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ABSTRACT 
 
 

This document presents results from a numerical study of the progressive 

damage capabilities of the MAT162 material model in Ls-DYNA explicit finite element 

code. Single-shear fastener lap joint of multi-directional laminates made of AS4/3501-6 

carbon/epoxy unitape plies were used in the study. MAT162 is a progressive damage 

model which utilizes Hashin failure criteria to evaluate damage initiation and progression 

in fabric and unidirectional composite plies. [45/-45/0/90]2S, [45/0/-45/90]2S and [30/-

30/0/90]2S laminates have been investigated in this study. The analysis included 

unnotched, open-hole and single-shear lap joints using fasteners. Remote stress-strain 

curves, damage initiation and damage progression are presented for all the analyzed 

cases. The analyses indicate matrix cracking as the damage initiator at off-axis ply 

interfaces in [45/-45/0/90]2S, [45/0/-45/90]2S and [30/-30/0/90]2S laminates. Matrix 

cracking propagation led to delamination at the 0°/90° interface. The load transferred 

through the fastener was 30% for the [45/-45/0/90]2S and [45/0/-45/90]2S laminates and 

25% for the [30/-30/0/90]2S laminate. Brittle net section failure was the failure mode 

identified in all the analyzed specimens, which agrees with previous experimental work 

carried out by several authors. 
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CHAPTER 1 

INTRODUCTION 

Composite structures are prevalent in a wide range of industrial applications [1]. 

Their mechanical properties high performance as well as their low density makes them a 

preferable material in the aerospace industry [1], a market where cost and weight 

reductions are crucial to long term performance and reduction in operational costs. 

Metal structures are predominant in a majority of the aerospace airframes due to 

the vast amount of material knowledge gained through decades of experiences [2]. The 

lesser experience in composite structures, in contrast to the available documentation in 

metals, necessitates large testing tasks to determine their capabilities and properties. 

Testing requires planning, standardization to avoid human factors, quality control, 

high technology equipment to capture macroscopic and  microscopic events, repetitions, 

and many other factors. One of the most expensive requirements mentioned is 

repetitions. Computer simulation based on Finite Element Analysis (FEA) is a very 

popular way to reduce testing costs in engineering. 

The FEA method consists of a computer-based mathematical solution to approach 

engineering structural problems. Simulations have become very powerful because they 

provide a good, reasonable approximation of a real physical problem and facilitate 

iterations with small modifications into the original model. In contrast to live testing, FEA 

gives the opportunity to study the internal mechanisms during a structural failure event. 

The advantage of this ability is to observe events such as crack generation, crack growth 

and propagation, or matrix and fiber failure in composites. Another advantage of FEA is 



 

2 
 

the possibility of extending the properties and knowledge gained in the coupon level test 

to a sub-assembly or full-assembly state. 

Composite coupon level testing is most often performed at quasi-static rates of 

loading. Such quasi-static structural analysis is simulated preferably by using an implicit 

approach, but could also be dealt with an explicit scheme solution with the limitation of a 

small time step. Explicit solvers are preferred when modeling dynamic problems. One of 

the most popular explicit solvers on the market using, which a lot of work has been done, 

is LS-DYNA [7], for which there is a large amount of available publications on coupon 

testing. 

Live testing is frequently followed by the inspection of the specimen. Defects in 

composite structures are difficult to detect. Non-destructive inspections are necessary to 

detect defects or damage in composites structures, due to the difficulty of perceiving 

damage visually. This has been one of the latest challenges in the simulation world in the 

past years: developing a solution to determine and assess progressive damage in 

composites numerically, specially structural joints [1]. 

Structural joints in sub-assemblies are areas of high transfer load in aerospace 

structures [4]. Fastener locations are usually the weakest zones where damage initiates. 

The stress concentrations, induced by the presence of a hole and the transfer of the 

bearing load caused by the joint, are responsible for the degradation of the laminate 

strength properties [5][6]. Consequently, these areas are studied in great detail to 

guarantee a safe performance of the joint area under structural loads. A popular way to 

evaluate the capabilities of fastener connections is by means of testing at a coupon level. 

This type of coupon level exercise requires a planned test campaign with several test 
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repetitions and involves high cost in material. FEA may be used to reduce the necessary 

amount of coupon level testing and develop a master model which permits the tester to 

study the effects of variables such as fastener type, clamp-up loads, ply properties, and 

stacking sequence with no material cost. While using simulation is very attractive to 

understand the mechanics behind the structural problem, it requires a well calibrated and 

verified model addressing issues such as mesh sensitivity [11], contact, damage initiation, 

propagation [32], material property degradation as a function of damage [10][16], strain-

rate sensitivity [29], etc. Although the elastic response of fastener joints have been 

extensively studied experimentally and using numerical models [4][5][6][43], the 

prediction of damage and its propagation leading to ultimate failure of the joint is a very 

challenging problem. Numerous failure criteria have been used by various researchers, 

along with customized material degradation laws [16][17][18]. 

