the 

predominant failure modes were identified. These were analytically modeled to predict the bearing 

failure of composite plates. A new set of damage growth equations was presented; which predicted 

the state of damage within a ply. For having a complete monitor on the damage progression within 

a ply, the constitutive equations had to be derived. Chang introduced two material degradation 

factors for matrix compressive induced damage and fiber compressive-shear failure. These 

material degradation factors were directly related to the longitudinal and transverse strain of the 

unidirectional ply in a cross-ply laminate. 
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1.2 Objectives and Technical Approach 

From the literature review section, it can be assessed that the constitutive models 

representing the behavior of a composite material developed in the past, take a quick getaway 

when defining the degradation and failure response of the material. Several researchers derived 

multiple models in which the material response was dependent on the loading condition. Different 

models modified failure criteria and constant stiffness degradation coefficients were utilized to 

calculate the stiffness loss of the composite material [2, 7, 11, 16, 21]. These models can be 

rendered as inaccurate as the data gathered from experiments show that fiber-reinforced composite 

materials do not have an instant failure response nor a constant degradation of their stiffness 

properties. Experimental data show that the stiffness of fiber-reinforced composite materials 

degrades as a function of applied loading. 

The main objective of this research was to develop an effective methodology to predict the 

pin-bearing capacity of composite laminated plates of Unidirectional and Fabric plies. To do so, a 

reliable progressive damage model to be used in conjunction with finite element analysis was 

sought. Non-linear finite element analysis was performed along with user-defined material 

subroutines, which allowed controlling the stiffness of the composite material as dictated by the 

progressive damage model developed. 

The progressive damage material model was developed by adopting the Hashin failure 

criteria for Unidirectional Composites [8], and the stiffness degradation models were derived based 

on parameters obtained from the experimental data gathered. Moreover, the models and methods 

developed were validated via experimental studies. Experimental studies include coupon-level and 

pin-bearing tests. 
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CHAPTER 2 

EXPERIMENTAL STUDY 

2.1 Objective 

To develop a reliable material model, in which a realistic representation of damage 

progression in composites was achieved, material testing was required to characterize the damage 

accumulation behavior of the composite materials. Material testing was performed at a coupon-

level to determine the basic mechanical properties of the composite material, such as elastic 

modulus and material strengths. Additionally, the fundamental coupon-level tests were used to 

determine parameters that were required by the progressive damage models.  

To validate the response of the models developed, multi-axial loaded tests were conducted 

as described in Section (2.2.1.2 and 2.2.2.2). Lastly, pin-bearing testing of composite laminates 

was performed to validate the whole process of the experimental study and user material 

subroutines. These experiments were carried out following ASTM Standards for two material 

systems, Unidirectional Tape and 8-Harness Fabric. Table 2 and Table 3 show the material panels 

utilized for both Unidirectional Tape and Eight-Harness Fabric.  
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Table 2 Unidirectional Tape Material Availability 

Panel Stacking Sequence Planar Dimension Ply Count 

A [0]
8
 12 in  12 in 8 

B [0]
20

 24 in  24 in 20 

C [0/90]
6S

 12 in  12 in 24 

D [0]
40

 12 in  12 in 40 

E [0/90
2
]

S
 12 in  12 in 6 

F [0/90
4
]

S
 12 in  12 in 10 

G [+45/-45]
10S

 24 in  24 in 40 

H [0
4
/90

16
]

S
 24 in  24 in 40 

 

Table 3 Fabric (8-Harness) Material Availability 

Panel Stacking Sequence Planar Dimension Ply Count 

A [0]
8
 12 in  12 in 8 

B [0]
12

 24 in  24 in 12 

C [0]
20

 12 in  12 in 20 

D [+45/-45]
2S

 12 in  12 in 8 

E [+45/-45]
4S

 12 in  12 in 16 

F [0/90
2
]

S
 12 in  12 in 6 

G [0
4
/90

16
]

S
 24 in  24 in 40 
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2.2 Coupon Level Tests 

2.2.1 Unidirectional Tape 

The basic material mechanical and stiffness degradation properties were characterized for 

IM7-8552 Unidirectional Tape. The tests were carried out by following the ASTM standards. 

2.2.1.1 Basic Material Properties 

The basic mechanical properties of the Unidirectional Tape were obtained in all three 

directions, and its corresponding elastic moduli were obtained following the ASTM standard 

practice. The material elastic properties are summarized in Table 4 and Table 5. 

Table 4 Unidirectional Tape Elastic Properties 

Lamina Elastic Property Value 

Longitudinal Tensile Modulus, Exx,t 24.60 Msi 

Transverse Tensile Modulus, Eyy,t 1.360 Msi 

Longitudinal Compressive Modulus Exx,c 20.96 Msi 

Transverse Compressive Modulus Eyy,c 1.360 Msi 

Poisson’s Ratio, vxy 0.326 

Poisson’s Ratio, vyx 0.024 

Poisson’s Ratio, vxz 0.330 

Poisson’s Ratio, vyz 0.543 

In-Plane Shear Modulus, Gxy 0.760 Msi 

Out-of-Plane Shear Modulus, Gxz 0.740 Msi 
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Table 5 Unidirectional Tape Lamina Strenght 

Lamina Strength Value 

Longitudinal Tensile Strength, XT 403.30 Ksi 

Transverse Tensile Strength, YT 5.3 Ksi 

Longitudinal Compressive Strength, XC 173.4 Ksi 

Transverse Compressive Strength, YC - 

In-Plane Shear Strength, Sxy - 

Longitudinal Tensile Failure Strain, 𝜀𝑥𝑥,𝑡
0  0.016 

Transverse Tensile Failure Strain, 𝜀𝑦𝑦,𝑡
0  0.004 

Longitudinal Compressive Failure Strain, 𝜀𝑥𝑥,𝑐
0  0.009 

Transverse Compressive Failure Strain, 𝜀𝑦𝑦,𝑐
0  - 

 

Table 6 Unidirectional Tape Nonlinear Parameters 

Lamina Nonlinear Parameters Value 

Shear Nonlinear Parameter, xy 5.97E-15 

Compressive Nonlinear Parameter, yy 3.13E-16 
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2.2.1.1.1 Longitudinal Tension Test 

Uniaxial Tension Tests were performed on [0]8 unidirectional tape specimens to 

characterize the material behavior under tensile loading. The material modulus and failure strength 

were determined by following the ASTM D 3039 ” Standard Test Method for Tensile Properties 

of Polymer Matrix Composite Materials” [22]. For repeatability, three specimens were tested and 

a good correlation was seen within each other. Figure 6 illustrates the geometry of the tested 

specimens and the location of the mounted strain gauges.  

 

Figure 6 Specimen Dimensions and Strain Gauge Locations 

The force applied was read through the MTS machine; in-plane deformations were 

measured using ARAMIS photogrammetric equipment and strain gauges. Figure 7 shows the area 

from where strains were read via DIC. 
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Figure 7 Specimen Region for DIC 

Several specimens were tested, and the engineering stress vs. longitudinal strain curves 

were plotted. From the test curves, the linear elastic modulus was determined, as well as the 

material strengths in the longitudinal direction.  

 

Figure 8 Engineering Stress vs. Longitudinal Strain 
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2.2.1.1.2 Transverse Tension Test 

Unidirectional Tape specimens [90]20 were characterized to determine the transverse 

elastic modulus and material strengths. The tests were performed under the ASTM D 3039 [22]. 

For repeatability purposes, several specimens were tested and a good correlation was found 

between each other. Figure 9 illustrates the dimensions of the tested geometry and location of the 

mounted strain gauges.  

 

Figure 9 Specimen Dimensions and Strain Gauge Locations 

Force and in-plane deformation readings were recorded for post-processing. The applied 

force was recorded from the MTS equipment; in-plane deformations were recorded via 

AMARMIS photogrammetric equipment and strain gauges. For these tests, rosettes measuring 

deformations along the longitudinal and transverse directions were used. Figure 10 illustrates the 

specimen’s area from where strains were read via DIC. 
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Figure 10 Specimen Region for DIC 

Five specimens were tested, and the engineering stress vs. transverse strain curves were 

plotted. From the test curves, the linear elastic modulus was determined, as well as the material 

strengths in the transverse direction.  

 

Figure 11 Engineering Stress vs. Transverse Strain 
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2.2.1.1.3 Longitudinal Compressive Test  

Unidirectional Tape specimens [0]20 were tested under longitudinal compressive loads to 

characterize the compressive material properties. The longitudinal compressive elastic modulus 

and strength of the material were obtained. The tests were performed under the ASTM D 6641 

“Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials Using 

a Combined Loading Compression (CLC) Test Fixture”[23]. For repeatability purposes, several 

specimens were tested, and a good correlation was found between each test. Figure 12 illustrates 

the specimen’s geometry and the post-test failed specimen.  

 

Figure 12 Specimen Dimensions and Post-Test State 

The force applied was read through the MTS machine and deformations were measured 

using ARAMIS photogrammetric equipment along the edge of the specimens. Figure 13 illustrates 

the specimen’s area from where strains were read via DIC. 
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Figure 13 Specimen Region for DIC 

Several specimens were tested until failure was reached. In some cases, back-to-back strain 

gauges were mounted to monitor the percentage bending behavior of the specimen. From the 

engineering stress vs. longitudinal strain plots, Figure 14, the material elastic modulus and strength 

were determined.  

 

Figure 14 Engineering Stress vs. Longitudinal Strain 
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Figure 15 illustrates the bending percentage as a function of the force applied, and 

measured on the back face of specimen four. As load increases, the buckling behavior of the 

specimen stabilizes, less than five percent was a common behavior seen on these kinds of tests.  

 

Figure 15 Bending Percentage of Specimen 4  

  



 

39 

 

2.2.1.1.4 Transverse Compressive Test 

Unidirectional Tape specimens [90]20 were tested under transverse compressive loads to 

characterize transverse material properties; the elastic modulus of the material was obtained. The 

tests were performed under the ASTM D 6641[23]. For repeatability purposes, several specimens 

were tested, and a good correlation was found between each test. Figure 16 illustrates the 

specimen’s geometry and the post-test failed specimen.  

 

Figure 16 Specimen Dimensions and Post-Test State 

The force history was recorded through the MTS machine, and in-plane deformations were 

measured using ARAMIS photogrammetric equipment. Figure 17 illustrates the region from where 

strains were read via DIC. 
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Figure 17 Specimen Region for DIC 

Five specimens were tested until final failure was reached. For this test, only DIC was used 

for strains extractions. The tested specimens showed a consistent high non-linear behavior due to 

damage accumulation, similar response has been reported in Shuart and Hahn [24, 25]. Therefore, 

no strength value could be reported.  

 

Figure 18 Engineering Stress vs. Transverse Strain 
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2.2.1.1.5 In-Plane Shear Test 

In-Plane Shear tests were performed to determine the elastic modulus and strengths of the 

unidirectional tape material under pure shear loads. The tests were performed according to the 

ASTM D 5379 [26].“Standard Test Method for Shear Properties of Composite Materials by the 

V-Notched Beam Method.” Several v-notch specimens were machined with the following layup 

[0/90]6S. It is stated in the ASTM standard [26], that the chosen layup for pure shear tests has been 

demonstrated to be optimal as results with higher accuracy can be obtained. Figure 19 illustrates 

the v-notch specimen dimensions and post-test state of the specimen tested.  

 

Figure 19 Specimen Dimensions and Post-Test State 
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A schematic of the testing fixture is shown in Figure 20. The fixture is used to create a state 

of pure shear stress at the gage area of the specimen. The top and bottom notches serve as an 

influence for the shear strains to uniformly distribute along the loading direction. Additionally, the 

specimen experiences an anti-symmetric load distribution, as illustrated in Figure 20. Therefore, 

the fixture effects make that the notches, diagonally, experience the same type of loading.  

 

Figure 20 Schematic of Test Fixture and Load Distribution [26]. 

The applied loading on the specimen was recorded from the MTS machine, and shear 

stresses were calculated. To record the in-plane deformations, two strain gages were mounted at a 

+-45 degrees angle to the loading direction, as illustrated in Figure 21. 
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Figure 21 Strain Measuring Technique [26]. 

This test allowed determining a parameter, which dictates the rate of material degradation 

of the Unidirectional Tape material under pure shear loading conditions. Figure 22 illustrates the 

shear stress vs. shear strain response of the specimens tested. It was evidenced that, in all tests, the 

specimens did not reach final failure since the fixture bottomed out.  

 

Figure 22 Shear Stress vs. Shear Strain 
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2.2.1.2 Multi-Axial Loaded Tests 

2.2.1.2.1 Off-Axis Tension Test 

Angled-ply specimens were tested by following the ASTM D 3518 “Standard Test Method 

for In-Plane Shear Response of Polymer Matrix Composite Materials by Tensile Test of a ±45 

Laminate” [27]. The main purpose for performing this test was to gather experimental data, in 

which multi-axial stress conditions were produced. The experimental data recorded supported the 

theory by some researchers [3, 5, 16-18]. It was reported that the in-plane shear modulus of the 

material was greatly affected by the coupling effects of tensile and shear loads. To achieve this 

coupling level, a [+45/-45]10S layup was utilized. Several specimens were tested for repeatability 

purposes. Figure 23 illustrates the conditions and the equipment used during the test.  

 

Figure 23 Off-Axis Tensile Test Setup 
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Loading history was obtained from the MTS equipment, and strains were recorded in two 

different manners. ARAMIS photogrammetric equipment was used to record deformations from 

the back face of the specimen, as shown in Figure 24. Additionally, strain gauges were mounted 

on the front face of the specimen; in this manner, the gathered data was compared for repeatability 

purposes. By the time, the test took place, a methodology to characterize damage accumulation in 

composites as a function of crack density was in process. For that reason, a microscope was used 

to record the cracks along the edge of the specimen. Reasons, why the methodology was not further 

pursued, can be found in the Introduction chapter. Figure 24 illustrates the dimensions of the tested 

specimen and the areas for deformation readings. 