In the present study the capabilities of MAT162, a composite damage material 

model in LS-DYNA explicit finite element software has been evaluated for a fastener joint. 

Fastener joints are used even in composite airframe structures due to the practical 

limitations associated with non-destructive inspection of adhesive joints. In the presence 

of fastener joints, the fastener holes act as damage initiation sites which eventually lead 

to structural failure. During crash simulations using full-scale aircraft models, the joints 

are simplified [43] due to their sheer number and the necessity to control the minimum 

computational time step. It is necessary to first understand the behavior and mechanics 

associated with the fastener joints using a detailed numerical model. The effectiveness 

of simplified joint models can then be evaluated using the detailed model results as a 

baseline.  
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In the present research, a single-shear fastener joint configuration for 

multidirectional laminates made of AS4/3501-6 carbon/epoxy plies has been used in the 

simulations. The fastener joint was used as a test bed to evaluate the MAT162 material 

model for its capability to predict (a)the global responses of the joint, (b) failure initiation, 

and (c) damage propagation eventually leading to structural failure. 
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CHAPTER 2 

LITERATURE REVIEW 

The simulation of dynamic loading events are ever-increasing due to the high 

costs and practical limitations associated with physical testing, and the enhanced safety 

requirements. LS-DYNA is one of the most popular finite element packages for dynamic 

simulations. Its materials model library offers various failure criteria options for 

composites such as Tsai-Wu [17], Chang-Chang [18] and Hashin [16]. In particular, one 

material model, MAT161-162 , contains a formulation for strain-rate sensitivity including 

progressive damage prediction capability for delamination, fiber failure, matrix failure and 

fiber crushing. Several studies have been carried out by Gama [28][29][41] using 

transverse impact scenarios for fabrics and multidirectional lay-ups. Also, coupon level 

simulations on carbon/epoxy laminates have been carried out by several authors 

[26][28][35][36][37][38][39] using analytical progressive damage models to predict failure. 

The following sections provide an overview of the composite material models 

available in LS-DYNA and the previous work done by other authors in simulating 

progressive damage and analyzing the tensile fracture in notched specimens. 

2.1 Composite Material Cards in LS-DYNA 

LS-DYNA offers a large variety of material models based on different materials 

types, failure theories, failure modes, loading rates, etc. The LS-DYNA material cards 

manual [9] was reviewed to determine a suitable material card to simulate progressive 

damage in composite laminates. The composite material cards available in the software 

are MAT022, MAT054-55, MAT058, MAT161-162 and MAT219. 
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2.1.1 MAT022 Composite Damage [9] 

MAT022 is composite damage model for orthotropic materials. This material is 

applicable to two dimensional shell elements and requires an additional card to correct 

the constant shear strain profile through thickness created by the element type 

discretization. MAT022 assesses three different failure modes: tensile fiber mode, tensile 

matrix mode and compressive matrix mode. 

2.1.2 MAT054-55 Enhanced Composite Damage [9] 

MAT054-55 is an enhanced version of MAT022 formulated for arbitrary 

orthotropic materials. It is only applicable to shell elements. Similar to MAT022, a shear 

correction must be applied to modify the constant shear profile through thickness output 

by shell elements. MAT054-55 assesses four failure modes: tensile fiber mode, 

compressive fiber mode, tensile matrix mode and compressive matrix mode. Moreover, 

two more damage variable outputs provide the user with the maximum element strain on 

the in-plane directions (x- and y-) and quantify the element damage by means of a 

damage scale ranging from 0 to 1. 

2.1.3 MAT058 Laminated Composite Fabric [9] 

MAT058 further expands on MAT054-55’s capabilities by implementing material 

formulation for shell and thick shell elements. This material model is also applicable to 

three dimensional solid elements. MAT058 includes stress limit factors which mimic the 

softening behavior of the material. 

2.1.4 MAT161-162 Composite MSC Damage [10] 

MAT161-162 is a progressive damage model developed by the Center for 

Composite Materials at University of Delaware [14]. The double numbering reference 
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(161 and 162) is due to the extra card included in MAT162 to account for the Matzenmiller 

damage approach [15], which characterizes the softening of the strength properties after 

damage initiation. Several references [28][29][31][35] refers to this material card model 

simply as MAT162.  