 

Figure 24 Specimen Geometry and Areas for Strain Measurement 
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The data gathered from these tests were used to assess how the in-plane shear modulus 

degraded under the presence of a multi-axial loading condition. Additionally, the results served as 

a validation exercise for the developed material model. Figure 25 and Figure 26 are plot results of 

the shear and longitudinal behavior of the specimens.  

 

Figure 25 Shear Stress vs. Shear Strain 

 

Figure 26 Engineering Stress vs. Longitudinal Strain 
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2.2.1.2.2 Off-Axis Compression Test  

Angled-ply specimens [+45/-45]10S were tested under compressive loads. The test was 

carried out by following the ASTM D6641[23]. The main purpose of performing this test was to 

gather experimental data from a multi-axial state of stress between compressive and shear loads. 

Chang et al [4, 6, 13], proposed a damage criterion such that when shear and compressive loads 

were combined, stiffness degradations were performed on the in-plane shear modulus. 

Off-Axis and Transverse Compressive, Section 2.2.1.1.4, tests intended to characterize 

such damage mode. Nonetheless, the experimental data did not show an increased degradation to 

the in-plane shear modulus when compared to v-notch test results. Such comparison was done 

since a v-notch specimen experience a state of pure shear stress. Therefore, the experimental data 

gathered served as a validation exercise to prove the effectiveness of the Matrix Crushing and 

Fiber-Matrix Shear-Out damage modes proposed. Figure 27 illustrates the geometry of the 

specimens tested and the post-test state of the specimens. 

 

Figure 27 Geometry and the Post-Test State of Specimen 
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Loading history was obtained from the MTS equipment recordings, and deformations were 

obtained from the ARAMIS photogrammetric equipment. Figure 28 illustrates the edge area of the 

tested specimens from where DIC was applied. 

 

Figure 28 Specimen Region for DIC 

Moreover, the gathered data was analyzed and compared. Good data repeatability was 

observed. Figure 29 illustrates the shear stress vs. shear strain response from the tested specimens.  

 

Figure 29 Shear Stress vs. Shear Strain 
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2.2.2 Fabric  

The SGP 370/8552 Eight-Harness Fabric material system was characterized similarly as 

the unidirectional tape was. The Fabric laminates tested were doubled in ply thicknesses. Coupon-

level tests were performed to obtain the basic material properties, and parameters related to 

progressive damage accumulation could be obtained. Moreover, multi-axially loaded tests served 

as a validation exercise for the material model developed. 

2.2.2.1 Basic Material Properties 

The basic mechanical properties of the Fabric material were obtained. All testing was 

performed by following the ASTM Standard practices. The material elastic properties in the warp 

and fill directions are summarized in Table 7 and Table 8. 

Table 7 Fabric Elastic and Strength Properties 

Lamina Elastic Property Value 

Longitudinal Tensile Modulus, Exx,t 11.86 Msi 

Transverse Tensile Modulus, Eyy,t 11.67 Msi 

Longitudinal Compressive Modulus Exx,c 10.28 Msi 

Transverse Compressive Modulus Eyy,c 10.32 Msi 

Poisson’s Ratio, vxy 0.046 

Poisson’s Ratio, vyx 0.045 

Poisson’s Ratio, vxz 0.460 

Poisson’s Ratio, vyz 0.520 

In-Plane Shear Modulus, Gxy 0.970 Msi 

Out-of-Plane Shear Modulus, Gxz 1.20 Msi 

 

  



 

50 

 

Table 8 Fabric Lamina Strenght 

Lamina Strength Value 

Longitudinal Tensile Strength, XT 136.7 Ksi 

Transverse Tensile Strength, YT 132.6 Ksi 

Longitudinal Compressive Strength, XC 113.1 Ksi 

Transverse Compressive Strength, YC - 

In-Plane Shear Strength, Sxy - 

Longitudinal Tensile Failure Strain, 𝜀𝑥𝑥,𝑡
0  0.012 

Transverse Tensile Failure Strain, 𝜀𝑦𝑦,𝑡
0  0.014 

Longitudinal Compressive Failure Strain, 𝜀𝑥𝑥,𝑐
0  0.011 

Transverse Compressive Failure Strain, 𝜀𝑦𝑦,𝑐
0  - 

 

Table 9 Fabric Nonlinear Parameters 

Lamina Nonlinear Parameters Value 

Shear Nonlinear Parameter, xy 5.06E-15 

Compressive Nonlinear Parameter, yy 9.78E-19 
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2.2.2.1.1 Longitudinal Tension Tests 

Uniaxial Tension Tests were performed on [0]8 fabric specimens to characterize the 

material behavior along the warp direction. The material modulus and failure strength were 

determined by following the ASTM D3039 [22]. Four specimens were tested and good 

repeatability was seen within each other. Figure 30 illustrates the specimen dimensions and the 

prior test state. Fabric specimens were not tabbed.  

 

Figure 30 Specimen Dimensions and Strain Gauge Locations 

The force applied was read through the MTS machine; in-plane deformations were 

measured using ARAMIS photogrammetric equipment and strain gauges. For these tests, rosettes 

measuring deformations along the longitudinal and transverse directions were used. Figure 31, 

shows the area from where strains were read via DIC. 
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Figure 31 Specimen Region for DIC 

Several specimens were tested, and the engineering stress vs. longitudinal strain curves 

were plotted. From the test curves, the linear elastic modulus, as well as the material strengths in 

the longitudinal direction, were determined. 

 

Figure 32 Engineering Stress vs. Longitudinal Strain 
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2.2.2.1.2 Transverse Tension Test 

Fabric specimens [90]8 were tested to determine the elastic modulus and material strengths 

along the fill direction. The tests were performed under the ASTM D3039[22]. Four specimens 

were tested and good repeatability was found in between each other. Figure 33 illustrates the 

specimen’s dimensions and the location where strain gauges were mounted.  

 

Figure 33 Specimen Dimensions and Strain Gauge Locations 

Force and in-plane deformation readings were recorded for post-processing. The applied 

force was recorded from the MTS equipment; in-plane deformations were recorded via ARAMIS 

photogrammetric equipment and strain gauges. For these tests, rosettes measuring deformations 

along the longitudinal and transverse directions were used. Figure 34 illustrates the specimen’s 

area from where strains were read via DIC. 
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Figure 34 Specimen Region for DIC 

Five specimens were tested, and the engineering stress vs. transverse strain curves were 

plotted. From the test curves, the linear elastic modulus, as well as the material strengths in the 

transverse directions, were determined. 

 

Figure 35 Engineering Stress vs. Transverse Strain 
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2.2.2.1.3 Longitudinal Compressive Tests 

Fabric specimens [0]12 were tested under compressive loads to characterize the 

compressive material properties along the warp direction. The longitudinal elastic modulus and 

strength of the material were obtained. The tests were performed under the ASTM D6641[23]. 

Four specimens were monotonically tested, and good repeatability was found in between each test. 

Figure 36 illustrates the specimen’s geometry and location where strain gauges were mounted., it 

can also be observed that the fabric specimens were not tabbed.  

 

Figure 36 Specimen Dimensions and Strain Gauge Locations 

The force applied was read through the MTS machine; deformations were measured using 

ARAMIS photogrammetric equipment along the edge of the specimens, and unidirectional rosettes 

were used. Figure 37 illustrates the specimen’s area from where strains were read via DIC. 
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Figure 37 Specimen Region for DIC 

Four specimens were tested until failure was reached. From the engineering stress vs. 

longitudinal strain plots, Figure 38, the linear elastic modulus as well as the material strengths in 

the longitudinal directions were determined. 

 

Figure 38 Engineering Stress vs. Longitudinal Strain 
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2.2.2.1.4 Transverse Compressive Tests 

Fabric specimens [90]20 were tested under compressive loads to characterize the material 

properties along the fill direction; the elastic modulus of the material was obtained. The tests were 

performed under the ASTM D6641[23]. For repeatability purposes, several specimens were tested, 

and a good correlation was found between each test. Figure 39 illustrates the specimen’s geometry 

and the post-test failed specimen.  

 

Figure 39 Specimen Dimensions and Strain Gauge Locations 

The force history was recorded through the MTS machine; in-plane deformations were 

measured using ARAMIS photogrammetric equipment, and unidirectional rosettes. Figure 40 

illustrates the region from where strains were read via DIC. 



 

58 

 

 

Figure 40 Specimen Region for DIC 

Five specimens were tested until final failure was reached. From the engineering stress vs. 

transverse strain curves, the transverse compressive elastic modulus was determined. As for the 

unidirectional tape, fabric specimens showed similar non-linear behavior. For this reason, no 

strength value could be reported. 

 

Figure 41 Engineering Stress vs. Transverse Strain 
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2.2.2.1.5 In-Plane Shear Tests 

In-Plane Shear tests were performed to determine the elastic modulus of the fabric material 

under pure shear loads. The tests were performed according to the ASTM D 5379. Three v-notch 

specimens [0]12 were machined and monotonically tested. The layup of the specimens tested 

differed from the one used to test the unidirectional tape. Since the warp and fill directions of a 

fabric material behave relatively in the same manner, a [0/90]n layup was not needed. Figure 42 

illustrates the v-notch specimen geometry and post-test state. 

 

Figure 42 Specimen Dimensions and Post-Test State 

The applied loading on the specimen was recorded from the MTS machine, and shear 

stresses were calculated. To measure the in-plane deformations, two strain gages were mounted at 

a +-45 degrees angle to the loading direction, as illustrated in Figure 43. Additionally, the 

specimen’s gage area from the back face was prepared for DIC strain mapping. 
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Figure 43 Strain Measuring Techniques 

This test allowed determining a parameter, which dictates the rate of material degradation 

of the fabric material under pure shear loading conditions. Figure 44 illustrates the shear stress vs. 

shear strain response of the specimens tested. As for the unidirectional tape tests, the fixture 

bottomed out and failure of the specimen was not reached.  

 

Figure 44 Shear Stress vs. Shear Strain 
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2.2.2.2 Multi-Axial Loaded Test 

2.2.2.2.1 Off-Axis Tension Test 

Angled-ply fabric specimens were tested by following the ASTM D3518 standard [27]. As 

for the unidirectional tape, it was necessary to test the stiffness coupling effects of the material 

under a multi-axial loaded condition. To achieve this coupling level, a [+45/-45]2S layup was 

utilized. Several specimens were tested for repeatability purposes. 

 

Figure 45 Specimen Dimensions and Strain Gage Locations 

Loading history was obtained from the MTS equipment, and strains were recorded in two 

different manners. ARAMIS photogrammetric equipment was used to record deformations from 

the edge of the specimen, as shown in Figure 46. Additionally, strain gauges were mounted on the 

front face of the specimen; in this manner, the gathered data was compared for repeatability 

purposes. Figure 46 illustrates the specimen region for DIC mapping. 
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Figure 46 Specimen Region for DIC 

The data gathered was used to assess how the fabric in-plane shear modulus degraded under 

the presence of a multi-axial loading condition. Additionally, the results served as a validation 

exercise for the developed material model. Figure 47 is an engineering stress vs. shear strain curve.  

 

Figure 47 Shear Stress vs. Shear Strain 
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2.3 Pin-Bearing Tests 

Pin-Bearing tests of unidirectional tape specimens were performed. The tests were carried 

out by following the ASTM standard D 7137 “Standard Test Method for Compressive Residual 

Strength Properties of Damaged Polymer Matrix Composite Plates.” Two pin sizes were used, 

0.25 and 0.375 in., to assess its effects on the bearing capacity of composite plates. Figure 48, 

shows a schematic of the test fixture and setup.  

 

Figure 48 Schematic of Test Fixture and Setup 

Due to material availability reasons, only Unidirectional Tape specimens were tested. The 

layup of the specimens tested was [04/9016]S. Figure 48 shows the pin supports that were added to 

the fixture to maintain contact between the laminate and the pin throughout the test. Additionally, 

anti-buckling knife-edges were added to the fixture to suppress out-of-plane deformations such 

that all loads were transferred to the pin contact region. Figure 49 illustrates the specimens’ 

geometry and the pin hole location, the pin hole was placed in a way that the composite laminate 

exhibited bearing loads only. 
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Figure 49 Pin Bearing Specimen Geometry for 0.375 in. and 0.25 in. Pin Diameter 

Load histories were recorded from the MTS machine, three specimens were tested per pin 

size. Load histories showed a consistent correlation between each other. As shown in Figure 50, 

ARAMIS photogrammetric equipment was used to map the specimens’ deformations on the 

outermost ply of the composite plate.  

 

Figure 50 Test Fixture Setup and ARAMIS Equipment 

The bearing capacity of the specimens with 0.375 in. of pin size averaged 5300 lbs., while 

the bearing capacity of the specimens with 0.25 in. of pin size averaged 4000 lbs. A point located 
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two inches above the center of the specimen’s pin hole was used to map the longitudinal 

displacements to plot against the bearing loads. This was done such that the stiffness effects that 

the test fixture brought on the MTS displacements readings were not being considered. Figure 51 

and Figure 52 illustrates a bearing load vs. cross head displacement plot for the specimens with 

0.375 in. and 0.25 in. pin sizes.  

 

Figure 51 Loading History – 0.375 in. Pin Size 

 

Figure 52 Loading History – 0.25 in. Pin Size 

 

By analyzing the test curves for both specimens with different pin sizes, a pattern and 

consistency in between can be found. Both types of specimens have a linear loading response until 
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the first load drop. During the experiments, it was evidenced that, when this first load drop 

happened, the zero degree plies buckled and a split in the middle of the specimen vertically 

propagated from the center of the pin hole. The final failure of the specimens was reached and a 

crushing sound developed from the specimens. Figure 53 illustrates the final state of the specimens 

post-test. 