Unidirectional and multidirectional laminates, as well as fabrics, can be simulated 

with MAT162. The failure criteria used to evaluate fiber and matrix failure modes is 

Hashin’s criterion [16]. Two damage model options are available: one for unidirectional 

laminas and a second one for fabrics. MAT162 formulates the damage failure in terms of 

strain components to compute the degradation of strength along with damage 

progression. 

This research document will discuss the progressive damage of multidirectional 

laminates. To build a multidirectional laminate by means of MAT162, it is necessary to 

select the unidirectional lamina damage option inside the material card. The unidirectional 

lamina damage option analyzes six damage modes [10]: three concerning fiber failure 

and three in terms of matrix failure. Each failure mode contains a damage threshold rk 

which depends on the strain in the kth direction (εk) and its associated yield strain (εky). 

       𝑟𝑘 =
𝜀𝑘

𝜀𝑘𝑦
         (2.1) 

Equation 2.2 depicts how the damage model accounts for fiber damage along the 

fiber direction (a). Damage variable f1 is associated with tension-shear fiber mode [10] 

and r1 is its corresponding threshold. Macaulay brackets are applied to the strain in the 

fiber direction 〈𝜀𝑎〉, accounting only for positive strain values. Other parameters in 

equation 2.2 are the updated elastic modulus Ea, the in-plane shear strains εab and εca, 
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fiber tensile strength SaT and shear strength SFS, and the shear modulus Gab and Gca 

associated with εab and εca, respectively. 

      𝑓1 − 𝑟1
2 = (

𝐸𝑎〈𝜀𝑎〉

𝑆𝑎𝑇
)

2

+ (
𝐺𝑎𝑏

2 𝜀𝑎𝑏
2 +𝐺𝑐𝑎

2 𝜀𝑐𝑎
2

𝑆𝐹𝑆
2 ) − 𝑟1

2 = 0      (2.2) 

Equation 2.3 illustrates how fiber damage is evaluated along the transverse 

direction. Damage variable f2 is associated with compression fiber mode [10] and r2 is its 

corresponding threshold. εb and εc are the strains in the transverse plane, and Eb and Ec 

are their associated elastic modulus. SaC is the compressive strength in the fiber direction. 

Macaulay brackets are also applied to Equation 2.3 to account for positive values of the 

function contained within them. 

 𝑓2 − 𝑟2
2 = (

𝐸𝑎〈𝜀𝑎
′ 〉

𝑆𝑎𝐶
)

2

− 𝑟2
2 = 0  𝜀𝑎

′ = −𝜀𝑎 −
〈−𝐸𝑐𝜀𝑐−𝐸𝑏𝜀𝑏〉

2𝐸𝑎
= 0   (2.3) 

Equation 2.4 is formulated the fiber damage evaluation due to crush under 

pressure. Damage variable f3 is associated with crush fiber mode [10] and r3 is its 

corresponding threshold. SFC is the lamina strength against crush. Macaulay brackets are 

applied to Equation 2.4 to account only for negative strain along the thickness direction. 

      𝑓3 − 𝑟3
2 = (

𝐸𝑐〈−𝜀𝑐〉

𝑆𝐹𝐶
)

2

− 𝑟3
2 = 0      (2.4) 

Equation 2.5 assesses matrix damage. Damage variable f4 is associated with 

transverse compressive matrix mode [10] and r4 is its corresponding threshold. SbC is the 

compressive strength in the transverse direction. Macaulay brackets are applied to 

Equation 2.5 to account only for negative strain in the transverse direction. 

      𝑓4 − 𝑟4
2 = (

𝐸𝑏〈−𝜀𝑏〉

𝑆𝑏𝐶
)

2

− 𝑟4
2 = 0      (2.5) 
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Equation 2.6 evaluates matrix damage. Damage variable f5 is associated with 

perpendicular matrix mode [10] and r5 is its corresponding threshold. Equation 2.6 

Macaulay brackets account for positive strain in the transverse direction, while Equation 

2.7 Macaulay brackets takes into account only negative strain values. SbT is the tensile 

strength along the transverse direction, εbc the shear strain in the bc plane and Gbc its 

corresponding shear modulus. Sab0 and Sbc0 are quasi-static shear strength values in the 

ab and bc planes, respectively. 

 𝑓5 − 𝑟5
2 = (

𝐸𝑏〈𝜀𝑏〉

𝑆𝑏𝑇
)

2

+ (
𝐺𝑏𝑐𝜀𝑏𝑐

𝑆𝑏𝑐0+𝑆𝑆𝑅𝐵
)

2
+ (

𝐺𝑎𝑏𝜀𝑎𝑏

𝑆𝑎𝑏0+𝑆𝑆𝑅𝐵
)

2
− 𝑟5

2 = 0   (2.6) 

       𝑆𝑆𝑅𝐵 = 𝐸𝑏 tan(𝜑) 〈−𝜀𝑏〉      (2.7) 

Equation 2.8 predicts delamination in the inter-laminar interface. The matrix 

damage variable is also denominated as parallel matrix mode (delamination) [10]. The 

scale factor S helps to correlate delamination between simulation and experiment. In 

Equation 2.8, Macaulay brackets account for positive strain along the transverse 

direction, while in Equation 2.9, Macaulay brackets takes into account only negative strain 

values. Sca0 is the quasi-static shear value in the ca plane. 

       𝑓6 − 𝑟6
2 = 𝑆2 {(

𝐸𝑐〈𝜀𝑐〉

𝑆𝑐𝑇
)

2

+ (
𝐺𝑏𝑐𝜀𝑏𝑐

𝑆𝑏𝑐0+𝑆𝑆𝑅𝐶
)

2
+ (

𝐺𝑐𝑎𝜀𝑐𝑎

𝑆𝑐𝑎0+𝑆𝑆𝑅𝐶
)

2

} − 𝑟6
2 = 0   (2.8) 

       𝑆𝑆𝑅𝐶 = 𝐸𝑐 tan(𝜑) 〈−𝜀𝑐〉      (2.9) 

After damage initiation, the material model evaluates damage evolution by 

applying a damage function (𝜔𝑖), which is related to the damage threshold rj. The 

laminate strength properties are degraded with the increasing of the damage function 

(𝜔𝑖), until the laminate fails. The following equations show how stiffness properties are 

degraded by MAT162 damage model [10]: 
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    𝜔𝑖 = 1 − 𝑒𝑥𝑝 {
1

𝑚𝑗
(1 − 𝑟𝑗

𝑚𝑗)}       𝑟𝑗 ≥ 1    (2.10) 

     𝐸𝑘 = (1 − 𝜔𝑖) ∗ 𝐸𝑘0      (2.11) 

, where 𝜔𝑖 is the damage factor, 𝑟𝑗 represents the damage thresholds, 𝐸𝑘 is 

the elastic modulus along the kth direction and 𝐸𝑘0 its corresponding initial value. 

MAT162 contains damage history parameters associated with the six failure 

modes to output the laminate damage. The history parameters are: fiber mode along the 

a direction, fiber mode along the b direction, fiber crush, perpendicular matrix mode, 

parallel matrix/delamination mode and element delamination indicator. 

Table 1 presents the damage variables concerning the progressive damage 

associated with this material model. 

Table 1 MAT162 progressive damage variables [10]. 

Variable ID Description 

7 Fiber mode a 

8 Fiber mode b 

9 Fiber crush mode 

10 Perpendicular matrix mode 

11 Parallel matrix/delamination mode 

12 Element delamination indicator 
 

2.1.5 MAT219 Orthotropic Simplified Damage [9] 

MAT219 is a material model valid only for 3D solid elements. Reduced and full 

integration formulations are admissible for this material card. As an orthotropic simplified 

damage material, it assess damage by means of nine variables, which correspond to 

tension, compression and shear damage in the three orthotropic directions. 



 

11 
 

2.2 Previous Work 

Progressive damage prediction in composites is a popular topic in which several 

researchers have intensified investigation efforts to develop an accurate numerical 

approximation to the progressive damage problem. Many studies have investigated the 

progression of damage in composites, focusing on the inter-laminar damage which is not 

identifiable by visual inspection. 

Large amount of documentation ([36],[37],[38],[39]) is available concerning 

experimental methods for composite coupon testing as well as previous experiments on 

some type of laminates such as CFRP for open-hole and notched specimens. 

2.2.1 Progressive Damage 

Progressive damage, as indicated by Daniel and Ishai [1], is directly related to 

matrix crack growth from the first damage appearance at lamina level until the laminate 

reaches characteristic limiting crack density. Previous experiments on quasi-isotropic 

laminates of stacking sequence [0/±45/90]S presented in [1] indicate that the first failure 

mechanism is transverse cracking in the 90 degree layer. After failure initiates, lamina 

properties weaken due to the increase of the lamina local stress. The progression of 

failure leads to degradation of lamina strength until the limiting stress factor is reached, 

which is denominated as ultimate lamina failure [1]. At the laminate level, damage 

propagation along the specimen is highly influenced by the inter-laminar shear stresses 

present at the interface of two laminas with different fiber orientation [1]. 