 

Figure 53 Post Test State of Tested Specimens – 0.375 in. and 0.25 in. Pin Sizes 
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CHAPTER 3 

PROGRESSIVE DAMAGE MODEL 

3.1 Objective 

The main objective of this section is to describe the material model developed and applied 

to a progressive damage analysis. To perform a progressive damage analysis, a set of damage and 

failure criteria, as well as a stiffness degradation model, had to be developed. The material model 

was possible to be integrated into a user material subroutine, USDFLD, coded in Fortran language 

and linked to work along with Abaqus/Standard. The principal role of the user material subroutine 

was to provide Abaqus with user-defined field variables at each analysis increment. The Field 

Variables (FV) represented stiffness degradation coefficients that were calculated based on the 

following analytical model. 

As it is stated in Chang et al. [4, 6, 13, 28], to predict the bearing failure of a composite 

laminate with accuracy, the basic damage mechanisms and mechanics governing a bearing failure 

must be taken into consideration. In this thesis, not only the bearing failure was of high interest, 

but also the overall stiffness degradation of the material subjected to multiple loading conditions. 

For these reasons, the following model adapts the set of failure criteria for Unidirectional 

Composites developed by Hashin [8] as a determinant for damage progression and failure. 
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3.2 Failure and Damage Criteria  

Failure and damage modes [8, 13] were implemented to develop a progressive damage 

analysis. A failure mode was satisfied once the stress value of the composite ply reached the tested 

strength value, then the ply would lose all of its load-carrying capabilities. On the other hand, a 

damage mode was defined as an initiator for damage progression until the final failure of the ply 

was reached. Each mode will be further explained in detail. 

3.2.1 Matrix Cracking  

Matrix cracking was developed as a failure mode. At a coupon-level, a linear response of 

the 90-degree plies subjected to tension loading was observed. Therefore, the following criterion 

was adopted [24]. 

 𝑒𝑀
2 = (

𝜎𝑦𝑦

𝑌𝑇
)

2

+  (
𝜎𝑥𝑦

𝑆𝑥𝑦
)

2

, 𝑒𝑀 ≥ 1, 𝜎𝑦𝑦 > 0 (53) 

where σyy and σxy are the effective ply transverse and shear stresses, respectively. 

YT and Sxy are the effective ply transverse and shear strengths of the ply being analyzed, 

respectively. Matrix cracking, commonly known as transverse cracking, can be interpreted as a 

mode where cracks could only appear due to the resin being pulled apart due to the tensile loading. 

However, experimental data shows that matrix cracking failure mode can develop in shear and 

tension multi-loading conditions as well. For these reasons, the criterion takes into consideration 

the stresses in the fiber and resin directions. 

3.2.2 Fiber-Matrix Shear Out 

In this research, the criterion to predict fiber-matrix shear-out damage initiation and 

accumulation was proposed as following, equation (54). From the experimental studies, it was 

evidenced that the shear-out behavior in composites materials was dictated by the strength 

differences between the composite resin and fibers. Stiffness degradation was evidenced under 
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coupling of shear and tensile loads; the effects of damage accumulation in the composite matrix 

were modeled. 

 𝑒𝑆
2 = (

𝜎𝑥𝑥

𝑋𝑇
)

2

+ (
𝜎𝑦𝑦

𝑌𝑇
)

2

+ (
𝜎𝑥𝑦

𝑆𝑥𝑦
)

2

, 𝑒𝑆 ≥ 1, 𝜎𝑥𝑥 , 𝜎𝑦𝑦 > 0 (54) 

The criterion described in equation (54) combines the effects of tensile stresses in the fiber 

and resin direction, and shear stresses. When eS is equal or greater than one, the corresponding 

stiffness degradations were performed. 

3.2.3 Fiber Breakage  

Fiber breakage mode was developed as a failure mode, with no damage progression. It was 

evidenced at a coupon-level that fibers possess a linear response until the final collapse of the 

material. The criterion has the following form [3]. 

 𝑒𝐹 = (
𝜎𝑥𝑥

𝑋𝑇
) , 𝑒𝐹 ≥ 1, 𝜎𝑥𝑥 > 0 (55) 

3.2.4 Fiber Crushing  

Fiber crushing mode was developed as a failure mode, with no damage progression. It was 

evidenced at a coupon-level that fibers possess a linear response under compressive loading. The 

criterion has the following form.[8]. 

 𝑒𝐹𝐶 = (−
𝜎𝑥𝑥

𝑋𝐶
) , 𝑒𝐹𝐶 ≥ 1, 𝜎𝑥𝑥 < 0 (56) 
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3.2.5 Matrix Crushing  

Matrix crushing was developed as a damage mode. Experimental tests showed that the 

composite material under transverse compressive loads exhibited a non-linear behavior due to 

interactions between the fiber and composite resin. Based on the experimental studies, the material 

response under the presence of shear and compressive loads did not show any stiffness degradation 

besides the one on the transverse modulus E2. Therefore, the Matrix crushing criterion was 

proposed as following [4]. 

 𝑒𝑀𝐶
2 = (

𝜎𝑦𝑦

𝑌𝐶
)

2

+  (
𝜎𝑥𝑦

𝑆𝑥𝑦
)

2

, 𝑒𝑀𝐶 ≥ 1, 𝜎𝑦𝑦 < 0 (57) 

where σyy and σxy are the effective ply transverse and shear stresses of the ply under consideration. 

Once the criterion was satisfied, the material properties corresponding to the damage mode were 

calculated as specified in Section 3.3.4. 
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3.3 Degradation Models 

In this section, the stiffness degradation model developed is presented. For a successful 

progressive damage analysis, a stiffness degradation model must be defined to accompany the set 

of damage and failure criteria. In this research, the concept of damage was implemented such that 

the material stiffness was progressively degraded until the final failure or rupture of it. 

To obtain the most representative material response, the experimental data was used to 

determine parameters for the developed material model. The failure and damage criteria were 

assessed on a ply-by-ply basis; and once each criterion index was satisfied, a degradation 

coefficient was estimated. 

3.3.1 Matrix Cracking  

Matrix cracking was developed as a failure mode instead of a progressive damage mode. 

From the fundamental coupon-level tests, it was observed that matrix cracks initiate and can 

progressively develop as the applied loading continues to increase. In Shahid [3, 5], it is stated that 

the damage accumulation in composites before final failure is primarily dominated by matrix 

cracks. Once matrix cracks start to develop, the composite ply stiffness cannot be represented 

anymore as a pristine ply; therefore, the stiffness and strength of a cracked composite ply cannot 

remain constant. 

Experimental data acquired showed inconsistencies. Figure 54 shows the matrix cracking 

progression as a function of the longitudinal strain of two cross-ply specimens. Specimen one was 

a [0/902]S laminate, and specimen two was a [0/904]S laminate. The data acquired via experiments 

did not show consistency in between and each data set showed scattered. Figure 55 illustrates the 

degradation coefficient of transverse modulus Eyy as a function of normalized crack density, which 

is the crack density multiplied by the thickness of the 90-deg. ply group. 
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Figure 54 Normalized Crack Density vs. Longitudinal Strain 

 

Figure 55 Degradation Coefficient vs. Normalized Crack Density 
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It was concluded that the number of transverse plies being lumped in a laminate directly 

affects the matrix cracking accumulation in a composite material. Additionally, matrix cracks 

started to develop at different strain levels in both specimens, and therefore, information related to 

the transverse modulus Ey,t degradation was not consistent in between tests. The results shown 

have been collected using a microscope, it is uncertain if different conclusions could be reached 

when inspecting cracking progression under x-ray equipment. 

The approach to model the damage progression as a function of the extent of damage, , 

in a laminated composite plate was not developed further. Therefore, when the matrix cracking 

criterion index was satisfied, the engineering constant was degraded as following.  

 

 𝐸𝑦𝑦,𝑡
𝑟 = 𝑅𝑚𝑐𝐸𝑦𝑦,𝑡  (58) 

where Rmc is a residual stiffness coefficient that was determined and validated via finite element 

analysis.  
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3.3.2 Fiber-Matrix Shear-Out  

This damage mode was modeled such that shear damage progressively accumulated until 

the composite ply lost its load carrying capabilities. From the experimental section, this mode was 

developed to be associated with shear deformations along the resin direction. Additionally, this 

mode is capable of reproducing the effects when tensile and shear loads become coupled. The 

coupling effect can be seen in a multi-axis loading condition, such as in the off-axis tensile tests, 

Section (2.2.1.2.1 and 2.2.2.2.1). 

It has been reported in several investigations [3, 7, 9], that the shear stress-shear strain 

relationship poses a highly nonlinear behavior. The in-plane shear modulus Gxy cannot remain 

constant as it strongly depends on the shear stress experienced by the material. As reported, to 

model this non-linear behavior, the following cubic relationship between shear stress and shear 

strain had to be implemented.  

 𝛾𝑥𝑦 =
𝜎𝑥𝑦

𝐺𝑥𝑦
+ 𝛼𝑥𝑦 (

𝜎𝑥𝑦

𝐺𝑥𝑦
)

3

 (59) 

where xy and xy are the in-plane shear stresses and shear strain of the ply under consideration, 

respectively. Additionally, Gxy is the in-plane shear modulus, and xy is a non-linear parameter, 

which was determined from pure shear tests, Section (2.2.1.1.5 and 2.2.2.1.5). 

Equation (59) is a non-linear cubic relationship between shear stresses and shear strains. 

To introduce the relationship into the model, a damage parameter dxy was derived from it such that, 

 𝐺𝑥𝑦 = (1 − 𝑑𝑥𝑦)𝐺𝑥𝑦,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 (60) 

 𝑑𝑥𝑦 =
3𝑥𝑦𝐺𝑥𝑦𝜎𝑥𝑦 

2 −2𝑥𝑦𝜎𝑥𝑦
3 /𝑥𝑦  

1+3𝑥𝑦𝐺𝑥𝑦𝜎𝑥𝑦
2  (61) 

As loads continue to increase, excessive shear deformations may lead to the final failure of 

the composite material. Equation (59) only describes the nonlinear behavior produced from the 
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interactions between the fibers and resin. The expression does not model any damage accumulation 

nor shear failure. Figure 56 illustrates a comparison between the cubic model from equation (59) 

and pure shear data from v-notch tests for fabric and unitape materials. 

 

Figure 56 Nonlinear Shear Cubic Model vs. Pure Shear Tests 

To model the response of the composite material due to accumulated pure shear loads, the 

following expressions are proposed. 

 𝐺𝑥𝑦
𝑠 = 𝑑𝑠𝐺𝑥𝑦 (62) 

 𝑑𝑠 = 𝑒
−(

𝑥𝑦

𝑥𝑦
0  

)

𝜂3

 (63) 

where xy is the ply shear strain, and 0
xy is the failure shear strain of the ply under consideration. 

Also, η3 is the shape parameter that dictates the rate of material degradation [3, 5]. This was 

determined from pure shear tests, Section (2.2.1.1.5 and 2.2.2.1.5). 

Equation (63) is a modification of Shahid’s proposed expression to model the shear-out 

failure as a function of crack density , and originally expressed as, 

 𝑑𝑠 = 𝑒
−(

𝜑

𝜑0 
)

𝜂3

 (64) 
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where φ is the current crack density, and φ0 is the saturation crack density value of the ply under 

consideration.  

3.3.2.1 Coupling Effects 

In Shahid [3, 5], the shear-out damage mode was developed as a function of the extent of 

damage φ. Equation (64) estimates the degradation of the in-plane shear modulus of a composite 

ply due to a combination of factors. Factors such as matrix cracking, delamination, and plasticity 

effects could further degrade the in-plane shear modulus of the material. In this investigation, it 

was assumed that these factors could be produced in a multi-axial state of stress conditions. 

Therefore, the shear-tension coupling effects were investigated  

Fiber-Matrix Shear-Out damage is inherent to in-plane matrix deformations. To model the 

coupling effects of a multi-axial state of stress on the in-plane shear properties of a laminated 

composite material, experimental information was gathered. From the Off-Axis Tensile Tests, the 

effects of a damaged matrix on the in-plane shear modulus can be evidenced in sections (2.2.1.2 

and 2.2.2.2). 

To model the effects of accumulated damage due to tensile and shear coupling conditions, 

equation (64) was modified as follows. 

 𝑑𝑠 = 𝑒
−[(

𝜖𝑥𝑥

𝜖𝑥𝑥,𝑇
0 )

𝜂1

+(
𝜖𝑦𝑦

𝜖𝑦𝑦,𝑇
0 )

𝜂2

+(
𝛾𝑥𝑦

𝛾𝑥𝑦
0 )

𝜂3

]

 (65) 

where εxx and εyy are the longitudinal and transverse strains; ε0
xx,T and ε0

yy,T are the longitudinal and 

transverse failure strains of the ply under consideration, respectively. In addition, η1 and η2 are the 

shape parameters that dictate the rate of material degradation in the longitudinal and transverse 

directions; and η3 governs the rate of degradation under shear conditions. All these values were 

obtained from pure shear, longitudinal, and transverse tensile experiments. 
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Therefore, when Fiber-Matrix Shear Out criterion is satisfied, the engineering constants 

are progressively degraded as following. 

 𝐺𝑥𝑦
𝑠 = 𝑑𝑠𝐺𝑥𝑦,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 (66) 

 𝐸𝑦𝑦,𝑡
𝑟 = 𝑑𝑠𝐸𝑦𝑦,𝑡 (67) 

As loads increases, the degradation coefficient ds dictates the final stages of the composite 

ply. However, to model the failure state of the ply, a residual coefficient factor was applied to the 

following engineering properties.  

 𝐺𝑥𝑦
𝑟 = 𝑅𝑠𝐺𝑥𝑦,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 (68) 

 𝐸𝑦𝑦,𝑡
𝑟 = 𝑅𝑠𝐸𝑦𝑦,𝑡 (69) 

where Rs is a residual stiffness coefficient determined and validated via finite element analysis. 
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3.3.3 Fiber Breakage and Crushing  

Fiber breakage and fiber crushing were implemented as failure modes. Coupon-level tests, 

such as longitudinal tensile and compressive, did not show any material degradation or damage 

progressive behavior. Therefore, these modes were implemented such that when its corresponding 

stress levels reached the strength value of a composite ply, the ply would lose all its stiffness and 

load carrying capabilities.  

When the fiber breakage criterion is satisfied, and xx  0, the composite ply under 

consideration is degraded as following.  

 𝐸𝑥𝑥,𝑡
𝑟 = 𝑅𝑓𝐸𝑥𝑥,𝑡 (70) 

In the same manner, when fiber crushing is satisfied, and xx  0, the composite ply under 

consideration is degraded as following.  

 𝐸𝑥𝑥,𝑐
𝑟 = 𝑅𝑓𝐸𝑥𝑥,𝑐 (71) 

where Rf is a residual stiffness coefficient determined via finite element analysis. 
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3.3.4 Matrix Crushing  

Matrix Crushing damage mode was developed such that when yy  0, damage in the resin 

progressively accumulates until final failure is reached. From Chang et al [4, 13], it was interpreted 

that matrix crushing damage mode can only cause stiffness degradations to the in-plane shear 

modulus, and the compressive stiffness of the ply parallel and normal to the fiber direction 

remained constant. Chang’s proposed degraded ply stiffness, as a function of the extent of damage 

φ, when matrix crushing index is satisfied was as following.  

 [𝑄(𝜑) ] = (

𝑄𝑥𝑥 𝑄𝑥𝑦 0

𝑄𝑦𝑥 𝑄𝑦𝑦 0

0 0 𝐺𝑥𝑦(𝜑)
) (72) 

3.3.4.1 Coupling Effects 

From Sections (2.2.1.1.4 and 2.2.2.1.4), efforts were taken on attempting to characterize 

this damage mode according to equation (72). From the transverse compressive and off-axis 

compressive tests, the composite matrix is damaged under compressive loads and it was 

determined that the transverse modulus Eyy,c was progressively degraded. Results did not show 

any stiffness degradation in the in-plane shear modulus due to a damaged matrix. 

It was concluded that coupling in between shear and compressive loads does not have any 

effects on the in-plane shear properties, meaning that shear damage does not progressively 

accumulate. Additionally, this statement was verified when comparing the off-axis compression 

and v-notch tests. It was assessed that the shear response of the off-axis compression tests was 

comparatively the same as the shear response of the v-notch tests. Moreover, compressive loading 

did not cause any stiffness degradation to the in-plane shear properties of the material. 

Therefore, the matrix crushing damage mode was developed such that it complies with the 

transverse compression coupon-tests. From these tests, the composite matrix behaves in a high 
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non-linear manner, similar to the response of the in-plane shear specimens. For this reason, the 

proposed cubic relationship between transverse stresses and transverse strains was applied.  

 𝜀𝑦𝑦 =
𝜎𝑦𝑦

𝐸𝑦𝑦,𝑐
+  𝛼𝑦𝑦 (

𝜎𝑦𝑦

𝐸𝑦𝑦,𝑐
)

3

 (73) 

where σyy and εyy are the transverse stresses and strains of the ply under consideration, respectively. 

Also, yy is the parameter governing the non-linear behavior of the matrix, this was obtained from 

transverse compression tests.  

Matrix compression could lead to other internal damage that might cause the collapse of 

the composite laminate [4]. Therefore, the continuum damage model proposed by Chaboche [20] 

to simulate the compressive failure of concrete was adopted.  

 𝐸𝑦𝑦
𝑐 = 𝐸𝑦𝑦,𝑐𝑑𝑚 (74) 

 𝑑𝑚 = 𝑒
−(

𝑦𝑦

𝑦𝑦,𝑐
0 )

𝛽 

 (75) 

 

 where β is a material parameter that dictates the rate of material degradation due to matrix 

compression-induced damage [4, 13]. This material parameter, β, was obtained from transverse 

compressive tests. 

To model the final failure of the specimen, a residual stiffness coefficient was applied on the 

transverse compressive modulus, as dictated by equation (76). This coefficient was determined via 

finite element analysis. 

  𝐸𝑦𝑦,𝑐
𝑟 = 𝑅𝑚𝑐𝐸𝑦𝑦,𝑐 (76) 
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CHAPTER 4 

FINITE ELEMENT ANALYSIS 

4.1 Analysis Methodology 

This chapter presents the methodology adopted to validate the material models developed. 

Finite element analysis was performed to simulate the coupon and pin-bearing tests. The 

fundamental coupon-level tests served to determine parameters that were required by the 

progressive damage material models. Multi-axially loaded tests served as a validation exercise for 

the parameters obtained from the fundamental coupon-level tests. Finally, the material models 

developed were tested and validated by comparing the experimental response from pin-bearing 

experiments.  

The commercial software Abaqus/Standard was implemented in this analysis, and user 

material subroutines were written in Fortran programming language. Abaqus features this 

powerful tool and allows the user to implement material models that might not be available in the 

Abaqus material library. The material subroutine adopted in this research was the USDFLD (user-

defined field variables), which was built to work with implicit analyses. However, Abaqus offers 

a wide variety of user-defined subroutines, which gives freedom to users to implement them for a 

variety of purposes. 

Abaqus was linked to work along with the user material subroutine; the main function of 

the USDFLD subroutine was to provide Abaqus with a Field Variable (FV). In this analysis, FV’s 

represented stiffness degradation coefficients that were calculated based on the material models 

developed and as a function of the stresses and strains read from the analysis at the integration 

points of each element. The stresses and strains were only read from the elements that were 

assigned with progressive damage properties. Abaqus performs a linear interpolation operation to 
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determine the material properties based on the FV value of each failure mode.  For example, if Ex 

is defined as 100 Msi for the undamaged (FV = 0) material property and 10 Msi for the completely 

damaged (FV = 1) material property. Once the FV value is calculated, by the material subroutine 

USDFLD, to be 0.5, Abaqus will use 55 Msi as the Ex value of the material for the next 

load/displacement step to establish the equilibrium state. Therefore, this analysis was dependent 

on new material moduli that had to be re-calculated at every increment to maintain numerical 

convergence.  

Abaqus performs this process at every analysis increment, and for every element 

integration point that is assigned with damage progression properties.  
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4.2 Modeling Techniques 

The finite element method was adopted to simulate the coupon-level and pin-bearing tests 

such that the material model developed could be tested and validated. Abaqus CAE was used to 

model each coupon-level test. The geometry, boundary, and loading conditions were replicated by 

following the corresponding ASTM standards. 

In this research, eight-noded, three-dimensional reduced integration elasticity elements 

(C3D8R) were used to construct all composite specimens. One element was used in the thickness 

direction to represent each composite ply. Symmetric boundary conditions were widely used and 

displacement control was applied on all coupons and pin-bearing simulations. The Abaqus elastic 

material property “Engineering Constants” was selected for the composite plies and the values of 

Exx, Eyy, Ezz, vxy, vxz, vyz, Gxy, Gxz, and Gyz were supplied. To increase computational efficiency and 

to replicate the loading conditions on the experiments, the material degradation models were 

applied at the specimens’ gage area only.  

For the coupon-level tests, the stresses were obtained by reading the reaction force, in the 

y-direction, of the node where displacement control was applied. The obtained force was divided 

by the cross-section area of the specimen to calculate the engineering stress. The strains were 

directly read from the elements by taking an average over an area similar to where strain gages or 

DIC was applied. 

The following sections present in more detail the finite element models developed, and the 

parameters obtained for the progressive damage model. In the Results and Discussion chapter, the 

correlations between tests and simulations are presented. 
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4.3 Coupon-Level Test 

4.3.1 Unidirectional Tape 

4.3.1.1 Unidirectional Tensile Test 

Unidirectional tension specimens were tested and the finite element analysis was conducted 

to verify that the material failure definition behaves according to the test data gathered. The 

experimental tests were performed under the ASTM D3039 [22], and therefore, the finite element 

model was constructed accordingly. For the specimens of unidirectional tape, the finite element 

model of a [0]8 composite specimen was constructed and executed. In order to maximize 

computational efficiency, symmetric boundary conditions in the thickness and width directions of 

the specimen, x- and z-directions, respectively, were applied. In addition, material failure modes 

were applied only to the elements comprising the gage area. The failure mode contributor to 

replicate the material behavior was fiber breakage. Figure 57 is a schematic of the specimen 

geometry and the boundary conditions applied in Abaqus CAE. 

 

Figure 57 Model Dimensions and Boundary Conditions



 

85 

 

4.3.1.2 Transverse Tensile Test  

Unidirectional tape specimens [90]20 were tested and finite element analysis was conducted 

for verification of the material failure definition. The experimental tests were performed by 

following the ASTM D3039 standard test [22] and the finite element model was constructed 

accordingly. Symmetric boundary conditions were applied in the thickness and width directions, 

x- and z- directions, respectively. In order to maximize computational efficiency, only the elements 

comprising the specimen’s gage area were assigned with failure properties. The failure mode 

contributor to replicate the material behavior was matrix cracking. Figure 58 illustrates the 

specimen geometry and applied boundary conditions in Abaqus CAE. 

 

 

Figure 58 Model Dimensions and Boundary Conditions 
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4.3.1.3 Unidirectional Compressive Test 

Unidirectional tape specimens [0]20 were tested and finite element analysis was conducted 

for verification of the material failure definition. The experimental tests were performed by 

following the ASTM D6641[23] standard test and the finite element model was constructed 

accordingly. Symmetric boundary conditions were applied in the thickness and width directions, 

x- and z- directions, respectively. In order to maximize computational efficiency, only the elements 

comprising the specimen’s gage area were assigned with failure properties. The failure mode 

contributor to replicate the material behavior was fiber failure. Figure 59 illustrates the specimen 

geometry and applied boundary conditions in Abaqus CAE. 

 

Figure 59 Model Dimensions and Boundary Conditions 

 

 

  



 

87 

 

 

4.3.1.4 Transverse Compressive Test 

Transverse compression specimens were tested and simulated. The experimental tests were 

performed as dictated in the ASTM D6641[23] standard test and the finite element model was 

constructed accordingly. For the unidirectional tape, [90]20 composite specimens were machined 

and tested and the finite element analysis was conducted. In order to maximize computational 

efficiency, symmetric boundary conditions were applied in the thickness and width direction. 

Boundary conditions were applied such that the applied loading was constant throughout the gage 

area, and no stress concentrations were formed. Additionally, only the elements comprising the 

gage area of the specimen were assigned with damage progression properties. Figure 60 illustrates 

the coupon geometry and boundary conditions applied in Abaqus CAE. 

 

Figure 60 Model Dimensions and Boundary Conditions 
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Because experimental data shows failure at the specimen’s gage area, damage accumulates 

until final failure at the gage area only. Figure 61 shows the distribution of the matrix crushing 

degradation coefficient within the gage area. The degradation coefficient was calculated by the 

user material subroutine USDFLD and passed into Abaqus to perform a linear interpolation for the 

new degraded modulus, as dictated by equation (74). It can be evidenced that the damage 

coefficient is equally distributed along the gage area, which means that every element within the 

gage area behaves and deforms equally. 

 

 

Figure 61 Progression of Matrix Crushing Field Variable 

The finite element analysis performed served the purpose to determine the parameters 

required by the progressive damage model. For this type of test, matrix crushing mode played the 

main role in the material behavior. The parameter required by the matrix crushing damage mode, 

as dictated by equation (75), is β and was determined to be 30.  
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The FV4 shown in Figure 61 was calculated by using equation (75). Equation (75) is 

dependent on the transverse compressive strain of the ply and its failure strain value, εyy and εyy
0, 

respectively. Once the parameter β was determined, the degradation coefficient described in 

equation (75) could be calculated. The FV needed to be calculated such that no failure was 

described as, FV=0, and total failure was described as, FV=1. Therefore, the FV4 for matrix 

crushing was calculated as follows. 

 𝐹𝑉4 = 1 − 𝑑𝑚 (77) 

where dm is described by equation (75). 

The parameter β is also referred to as the compressive rate of material degradation factor. 

In order to demonstrate its effects, a parametric study was performed. Figure 62 illustrates the 

effects due to a varying β on the material response under compressive loading conditions. It was 

found that the lower the β value, the more rapidly damage accumulates and propagates; hence, 

material failure was reached at lower stress values. 

 

Figure 62 Effects of β on the Compressive Response of Specimen 
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4.3.1.5 In-Plane Shear  

In-plane shear, Section (2.2.1.1.5), simulations were performed for unidirectional tape. 

The experimental tests were performed as dictated in the ASTM D5379 standard [26]. For the 

unidirectional tape, a [0/90]6S laminate layup configuration was adopted. This particular stacking 

sequence was tested since it has been reported [26] to give the best stress distribution and overall 

results. 

From the test setup, as shown in Figure 20, it can be inferred that the v-notch specimen 

experiences an anti-symmetric stress distribution. Therefore, the boundary conditions applied 

intended to reflect the conditions produced in the experiments. Additionally, because the tested 

composite laminate is symmetric about its middle plane in the thickness direction, symmetric 

boundary condition about the thickness direction was applied in the finite element model. In 

order to maximize computational efficiency, damage progression properties were applied only to 

elements comprising the specimen’s gage area. Additionally, constraint equations were applied 

on the top and bottom surfaces on the right, as well as the top surface on the left so that all nodes 

on each of these surfaces maintain the same y-directional displacement. Figure 63 illustrates the 

specimen geometry and boundary conditions applied in Abaqus CAE. 
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Figure 63 Model Dimensions and Boundary Conditions 

The v-notch test fixture was designed in a way that the specimen experiences a state of 

pure shear at the gage area. Damage progression features were applied only in the area covered by 

the notches, or the gage area, to reduce computation time. Figure 64 illustrates the shear damage 

distribution within the gage area, progressively until the failure of the specimen. The shear damage 

distribution is represented as a FV2, calculated by the user material subroutine USDFLD, as 

dictated by equation (65) 
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Figure 64 Progression of Fiber-Matrix Shear Out Field Variable 

The performed finite element analysis served to determine specific parameters required by 

the modeled fiber-matrix shear-out damage mode, Section (3.3.2). From the analysis, the failure 

shear strain, εxy
0, could also be determined. Because the v-notch tests did not reach a failure state, 

this analysis served as a method to determine the unknown parameters. 

The FV2, shown in Figure 64, was calculated by using equation (65). Equation (65) is 

dependent on the longitudinal, transverse, and shear strains of the ply. Once the parameter η was 

determined, the degradation coefficient described in equation (65) could be calculated. The FV2 

needed to be calculated such that no failure was described as, FV=0, and total failure was described 

as FV=1. Therefore, the FV2 for fiber-matrix shear out was calculated as follows. 

 𝐹𝑉2 = 1 − 𝑑𝑠 (78) 

where ds is described by equation (65) 

Based on a parametric study, the effects of different η can be reflected on the shear stress 

vs. shear strain curve. Figure 65, shows how η affects the response of the material. It was found 
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that as η increases, the material behaved more stiffly. A comparison curve between the finite 

element analysis and experimental data is shown in the Results and Discussion chapter. 

 

Figure 65 Effects of η on the Shear Response of Specimen 

It was evidenced that, during the experiments, the v-notch specimens did not reach a failure 

state. The experimental failure load of the specimen remains unknown; therefore, a residual 

stiffness value was set as a prediction of the failure load of the specimen. In this analysis, a residual 

stiffness of ten percent of the pristine shear modulus was determined as optimal. The residual 

stiffness for this analysis was determined by comparison against the experimental curve, its 

calculation is illustrated in equation (68). 
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4.3.1.6 Off-Axis Tensile Test  

Off-axis tensile tests were simulated and the response obtained by the material model was 

satisfactorily validated. As mentioned in the test standard [27], this type of test has become more 

of a common practice to determine the in-plane shear elastic properties of composite materials. 

Due to the nature of the combined loading conditions, the state of pure shear stress is disrupted 

after a certain shear strain level. Therefore, it was assessed that the shear response of the material 

was coupled to the applied tensile loading.  

The layup of the composite laminate tested was a [+45/-45]10S, hence a multi-axial state of 

stress was produced under the applied uni-axial tensile force in the longitudinal direction. In Figure 

66, a comparison between the shear stress-shear strain curves from the v-notch and off-axis tensile 

tests is intended. The main differences can be found in the magnitude of the shear stresses. The v-

notch specimens seem to be carrying higher loads than the off-axis tensile specimens are; this 

translates to the in-plane shear modulus being greatly degraded due to the presence of the tensile 

stress-induced damage in the matrix direction in the off-axis specimen. 

 

Figure 66 Shear Stress vs. Shear Strain – Off-Axis Tensile and V-Notch 
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The main objective of these tests was to collect data, which represents how the in-plane 

shear modulus degrades due to the presence of tensile stresses. Therefore, the coupling effects of 

a tension-shear state of stress on the in-plane shear modulus were modeled in this study.  

Analysis was performed to validate the response of the progressive damage model 

developed. The setup of the analysis was consistent with the guidelines in the ASTM D3518 

standard test. Due to the nature of the specimen, symmetric boundary conditions could be applied. 

The model was symmetrically constrained about the width and thickness directions; x- and z-

directions, respectively. Displacement control was applied on a node from the top surface, and a 

constraint equation was applied such that all the nodes on the top surface maintain the same y-

directional displacement. The boundary conditions applied to the model intended to replicate the 

conditions produced by the fixture and intended to create a constant shear strain field throughout 

the specimen such that all the plies moved and deformed equally. The geometry and applied 

boundary conditions are described in Figure 67. 

 

Figure 67 Model Dimensions and Boundary Conditions 
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The main damage mode contributor in the response of the specimen is the fiber-matrix 

shear out damage mode. This damage mode was modeled under the assumption that shear 

deformations were the main contributor to damage progression. However, the presence of tensile 

stresses in the fiber and matrix directions showed to have a strong influence on the shear response 

of the specimen as well. The damage progression due to fiber-matrix shear out is illustrated in 

Figure 68. In this analysis, the damage coefficient due to fiber-matrix shear out was computed in 

the user material subroutine, USDFLD, and passed into Abaqus as a value of FV, as dictated by 

equation (65). 

 

 
Figure 68 Progression of Fiber-Matrix Shear Out Field Variable 
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4.3.1.7 Off-Axis Compressive Test 

Once the tensile force is replaced with a compressive force in the off-axis tensile test as 

described in the previous section, a similar multi-stress state of compression and shear is generated. 

Off-axis compressive tests were simulated and the response satisfactorily correlates with the 

gathered experimental data. Off-axis compression tests create a multi-axial state of stress; due to 

the laminate and load configurations, compressive and shear stresses are created. This test is not 

quite a usual practice to determine the shear nor compressive properties of the composite material. 

According to Chang et al [4, 13, 28], an association between the in-plane shear modulus and 

compressive loads existed  

This research aimed to characterize the association of the in-plane shear modulus with the 

applied compressive loading; however, the off-axis compressive test showed that such association 

did not exist. Figure 69 is a comparison of the shear stress-shear strain response of the v-notch and 

off-axis compressive test.  

 

Figure 69 Shear Stress vs. Shear Strain 
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Finite element analysis was performed to validate the user material subroutine developed. 

It was necessary to verify that the in-plane shear modulus did not have a coupled response with 

any applied compressive loading. The setup of the finite element model was consistent with the 

ASTM D6641 standard test. The layup of the composite laminate tested was a [+45/-45]10S. 

Symmetric boundary conditions were applied due to the laminate configuration. The model 

constructed was symmetrically constrained about the thickness and width directions; z- and x-

directions, respectively. Displacement control was applied on a node from the top edge, and a 

constraint equation was applied such that all the nodes from the top edge maintain the same y-

directional displacement. The geometry and applied boundary conditions of the finite element 

model are described in Figure 70. 

 

Figure 70 Model Dimensions and Boundary Conditions 
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In this analysis, two predominant damage modes contribute to the response of the 

specimen, fiber-matrix shear-out, and matrix crushing. However, no couple in between them 

exists. Therefore, each of them plays an independent role in the user material subroutine 

development. Figure 71 and Figure 72 illustrate the progression of each damage mode. For each 

damage mode, a degradation coefficient is calculated by the user material subroutine and passed 

into Abaqus as a value of FV. The FV is calculated as dictated by equations (61) and (65).  

 

Figure 71 Progression of Fiber-Matrix Shear Out Field Variable 
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Figure 72 Progression of Matrix Crushing Field Variable 
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4.3.2 Fabric 

The same methodology to validate the material model for the unidirectional tape composite 

was applied to validate the fabric material model developed. In the same manner, the coupon-level 

tests were analyzed and the parameters needed for the progressive damage model were determined. 

Furthermore, the material model was validated via the analysis of multi-axial loaded tests and 

pinned-joint bearing tests performed at MSFC. 
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4.3.2.1 Unidirectional Tensile Test 

Fabric specimens with the stacking sequence of [0]8 were tested and finite element analysis 

was conducted for verification of the material failure definitions. The experiments followed the 

ASTM D3039 standard test; and therefore, the finite element model was constructed accordingly. 

Because of the layup sequence, symmetric boundary conditions were applied in the width and 

thickness directions; x- and z-directions, respectively. Similar to the analysis for the unidirectional 

tape specimens, material properties with damage degradation were defined in this analysis. The 

elements comprising the specimen’s gage area were assigned with failure properties, and the main 

failure mode contributor for the material behavior was identified to be fiber breakage. Figure 73 

illustrates the specimen’s dimensions and the boundary conditions applied in Abaqus CAE. 

 

Figure 73 Fabric – Model Dimensions and Boundary Conditions 
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4.3.2.2 Transverse Tensile Test 

Fabric specimens with the stacking sequence of [90]8 were tested and finite element 

analysis was conducted for verification of the material failure definitions. The experiments 

followed the ASTM D3039 standard test, and the finite element model was constructed 

accordingly. Because of the ply layup sequence, symmetric boundary conditions were applied in 

the width and thickness directions; x- and z-directions, respectively. Similar to the analysis for the 

unidirectional tape specimens, material properties with damage features were defined in this 

analysis. The elements comprising the specimen’s gage area were assigned with failure properties, 

and the main failure mode contributor for the material behavior was identified to be matrix 

cracking. Figure 74 illustrates the specimen’s dimensions and the boundary conditions applied in 

Abaqus CAE. 

 

Figure 74 Model Dimensions and Boundary Conditions 
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4.3.2.3 Unidirectional Compressive Test 

Fabric specimens [0]20 were tested and finite element analysis was conducted for 

verification of the material failure definition. The experimental tests were performed by following 

the ASTM D6641[23] standard test and the finite element model was constructed accordingly. 

Symmetric boundary conditions were applied in the thickness and width directions, x- and z- 

directions, respectively. To maximize computational efficiency, only the elements comprising the 

specimen’s gage area were assigned with failure properties. The failure mode contributor to 

replicate the material behavior was fiber failure. Figure 75 illustrates the specimen geometry and 

applied boundary conditions in Abaqus CAE. 

 

Figure 75 Model Dimensions and Boundary Conditions 
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4.3.2.4  Transverse Compressive Test 

Fabric specimens with the stacking sequence of [90]12 were tested and simulated under 

compressive loading. The transverse compressive behavior of the fabric material model developed 

was validated via finite element analysis. Similar to the analysis for the unidirectional tape 

specimens, the fabric specimens were tested following the ASTM D6641 standard [23]. Therefore, 

the same modeling techniques were applied to validate the transverse compressive response of the 

fabric material. Figure 76 illustrates the specimen’s dimensions and the boundary conditions 

applied in Abaqus CAE 

 

Figure 76 Model Dimensions and Boundary Conditions 
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Damage progression properties were assigned to the elements, which comprised the gage 

area of the specimen. The main damage mode contributor to the response of the specimen was the 

matrix crushing mode. The matrix crushing mode calculates a stiffness degradation coefficient, as 

dictated by equation (75). The calculations were based on the stress and strains read and were 

passed into Abaqus for calculation of the new transverse modulus. Figure 77 illustrates the FV4 

distribution.  

 

Figure 77 Progression of Matrix Crushing Field Variable 

Similar to the unidirectional tape material, equation (75) dictates the parameters required 

by the matrix crushing damage mode. Section (4.3.1.4) shows how this parameter affects the 

compressive response of composite materials. 

 

  



 

107 

 

4.3.2.5 In-Plane Shear Test 

The in-plane shear behavior of the fabric material model developed was validated via finite 

element analysis. A [0]12 fabric specimen was analyzed under pure shear loading conditions. The 

finite element model followed the guidelines as dictated in the ASTM D5379, and it was 

constructed by following the same procedures as in Section 4.3.1.5.  

As for the unidirectional tape laminates, the main damage mode contributor to the response 

of the specimen was the fiber-matrix shear-out mode. A damage coefficient FV was calculated, as 

dictated by equation (65), by the user material subroutine USDFLD and passed onto Abaqus to 

update the in-plane shear modulus. The damage progression within the gage area until failure of 

the specimen is presented in Figure 78. 

 

Figure 78 Progression of Fiber-Matrix Shear Out Field Variable 

As for the Unidirectional Tape specimens, the fabric v-notch specimens did not reach a 

failure state. A residual stiffness value was set as a prediction of the failure load of the specimen. 

In this analysis, a residual stiffness of five percent of the pristine shear modulus was determined 

as optimal, and its calculation followed the equation (68).  
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4.3.2.6 Off-Axis Tensile Test 

Fabric off-axis tensile specimens were tested and analyzed. The response given by the 

fabric material developed was satisfactorily validated via finite element analysis. The laminate had 

a [+45/-45]2S stacking sequence, and therefore, the state of multi-axial loading condition was 

produced in the fiber and matrix directions when a tensile load is applied in the longitudinal 

direction. 

It was necessary to verify if any coupling effects existed on the in-plane shear modulus due 

to a multi-axial state of stress on fabric composite materials with the addition of tensile stress. A 

curve overlay comparison, Figure, of the shear stresses and shear strains from the v-notch and off-

axis tensile experiments is shown. The shear response of the fabric material under the presence of 

tensile and shear loads follows the same behavior of unidirectional tape materials. The in-plane 

shear modulus Gxy degrades greatly, and therefore, the specimen handles lower loads than a v-

notch specimen does. 

 

Figure 79 Shear Stress vs. Shear Strain – Off-Axis Tensile and V-Notch 
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The coupling effects on the in-plane shear modulus of fabric materials were modeled, and 

the response given by the user material subroutine was validated via finite element analysis. The 

same modeling techniques reported in Section 4.3.1.6 were applied in this analysis since both tests 

followed the ASTM D3518 standard. The specimen tested was of a different size, therefore, its 

geometry and boundary conditions are specified in Figure 80. 

 

Figure 80 Model Dimensions and Boundary Conditions 

Damage progression properties were defined on the elements comprising the gage area of 

the specimen. The main damage mode contributor for the overall response of the specimen was 

the fiber-matrix shear-out mode. A damage degradation coefficient was calculated by the user 

material subroutine USDFLD, as dictated by equation (65). Its calculation was based on the 

stresses and strains of each element passed on from Abaqus. The damage coefficient progressively 

accumulated in the gage area, until the final failure of the specimen. Its progression along the 

specimen’s gage area is shown in Figure 81. 
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Figure 81 Progression of Fiber-Matrix Shear Out Field Variable 
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4.4 Pin-Bearing Test 

4.4.1 WSU Pin-Bearing Tests 

To complete the validation process of the material model developed, analysis of pin-

bearing specimens was performed. Because of the limitation of available composite laminates, 

only unidirectional tape pin-bearing specimens were tested at WSU. The layup of the specimens 

was [04/9016]S. Results obtained from the finite element analysis were compared against the 

experimental data gathered. Data sets include bearing force readings and in-plane deformations. A 

good correlation between the simulations and experiments was concluded. 

Abaqus CAE was used to construct the finite element analysis by following the same 

methodology as described in Section (4.2). Two different pin diameters were used for this analysis, 

0.375 in. and 0.25 in., and each composite ply was modeled with one element in the thickness 

direction. The finite element models constructed took advantage of the composite laminate 

symmetry. Symmetric boundary conditions were applied in the width and thickness directions; x-

and z-directions, respectively. Loading was applied using displacement control on a node of the 

top surface of the laminate. Moreover, a constraint equation was applied to all of the nodes on the 

top surface, such that all nodes maintain the same y-directional displacement throughout the 

analysis. This was done to simulate the loading conditions as in the test. Figure 82 illustrates the 

pin-bearing specimen geometry and the finite element mesh for the two specimens with different 

pin sizes. 
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Figure 82 FEM of Pin Bearing Specimens  

From Figure 82, it is shown that the pin-bearing specimen was modeled such that a refined 

and structured mesh was used for the potential damage area. The potential damage area is defined 

based on an assumption where damage accumulation would occur, and closest to the pin contact 

area. Additionally, to increase computational efficiency, only the elements comprising the damage 

area were defined with damage progression properties. 

The Abaqus “Surface-to-Surface (Standard) contact” was defined for the interactions 

between the composite laminate and the steel pin. The “Tangential” and “Normal Behavior” were 

enabled as contact properties. Figure 83 and Figure 84 illustrate the contact area between the pin 

and the defined damage area of the composite laminate.  



 

113 

 

 

Figure 83 Area of Potential Damage and Pin – 0.375 in. Pin Bearing Specimen 

 

Figure 84 Area of Potential Damage and Pin – 0.25 in. Pin Bearing Specimen 

As it is stated in Section (4.2), this analysis was performed by enabling the “Engineering 

Constants” and supplying its values. To enable the usage of the USDFLD subroutine, the “Depvar” 

and “User Defined Field” options must be selected. Six Solution Dependent State-Variables 

(STATEV)” were used by the subroutine in conjunction with four FV’s. The STATEV’s were 
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used to store information pertinent to the state of the elements with progressive damage properties, 

and to apply its values in calculations of the next analysis increment.  

The four FV’s that were utilized in this analysis represented the following failure and 

damage mechanisms. Matrix cracking, fiber breakage, fiber crushing, matrix crushing, and fiber-

matrix shear-out modes progressively accumulated and played main roles in determining the 

bearing capacity of the composite laminate. Figure 85 and Figure 86 illustrate the progression of 

fiber-matrix shear out and matrix crushing damage mechanisms until the final collapse of the 

laminate. 

 

 

Figure 85 Damage Progression due to Fiber-Matrix Shear Out 
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Figure 86 Damage Progression due to Matrix Crushing 

From the coupon-level test models, in the Finite Element Analysis Section (4.3), the 

residual stiffness values for each test were obtained. The residual stiffness values were coefficients 

that determined the failure state of the specimens. Therefore, these coefficients were applied on 

the presented pin-bearing finite element models, for all four FV’s. The obtained values are 

presented in the Results and Discussion chapter.  
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4.4.2 MSFC Pin-Joint Tests 

Pinned joints of composite sandwich panels were tested at MSFC. The specimens consisted 

of two composite facesheets and a foam core. Two different pin diameters were used, 0.25 in. and 

0.375 in. In this research, the bearing capacity of a foam core in a composite sandwich panel was 

considered negligible. For modeling purposes, the main assumption was that the two composite 

facesheets of the sandwich panel were bearing the entire load transferred to the pin. Therefore, the 

finite element modeling techniques used for analyzing the WSU pin-bearing specimens, Section 

4.4.1, were used for these tests as well.  

Specimens of different stacking sequences and combined unidirectional and fabric plies 

were tested. In the finite element models, each ply was modeled with one element in the thickness 

direction. Figure 87 illustrates how the laminate of combined fabric and unidirectional plies was 

constructed. To simulate the stiffness effects of the composite honeycomb, “Elastic Foundation” 

was applied on the back of the composite facesheet. Figure 87 is one of the finite element models 

constructed with a ply stacking sequence of [45F/0F/45F/45/0/-45/90/90/-45/0/45], where “F” 

indicates fabric plies. 
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Figure 87 Laminate to Pin Contact and Damage Area of 0.375 in. MSFC Pinned Joint 

Specimen 
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CHAPTER 5 

RESULTS AND DISCUSSION  

This chapter presents a finite element analysis results comparison against the experimental 

data gathered for all the tests presented. Data sets gathered during the test include load history 

curve, and deformations mapping using ARAMIS photogrammetric equipment. Additionally, 

pinned-joints bearing tests, which were performed at MSFC, were simulated using finite element 

models. The specimens tested include different stacking sequences of combined unidirectional 

tape and fabric plies. The maximum bearing capacity of the specimens was reported and then 

compared against the simulation results using the material models developed.  

5.1 Results 

5.1.1 Coupon-Level Tests 

5.1.1.1 Unidirectional Tape 

This section presents the finite element analysis results and the correlation level achieved 

by the developed material model. An engineering stress vs. strain comparison was performed 

between the experimental and finite element analysis results. The material model was able to 

satisfactorily reproduce the material behavior at a coupon-level test. Additionally, the parameters 

required by the progressive damage models were obtained. 
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5.1.1.1.1 Unidirectional Tensile Test 

An engineering stress vs. longitudinal strain comparison of the experimental against the 

finite element analysis results is presented. Figure 88 illustrates the correlation level achieved due 

to the modeled material failure definition. The linear response of the material was satisfactorily 

replicated. 

 

Figure 88 Engineering Stress vs. Strain 

Additionally, the residual coefficient applied to the longitudinal tensile modulus was 

determined from the analysis. From equation (70), Rf was determined to be 15%. 
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5.1.1.1.2 Transverse Tensile Test 

An engineering stress vs. transverse strain comparison of the experimental against the finite 

element analysis results is presented. Figure 89 illustrates the correlation level achieved due to the 

modeled material failure definition. The linear response of the material was satisfactorily 

replicated. 

 

Figure 89 Engineering Stress vs. Strain 

Additionally, the performed finite element analysis served to determine the residual 

stiffness applied on the transverse tensile modulus at failure. As shown in equation (58), the 

residual stiffness factor Rmc was determined to be 3%. 
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5.1.1.1.3 Transverse Compressive Test 

An engineering Stress vs transverse strain comparison of the experimental against the finite 

element analysis results is presented. Figure 90 illustrates the correlation level achieved by the 

material model under transverse compressive loads. The non-linear compressive response of the 

material was satisfactorily reproduced. 

 

Figure 90 Engineering Stress vs. Transverse Strain 

Additionally, the parameters required by the progressive damage model were obtained. 

Table 10 illustrates the parameters obtained from the analysis. 

Table 10 Progressive Damage Parameters from FEA 

Progressive Damage Model 

β 30 

ε0
yy,c 0.045 

YC 35.5 Ksi 

 

As dictated by equation (76), a residual stiffness coefficient was applied to the transverse 

compressive modulus. From this analysis, Rc was determined to be 3%. 
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5.1.1.1.4 In-Plane Shear Test 

A shear stress vs. shear strain comparison of the experimental against the finite element 

analysis results is presented. Figure 91 illustrates the correlation level achieved by the material 

model developed. It can be assessed that the material model was capable of reproducing the non-

linearity produced due to the fiber and resin interactions. Moreover, the further degradation of the 

in-plane shear modulus due to damage accumulation was accurately replicated. As stated in 

Section 4.3.1.5, because material failure was not reached experimentally, a shear residual stiffness 

was modeled to predict the failure response of the specimen. 

 

Figure 91 Shear Stress vs.Shear Strain 

Additionally, the parameters required by the progressive damage model were obtained. 

Table 11 illustrates the parameters obtained from the analysis. 

Table 11 Progressive Damage Parameters from FEA 

Progressive Damage Model 

η1, η2, η3 3 

0
xy 0.1 

Sxy 10 Ksi 

 

As dictated by equation (68), a residual stiffness coefficient was applied to the in-plane 

shear modulus. From this analysis, Rs was determined to be 15%. 
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5.1.1.1.5 Off-Axis Tensile Test 

A shear stress vs. shear strain comparison of the experimental against the finite element 

analysis results is presented. From Figure 92, it is evident that the developed model can accurately 

predict the shear response and maximum load of a specimen under multi-axial stress conditions. 

Moreover, Figure 93 shows the correlation of longitudinal stresses, due to the multi-axis stress 

condition created. 

 

Figure 92 Shear Stress vs.Shear Strain 

 

Figure 93 Engineering Stress vs. Longitudinal Strain 

The fiber-matrix shear out is an accumulative damage model in which the coupling effects 

in between tensile and shear loads are modeled. From the plots, a first load drop is evident nearly 
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0.02 of shear strain value; this is an indication of the accumulated damage effects. Figure 94 

illustrates the state of the FV1 representing matrix cracking and FV2 representing fiber-matrix 

shear out modes. 

 

Figure 94 Matrix Cracking and Fiber-Matrix Shear Out Modes Accumulation 

The loading history of the specimen, Figure 92, illustrates a load drop that can be 

interpreted to be caused by the failure of the material due to the combined tensile loading applied. 

Figure 94 illustrates the state of the FV’s from this instant, it can be observed that nearly all 

elements within the specimen’s gage area have failed under matrix cracking failure mode. 

However, the specimen is still able to carry higher shear loads.  
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5.1.1.1.6 Off-Axis Compressive Test 

A shear stress vs. shear strain comparison of the experimental against the finite element 

analysis results is presented in Figure 95. It can be verified that the material model developed did 

not associate any shear damage accumulation due to coupling between shear and compressive 

loads.  

 

Figure 95 Shear Stress vs.Shear Strain 
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5.1.1.2 Fabric 

This section presents the results obtained via finite element analysis, and the correlation 

level achieved in comparison to the experiments. The fabric material model is capable of 

reproducing the behavior gathered in the tests. Additionally, the parameters required by the 

progressive damage models were obtained. 

5.1.1.2.1 Unidirectional Tensile Test 

An engineering stress vs. longitudinal strain comparison of the experimental against the 

finite element analysis results is presented. Figure 96 illustrates the correlation level achieved due 

to the modeled material failure definition. The linear response of the material was satisfactorily 

replicated. 

 

Figure 96 Engineering Stress vs.Strain 

Additionally, the residual coefficient applied to the longitudinal tensile modulus was 

determined from the analysis. From equation (70), Rf was determined to be 10%. 
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5.1.1.2.2 Transverse Tensile Test 

An engineering stress vs. transverse strain comparison of the experimental against the finite 

element analysis results is presented. Figure 97 illustrates the correlation level achieved due to the 

modeled material failure definition. The linear response of the material was satisfactorily 

replicated. 

 

Figure 97 Engineering Stress vs.Strain 

Because fabric materials behave similarly in the longitudinal and transverse directions, the 

residual stiffness of the longitudinal tensile modulus was applied to the longitudinal transverse 

modulus. Therefore, Rmc was determined to be 10% 
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5.1.1.2.3 Transverse Compressive Test 

An engineering stress vs transverse Strain comparison of the experimental against the finite 

element analysis results is presented. Figure 98 illustrates the correlation level achieved by the 

fabric material model under transverse compressive loads. The non-linear response of the material 

was satisfactorily reproduced. 

 

Figure 98 Engineering Stress vs.Transverse Strain 

Additionally, the parameters required by the progressive damage model were obtained. 

Table 12 illustrates the parameters obtained from the analysis. 

Table 12 Progressive Damage Parameters from FEA 

Progressive Damage Model 

β 28 

ε0
yy,c 0.012 

YC 105 Ksi 

 

As dictated by equation (76), a residual stiffness coefficient was applied to the transverse 

compressive modulus. From this analysis, Rc was determined to be 10% 
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5.1.1.2.4 In-Plane Shear Test 

A shear stress vs. shear strain comparison of the experimental against the finite element 

analysis results is presented. It can be verified that the material model is capable of reproducing 

the behavior of a v-notch under pure shear loading, Figure 99. As shown in Section (4.3.2.5), the 

v-notch specimens did not reach failure, and therefore, the user material subroutine was developed 

to model the gathered data with applied residual stiffness.  

 

Figure 99 Shear Stress vs.Shear Strain 

Additionally, the parameters required by the progressive damage model were obtained. 

Table 13 illustrates the parameters obtained from the analysis. 

Table 13 Progressive Damage Parameters from FEA 

Progressive Damage Model 

η1, η2, η3 3 

0
xy 0.1 

Sxy 12 Ksi 

 

As dictated by equation (68), a residual stiffness coefficient was applied to the in-plane 

shear modulus. From this analysis, Rs was determined to be 5%. 
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5.1.1.2.5 Off-Axis Tensile Test 

A shear stress vs. shear strain comparison of the experimental against the finite element 

analysis results is presented. Figure 100 shows that the fabric material model developed is capable 

of reproducing the material behavior under a multi-axial state of stress. 

 

Figure 100 Shear Stress vs.Shear Strain 
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5.1.2 Pin-Bearing Tests 

5.1.2.1 WSU Pin-Bearing Results 

Pin-bearing testing was performed at Wichita State University (WSU). ARAMIS 

photogrammetric equipment was used, strain mapping of the specimens was feasible and load 

history of the specimens was collected. Two different types of pin sizes were tested, so consistency 

remained with the tests performed at NASA MSFC. The simulation results exhibit good agreement 

with the experimental tests; however, areas of inconsistencies have been identified.  
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5.1.2.1.1 Bearing Load and Displacements 

 

Figure 101 Bearing Load vs. Displacement Comparison – 0.375 in. Pin Size Specimen 

 

Figure 102 Bearing Load vs. Displacement Comparison – 0.375 in. Pin Size Specimen 

 

Figure 103 Bearing Load vs. Displacement Comparison – 0.375 in. Pin Size Specimen 
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Figure 104 Bearing Load vs. Displacement Comparison – 0.25 in. Pin Size Specimen 

 

Figure 105 Bearing Load vs. Displacement Comparison – 0.25 in. Pin Size Specimen 

 

Figure 106 Bearing Load vs. Displacement Comparison – 0.25 in. Pin Size Specimen 
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The results comparison presented a curve overlay of the simulation vs. experimental 

bearing loads for the specimens with two pin sizes. The finite element model showed good 

capabilities in predicting the final strength and displacements of the composite plates. 
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5.1.2.1.2 Longitudinal and Shear Strains 

Longitudinal and shear strains were tracked via DIC. The strains were mapped on the zero-

degree outermost ply of the pin-bearing specimen. The region closest to the pin and laminate 

interaction was chosen as a region of interest for data extraction. Therefore, a 2x2 in. region was 

defined for displacement and strain readings. Figure 107 is a schematic of the region defined for 

DIC. 

 

Figure 107 DIC Region for Strain Mapping – Pin Bearing 

Longitudinal and shear strains were of high interest for understanding the specimen bearing 

behavior. In the ARAMIS, the longitudinal strains were extracted from the AB Section; from the 

middle of the pin, such that the localized deformations were being read. The CD Section was used 

to extract the in-plane shear strains; the section was constructed 0.2 inches above the center of the 

pin. The strain readings were extracted at several load levels and were compared to the finite 
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element simulation results in the same manner. The next plots are a comparison of experimental 

data against simulation results, for both pin sizes.  

 

Figure 108 Longitudinal Strains of 0.375 in. Pin Size Specimen (500 - 2000 lbf.) 

 

Figure 109 Longitudinal Strains of 0.375 in. Pin Size Specimen (2500 - 4000 lbf.) 
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Figure 110 Longitudinal Strains of 0.375 in. Pin Size Specimen (4500 - 5000 lbf.) 

 

Figure 111 Longitudinal Strains of 0.25 in. Pin Size Specimen (500 - 2000 lbf.) 
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Figure 112 Longitudinal Strains of 0.25 in. Pin Size Specimen (2500 - 4000 lbf.) 

The results show the longitudinal behavior of the two specimens with different pin sizes. 

Longitudinal strains are shown along the AB section. A good correlation with the tests can be 

observed after the first load drop. At higher loads, more discrepancy can be evidenced closest to 

the pin area of contact. After the first load drop, the zero-degree plies buckled and a split was 

created. Since the material model developed does not model out of plane effects, the simulation 

shows higher strains for that area of buckling. 
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Figure 113 Shear Strains of 0.375 in. Pin Size Specimen (500 - 2000 lbf.) 

 

Figure 114 Shear Strains of 0.375 in. Pin Size Specimen (2500 - 4000 lbf.) 
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Figure 115 Shear Strains of 0.375 in. Pin Size Specimen (4500 - 5000 lbf.) 

 

Figure 116 Shear Strains of 0.25 in. Pin Size Specimen (500 - 2000 lbf.) 
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Figure 117 Shear Strains of 0.25 in. Pin Size Specimen (2500 - 4000 lbf.) 
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5.1.2.2 MSFC Pin-Bearing Results 

Experiments of pinned-joint composite sandwich panels were conducted at MSFC. Finite 

element analysis was performed to validate the unidirectional tape and fabric material models 

developed. The results comparison consists of the correlation of the maximum bearing capacity of 

specimens from the experiments to the finite element analysis predictions. Since specimens with 

different layups were tested, the results are divided as such.  

5.1.2.2.1 Unidirectional Tape Tests 

The maximum bearing capacity of the unidirectional tape specimens was compared against 

the finite element results. MSFC reported that the conducted tests were stopped as soon as the first 

failure of the joint occurred. Table 14 illustrates the comparison of the results for each of the 

specimens tested. 

Table 14 Results Comparison of MSFC Unitape Bearing Tests 

Pin

Size 

Ply 

Count 
Facesheet Layup 

Bearing Capacity [lbf] 

Test 
Material 

Model 
Deviation 

1/4" 11 A:[45/0/-45/0/0/90/0/0/-45/0/45] 2,763 2,411 -12.70% 

3/8” 11 B:[45/0/-45/0/0/90/0/0/-45/0/45] 3,653 3,615 -1.03% 

3/8” 13 C:[45/0/0/-45/0/0/90/0/0/-45/0/0/45] 4,445 4,186 -5.82% 
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From the finite element analysis, the bearing history of the specimens could be obtained. 

However, the experimental loading history curve remained unavailable. Figure 118 to Figure 120 

present the simulation bearing history curve against the bearing failure value reported from 

experiments. As stated, the tests were stopped once the first load drop occurred, it can be evidenced 

that the material model developed could satisfactorily replicate the experimental behavior. 

 

Figure 118 Bearing Load of Unitape Specimen A - 11 Ply 0.25 in. Pin 
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Figure 119 Bearing Load of Unitape Specimen B - 11 Ply 0.375 in. Pin 

 

Figure 120 Bearing Load of Unitape Specimen C - 13 Ply 0.375 in. Pin 
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5.1.2.2.2 Unidirectional Tape and Fabric Tests 

In addition to the testing of unidirectional tape specimens, specimens with mixed fabric 

and unidirectional tape plies were tested at MSFC. In the same manner, it was reported that the 

tests were stopped once the first load drop was seen in the loading history. Finite element analyses 

were performed to predict and compare the bearing capacity of the specimens. The loading history 

curves from the analyses did not show a clear load drop, instead, a change in slope and behavior 

was observed. Due to the lack of experimental data from these tests, conclusions could not be 

made. Table 15 summarizes the tests of specimens with different stacking sequences, number of 

plies, and failure load from experiments and finite element analysis. 

Table 15 Results Comparison of MSFC Unidirectional Tape and Fabric Bearing Tests 

Pin 

Size 

Ply 

Count 
Facesheet Layup 

Bearing Capacity [lbf] 

Test 
Material 

Model 
Deviation 

3/8" 10 A:[-45F/45F/45/0/-45/90/90/-45/0/45] 3,933 3,495* -11.10% 

3/8” 10 B:[0F/45F/45/0/-45/90/90/-45/0/45] 4,432 4,275 -3.54% 

3/8” 11 C:[45F/45F/45F/45/0/-45/90/90/-45/0/45] 5,206 5182 -0.46% 

3/8 11 D: [45F/0F/45F/45/0/-45/90/90/-45/0/45] 5,268 4,120* -21.80% 

 

Figure 121 to Figure 124 illustrate the loading history of the different specimens obtained 

from finite element analysis. A horizontal line marks the level of bearing load that was reported 

from the experiments. In some cases, a load drop cannot be detected, and failure could not be 

determined.  
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Figure 121 Bearing Load of Unitape and Fabric Specimen A - 10 Ply 0.375 in. Pin 

 

Figure 122 Bearing Load of Unitape and Fabric Specimen B - 10 Ply 0.375 in. Pin 
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Figure 123 Bearing Load of Unitape and Fabric Specimen C - 10 Ply 0.375 in. Pin 

 

Figure 124 Bearing Load of Unitape and Fabric Specimen D - 10 Ply 0.375 in. Pin 

From the bearing, history of specimen D, a change of behavior or slope has been estimated. 

However, it cannot be identified as a load drop nor failure since the load curve keeps progressively 

changing its slope. Figure 125 illustrates the FV’s of all damage and failure modes in this analysis.  
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Figure 125 FV’s of Specimen D 

It can be assessed from Figure 125 that at the point of change of slope of the loading curve, 

failure in the form of matrix cracking and fiber failure had already occurred. Therefore, the change 

of behavior of the loading curve is due to a mix of modes. 

Because of the behavior observed on the loading history of specimens A and D, conclusions 

on the final strength of the specimens could not be made. The first failure drop is indistinguishable 

in these cases. Therefore, Figure 126 and Figure 127 illustrate what are the effects of a different 

residual stiffness applied on the same specimens. It was concluded that experimental data is needed 

to validate and understand the bearing effects of having mixed plies on the same laminate. 
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Figure 126 Specimen A – Bearing Load Comparison with Different Residual Stiffness 

 

Figure 127 Specimen B – Bearing Load Comparison with Different Residual Stiffness 
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5.2 Conclusions and Future Work 

Two-dimensional progressive damage analysis of pinned joints of composites plates has 

been developed in this study. The methodology proposed has shown, via comparison to 

experiments, to be effective in determining the maximum bearing capacity and in-plane 

deformations of pinned joints of composite plates. Nonetheless, the model capabilities are limited 

to out-of-plane loading conditions.  

It is believed that the developed material model and methodology have shown an increase 

in accuracy when analyzing composite structures due to the consideration of damage accumulation 

and further progression. The results showed that predominant damage modes in a bearing loading 

scenario are fiber-matrix shear out and matrix crushing. The developed damage modes played 

crucial roles in determining the bearing capacity of a pinned joint of composite plates.  

It has been identified that further development could be done to the developed material 

models. Experimental data showed that out-of-plane loading conditions would affect the behavior 

of the composite plates. Additionally, in some cases, the model was not capable of detecting the 

first failure or load drop of the pinned joints. In summary, a three-dimensional extension 

accounting for delamination and out of the plane displacements could be further developed to 

improve the capabilities of the material models presented. 
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Material Subroutine (USDFLD) 

FORTRAN CODED USER MATERIAL SUBROUTINE (USDFLD) FOR UNIDIRECTIONAL 

TAPE AND FABRIC MATERIALS 

 

 

   SUBROUTINE 

USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT,TIME,DTIME, 

     1 CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC, 

     2 NDI,nshr,coord,jmac,jmtyp,matlayo,laccflg) 

C 

      INCLUDE 'ABA_PARAM.INC' 

C 

      CHARACTER*80 CMNAME,ORNAME 

      CHARACTER*3  FLGRAY(15) 

      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3),T(3,3),TIME(2), 

     *  coord(*),jmac(*),jmtyp(*) 

      DIMENSION ARRAY(15),JARRAY(15) 

C 

C   DATE: JULY 14TH,2021 

C   AUTHOR: GERARDO ARBOLEDA 

C   CODE WRITTEN TO SIMULATE 2D-MATERIAL DEGRADATION OF COMPOSITES 

SUBJECTED TO TENSION,SHEAR AND COMPRESSIVE LOADING 

C   MATRIX CRACKING, FIBER-MATRIX SHEAR-OUT, MATRIX CRUSHING, FIBER 

FAILURE DAMAGE MODES  

C 

C  DEFINITION OF STATE VARIABLES 

C 

      EMT=STATEV(1) 

      ES=STATEV(2) 

      EMC=STATEV(3) 

      DE22=STATEV(4) 

      EF=STATEV(5) 

      DG12=STATEV(6) 

C 

C GET STRESSES & STRAIN FROM PREVIOUS INCREMENT 

      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,jrcd, 

     $     jmac, jmtyp, matlayo, laccflg) 

      S11 = ARRAY(1) 

      S22 = ARRAY(2) 

      S33 = ARRAY(3) 

      S12 = ARRAY(4) 

      S13 = ARRAY(5) 

      S23 = ARRAY(6) 

      CALL GETVRM('E',ARRAY,JARRAY,FLGRAY,jrcd, 

APPENDIX A (continued) 
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     $     jmac, jmtyp, matlayo, laccflg) 

      E22 = ARRAY(2) 

      E33 = ARRAY(3) 

      E12 = ARRAY(4) 

C 

      IF(CMNAME=='IM7_8552_DAMAGE')THEN 

C  MATERIAL ELASTIC PROPERTIES 

C 

      E2T_0=1.360D6                            !TENSILE TRANSVERSE MODULUS 

      G12_0=0.76D6                             !IN-PLANE SHEAR MODULUS 

      E2C0=1.360D6                             !TRANSVERSE COMPRESSIVE MODULUS E2 

      E1=24.58D6                               !LONGITUDINAL TENSILE MODULUS 

      V12=0.326                                !POISSIONS RATIO V12 

C 

C  MATERIAL STRENGTHS 

C 

      XT=403.29D3                              !TENSILE STRENGTH 

      SC=10D3                                  !SHEAR STRENGTH 

      YT=5.3D3                                 !TENSILE TRANSVERSE STRENGTH 

      YC=35.5D3                                !PLY TRANSVERSE COMPRESSIVE STRENGTH  

      XC=173.4D3                               !PLY LONGITUDINAL COMPRESSIVE STRENGTH 

C 

C  MATERIAL PARAMETERS 

C 

      ALPHA12=5.965D-15                        !IN-PLANE SHEAR NON-LINEAR COEFFICIENT 

      N1=3                                     !IN-PLANE SHEAR RATE OF MATERIAL DEGRADATION 

      N2=3                                     !RATE OF MATERIAL DEGRADATION DUE TO 

TRANSVERSE TENSILE EFFECTS 

      N3=3.....................................!RATE OF MATERIAL DEGRADATION DUE TO 

LONGITUDINAL TENSILE EFFECTS 

      E12_S=1D-1                               !IN-PLANE SHEAR - FAILURE STRAIN 

      E11T_0=1.60D-2                            !LONGITUDINAL FAILURE STRAIN - TENSILE 

      E22C_S=-0.0425                           !TRANSVERSE COMPRESSIVE FAILURE STRAIN 

      E22T_0=389D-5                             !FAILURE TRANSVERSE STRAIN FOR SHEAR AND 

TENSION COMBINED LOADING 

      B=30                                     !COMPRESSIVE - RATE OF MATERIAL DEGRADATION 

FACTOR 

      ALPHA22=3.13D-16                         !TRANSVERSE COMPRESSION NON-LINEAR 

COEFFICIENT 

C 

C SHEAR : IN-PLANE SHEAR NON-LINEAR RELATIONSHIP 

C 

APPENDIX A (continued) 

      IF(E12.NE.0.D0)THEN 
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         DG12=(3.D0*ALPHA12*G12_0*S12**2 - 2.D0*ALPHA12*(S12**3)/E12) / (1.D0 + 

3.D0*ALPHA12*G12_0*S12**2) 

         G12_1=G12_0*(1-DG12) 

      ELSE 

         DG12=0 

      ENDIF 

C 

C COMPRESSION : TRANSVERSE COMPRESSION NON-LINEAR RELATIONSHIP 

C 

      E2C_1=E2C0*(1-DE22)                      !PREVIOUS DEGRADED MODULUS 

      X=E22+((V12/E1)*(S11))                   !E22 RECALCULATION 

      Y=X*E2C_1                                         !S22 RECALCULATION  

      IF(Y.LT.0.D0)THEN 

         DE22=(3.D0*ALPHA22*E2C0*Y**2 - 2.D0*ALPHA22*(Y**3)/X) / (1.D0 + 

3.D0*ALPHA22*E2C0*Y**2) 

         E2C_1=E2C0*(1-DE22) 

      ELSE 

         DE22=0.D0 

      ENDIF 

      IF(DE22.LT.STATEV(4)) DE22=STATEV(4)            !STATEMENT TO PREVENT A 

LOWER DE22 THAN ALREADY CALCULATED 

C 

C TENSION : MATRIX CRACKING - DAMAGE INITIATION & PROGRESSION - 

HASHIN CRITERION 

C 

 

      IF(EMT.LT.1.D0) THEN 

         IF(S22.GT.0.D0)THEN 

             EMT=SQRT((S22/YT)**2 + (S12/SC)**2)            !HASHIN - MATRIX CRACKING 

DAMAGE INITIATOR 

         ENDIF 

      ENDIF 

C      IF(DE2T.LT.STATEV(6)) DE2T=STATEV(6)            !STATEMENT TO PREVENT A 

LOWER DE2T THAN ALREADY CALCULATED 

C 

C TENSILE & COMPRESSION : FIBER BREAKAGE  & FIBER BUCKLING- HASHIN 

CRITERION  

C 

      IF(EF.LT.1.D0)THEN 

         IF(S11.GT.0.D0) THEN 

             EF=S11/XT                                                                   !HASHIN - FIBER BREAKAGE 

APPENDIX A (continued) 

         ELSE 

             EF=(S11/XC)**2                            !HASHIN - FIBER BUCKLING 
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         ENDIF 

      ENDIF 

C 

C SHEAR : FIBER-MATRIX SHEAR-OUT -  DAMAGE INITIATION & PROGRESSION - 

HASHIN CRITERION 

C 

      IF(S22.GT.0.D0)THEN 

         S22_S=S22 

      ELSE 

         S22_S=0.D0 

      ENDIF 

      IF(ES.LT.1)THEN 

         ES=SQRT(((S11/XT)**2) + ((S22_S/YT)**2) + ((S12/SC)**2))            !HASHIN - FIRE-

MATRIX SHEAR-OUT DAMAGE INITIATOR 

      ENDIF 

      IF(ES.GE.1) THEN 

         S=ABS(E12) 

         IF(E11.GT.0.D0 .AND. E11.LT.E11T_0)THEN 

         A1=((E11/E11T_0)**N1)                                             !EFFECTS OF LONGITUDINAL 

TENSILE LOADING 

         ELSE 

         A1=0.D0 

         ENDIF 

         A2=((S/E12_S)**N2)                                                  !EFFECTS OF SHEAR LOADING 

         IF(E22.GT.0.D0 .AND. E22.LT.E22T_0)THEN 

         A3=((E22/E22T_0)**N3)                                             !EFFECTS OF TRANSVERSE 

TENSION LOADING 

         ELSE 

         A3=0.D0 

         ENDIF 

         A=(A1+A2+A3)                                                            !FIBER-MATRIX SHEAR OUT 

DEGRADATION FACTOR DS 

         DS=EXP(-(A))                                                              !FIBER-MATRIX SHEAR OUT 

DEGRADATION FACTOR DS 

         G12_S=DS*G12_1                                                         !IN-PLANE SHEAR MODULUS 

DEGRADATION 

         DG12=1-(G12_S/G12_0)                                               !DEGRADATION FACTOR OF 

IN-PLANE SHEAR MODULUS G12 

      ENDIF 

 

APPENDIX A (continued) 

      IF(DG12.LT.STATEV(6)) DG12=STATEV(6)                                  !STATEMENT TO 

PREVENT A LOWER DE22 THAN ALREADY CALCULATED 

C 
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C COMPRESSION : MATRIX CRUSHING  - F K. CHANG 

C 

      IF(Y.LT.0)THEN 

      IF(EMC.LT.1)THEN             !F.K. CHANG - MATRIX COMPRESSION DAMAGE 

INITIATOR 

         EMC=SQRT((Y/YC)**2) 

      ENDIF 

      IF(EMC.GE.1)THEN             !F.K. CHANG - MATRIX COMPRESSION DEGRADATION 

FACTOR 

         Q=((X/E22C_S)**B) 

         DM=(EXP(-(Q)))            !DEGRADATION COEFFICIENT DUE TO MATRIX 

COMPRESSION DAMAGE 

         E2_MC=DM*E2C_1 

         DE22=1-(E2_MC/E2C0)       !FINAL DEGRADATION FACTOR AFTER NON-LINEAR 

DEGRADATION 

      ENDIF 

      ENDIF 

C 

C FIELD VARIABLES: 

C 

      FIELD(2)=DG12 

      FIELD(4)=DE22 

      IF(EMT.GT.1.D0) FIELD(1)=1.D0 

      IF(DG12.GT.1.D0) FIELD(2)=1.D0 

      IF(EF.GT.1.D0) FIELD(3)=1.D0 

      IF(DE22.LT.0.D0) FIELD(4)=0.D0 

      IF(DE22.GT.1.D0) FIELD(4)=1.D0 

      STATEV(1)=EMT 

      STATEV(2)=ES 

      STATEV(3)=EMC 

      STATEV(4)=DE22 

      STATEV(5)=EF 

      STATEV(6)=DG12 

ENDIF 

      IF(CMNAME=='FABRIC_DAMAGE')THEN 

C  MATERIAL ELASTIC PROPERTIES 

C 

      E2T_0=11.67D6                            !TENSILE TRANSVERSE MODULUS 

      G12_0=9.44D5                             !IN-PLANE SHEAR MODULUS 

APPENDIX A (continued) 

      E2C0=10.37D6                             !TRANSVERSE COMPRESSIVE MODULUS E2 

      E1=11.86D6                               !LONGITUDINAL TENSILE MODULUS 

      V12=0.046                                !POISSIONS RATIO V12 

C 
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C  MATERIAL STRENGTHS 

C 

      XT=136.7D3                              !TENSILE STRENGTH 

      SC=12D3                                 !SHEAR STRENGTH 

      YT=132.6D3                              !TENSILE TRANSVERSE STRENGTH 

      YC=105D3                                !PLY TRANSVERSE COMPRESSIVE STRENGTH  

      XC=113.1D3                              !PLY LONGITUDINAL COMPRESSIVE STRENGTH 

C 

C  MATERIAL PARAMETERS 

C 

      ALPHA12=5.06D-15                         !IN-PLANE SHEAR NON-LINEAR COEFFICIENT 

      N1=3                                     !IN-PLANE SHEAR RATE OF MATERIAL DEGRADATION 

      N2=3                                     !RATE OF MATERIAL DEGRADATION FOR 

TRANSVERSE TENSILE EFFECTS 

      N3=3                                     !RATE OF MATERIAL DEGRADATION FOR 

LONGITUDINAL TENSILE EFFECTS 

      E12_S=1D-1                               !IN-PLANE SHEAR - FAILURE STRAIN 

      E11_S=1.20D-2                            !LONGITUDINAL FAILURE STRAIN - TENSILE 

      E22T_0=1.14D-2                           !TRANSVERSE FAILURE STRAIN - TENSILE  

      E22C_S=-0.012                            !TRANSVERSE COMPRESSIVE FAILURE STRAIN 

      B=28                                     !COMPRESSIVE - RATE OF MATERIAL DEGRADATION 

FACTOR 

      ALPHA22=9.7784D-19                       !TRANSVERSE COMPRESSION NON-LINEAR 

COEFFICIENT 

C 

C SHEAR : IN-PLANE SHEAR NON-LINEAR RELATIONSHIP 

C 

      IF(E12.NE.0.D0)THEN 

         DG12=(3.D0*ALPHA12*G12_0*S12**2 - 2.D0*ALPHA12*(S12**3)/E12) / (1.D0 + 

3.D0*ALPHA12*G12_0*S12**2) 

         G12_1=G12_0*(1-DG12) 

      ELSE 

         DG12=0 

      ENDIF 

C 

C COMPRESSION : TRANSVERSE COMPRESSION NON-LINEAR RELATIONSHIP 

C 

      E2C_1=E2C0*(1-DE22)                !PREVIOUS DEGRADED MODULUS 

APPENDIX A (continued) 

      X=E22+((V12/E1)*(S11))             !E22 RECALCULATION 

      Y=X*E2C_1                                  !S22 RECALCULATION  

      IF(Y.LT.0.D0)THEN 

         DE22=(3.D0*ALPHA22*E2C0*Y**2 - 2.D0*ALPHA22*(Y**3)/X) / (1.D0 + 

3.D0*ALPHA22*E2C0*Y**2) 
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         E2C_1=E2C0*(1-DE22) 

      ELSE 

         DE22=0.D0 

      ENDIF 

      IF(DE22.LT.STATEV(4)) DE22=STATEV(4)                !STATEMENT TO PREVENT A 

LOWER DE22 THAN ALREADY CALCULATED 

C 

C TENSION : MATRIX CRACKING - DAMAGE INITIATION & PROGRESSION - 

HASHIN CRITERION 

C 

      IF(Y.GT.0.D0)THEN 

      IF(EMT.LT.1.D0) THEN 

         EMT=SQRT((Y/YT)**2 + (S12/SC)**2)                     !HASHIN - MATRIX CRACKING 

DAMAGE INITIATOR 

      ENDIF 

      IF(EMT.GE.1)THEN                                                       !DAMAGE PROGRESSION 

         DE2T=1 

      ENDIF 

      ENDIF 

C 

C TENSILE & COMPRESSION : FIBER BREAKAGE  & FIBER BUCKLING- HASHIN 

CRITERION  

C 

      IF(EF.LT.1.D0)THEN 

         IF(S11.GT.0.D0) THEN 

             EF=S11/XT                                                          !HASHIN - FIBER BREAKAGE 

         ELSE 

             EF=(S11/XC)**2                                                  !HASHIN - FIBER BUCKLING 

         ENDIF 

      ENDIF 

C 

C SHEAR : FIBER-MATRIX SHEAR-OUT -  DAMAGE INITIATION & PROGRESSION - 

HASHIN CRITERION 

C 

      IF(S22.GT.0.D0)THEN 

         S22_S=S22 

      ELSE 

APPENDIX A (continued) 

         S22_S=0.D0 

      ENDIF 

      IF(ES.LT.1)THEN                                 

         ES=SQRT(((S11/XT)**2) + ((S22/YT)**2) + ((S12/SC)**2))          !HASHIN - FIRE-

MATRIX SHEAR-OUT DAMAGE INITIATOR 

      ENDIF 
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      IF(ES.GE.1) THEN 

         S=ABS(E12) 

         IF(E11.GT.0.D0 .AND. E11.LT.E11T_0)THEN 

         A1=((E11/E11_S)**N1)                                            !EFFECTS OF LONGITUDINAL 

TENSILE LOADING 

         ELSE 

         A1=0.D0 

         ENDIF 

         A2=((S/E12_S)**N2)                                              !EFFECTS OF SHEAR LOADING 

         IF(E22.GT.0.D0 .AND. E22.LT.E22T_0)THEN 

         A3=((E22/E22T_0)**N3)                                        !EFFECTS OF TRANSVERSE 

TENSION LOADING 

         ELSE 

         A3=0.D0 

         ENDIF 

         A=(A1+A2+A3)                                                    !FIBER-MATRIX SHEAR OUT 

DEGRADATION FACTOR DS 

         DS=EXP(-(A))                                                       !FIBER-MATRIX SHEAR OUT 

DEGRADATION FACTOR DS 

         G12_S=DS*G12_1                                                 !IN-PLANE SHEAR MODULUS 

DEGRADATION 

         DG12=1-(G12_S/G12_0)                                        !DEGRADATION FACTOR OF IN-

PLANE SHEAR MODULUS G12 

      ENDIF 

      IF(DG12.LT.STATEV(6)) DG12=STATEV(6)                               !STATEMENT TO 

PREVENT A LOWER DE22 THAN ALREADY CALCULATED 

C 

C COMPRESSION : MATRIX CRUSHING  - F K. CHANG 

C 

      IF(Y.LT.0)THEN 

      IF(EMC.LT.1)THEN             !F.K. CHANG - MATRIX COMPRESSION DAMAGE 

INITIATOR 

         EMC=SQRT((Y/YC)**2+(S12/SC)**2) 

      ENDIF 

      IF(EMC.GE.1)THEN             !F.K. CHANG - MATRIX COMPRESSION DEGRADATION 

FACTOR 

APPENDIX A (continued) 

         Q=((X/E22C_S)**B) 

         DM=(EXP(-(Q)))            !DEGRADATION COEFFICIENT DUE TO MATRIX 

COMPRESSION DAMAGE 

         E2_MC=DM*E2C_1 

         DE22=1-(E2_MC/E2C0)  !FINAL DEGRADATION FACTOR AFTER NON-LINEAR 

DEGRADATION 

      ENDIF 
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      ENDIF 

C 

C FIELD VARIABLES: 

C 

      FIELD(2)=DG12 

      FIELD(4)=DE22 

      IF(EMT.GT.1) FIELD(1)=1.D0 

      IF(DG12.GT.1) FIELD(2)=1.D0 

      IF(EF.GT.1) FIELD(3)=1.D0 

      IF(DE22.LT.0.D0) FIELD(4)=0.D0 

      IF(DE22.GT.1.D0) FIELD(4)=1.D0 

      STATEV(1)=EMT 

      STATEV(2)=ES 

      STATEV(3)=EMC 

      STATEV(4)=DE22 

      STATEV(5)=EF 

      STATEV(6)=DG12 

      ENDIF 

      RETURN 

      END 

 

 

 

 

 

 

 

 