Several damage theories explore the progressive damage problem. Some of 

them are Tsai-Wu [17], Maximum Stress [1] and Hashin [16]. Figure 1 presents analytical 
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data comparing these theories predictions for a AS4/3501-6 laminate under biaxial normal 

loading. 

 

Figure 1 First-ply-failure envelopes for a [0/±45/90]S AS4/3501-6 at 124 °C [1]. 

Tsai-Wu theory [17] is the least conservative prediction for the compression-

compression region. In contrast, Tsai-Hill, Maximum Stress and Hashin theories [1][16] 

are more conservative than Tsai-Wu. From the numerical point of view, it seems more 

reasonable to verify FEM under the more conservative theories, avoiding over predicted 

failure strength. In addition to the analytical comparison of the different theories, Daniel 

and Ishai [1] collected experimental data for a [90/±45/0]S AS4/3501-6 laminate published 

by Swanson et al. ([19][20][21]) and presented in Figure 2. 
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Figure 2 Failure envelope for [90/±45/0]S AS4/3501-6 laminate under biaxial loading [1]. 

Daniel and Ishai [1] reported that limit or non-interactive theories (Maximum 

Stress, Maximum Strain) and failure-mode-based theories (Hashin) are capable of 

identifying failure modes. Other theories such as fully interactive (Tsai-Wu, Tsai-Hill) do 

not provide a method to identify and assess the failure modes. This fact limits the use of 

certain theories when correlating experimental and finite element results. The 

visualization advantage of FEA ends up being pointless when the damage model is not 

allowed to reproduce the laminate failure mode. Therefore, for a more extensive 
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progressive damage analysis, failure theories such as Hashin implemented into a finite 

element code appears to be the most complete numerical solution. 

Gama, Bogetti and Gillespie Jr [29] carried out a study on the effect of softening 

properties and strain rate in composite laminates using MAT162. The material chosen for 

this study was a plain weave S-2 Glass/SC15. A single-element simulation study was 

performed to calibrate initial input parameters and populate a completed material model 

to evaluate progressive damage. The increase of the softening coefficients indicated a 

non-linear reduction of the axial and in-plane stresses respectively for each softening 

parameter. The authors concluded that the softening parameters affect the results 

sensitivity and must be calibrated for each scenario to avoid inaccurate energy absorption 

capabilities in the composite material. Also, the authors stated that any preliminary 

analytical studies using MAT162 should be verified by reproducing an standardized 

testing scenario, such as ASTM standard tests [13]. Figure 3 shows the effects of 

changing the AM parameters, which control the strain softening behavior, for an axial 

tension loading case available extracted from [29]. 
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Figure 3 Axial Tension Load Parametric Study. AM1=AM2, AM3=AM4=4.0 [29]. 

Xiao et al. [28] investigated impact strength of a S-2 glass/SC-15 laminate on a 

punch-shear load test. The MAT162 card was created for a plain weave S-2 glass/SC-15 

to predict damage and delamination. Experiment results indicated a dependence of the 

laminate strength on the thickness. The thicker the laminate, the higher the strength 

capabilities and the lower the damage . This agrees with the energy absorption 

capabilities of a thicker laminate along the thickness direction. Figure 4 illustrates the test 

fixture and Figure 5 shows the equipment used during the test as documented by Xiao et 

al. [28]. 
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Figure 4 Punch-shear test fixture scheme [28]. 

 

Figure 5 Punch-shear experiment equipment [28]. 

Xiao et al. concluded that the experimental and analytical results were 

satisfactory with a proper calibration of the FEM material softening parameters. 

Establishing a methodology to obtain the material properties under the studied type of 

load was a key factor for the success of the analysis. 

Deka, Bartus and Vaidya [30] conducted experiments to correlate impact test of 

a E-glass/polypropylene laminate with FEA for several laminate thicknesses. MAT162 
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was used to predict the progressive damage. One of their findings was the sensitivity of 

the strain rate coefficient in the finite element material model, which in case of CERATE1 

presented an unstable behavior for values outside of the 0.002-0.05 range. Also, the 

energy absorption capability of an impact scenario was correlated by calibrating 

adequately the softening parameters. 

2.2.2 Coupon Level Experiments 

Lee et al. [35] analyzed and simulated composite laminates for underwater 

vehicle propellers applications. To optimize the propeller structural properties, 

experimental and analytical work was conducted at lamina and laminate level. A complete 

experimental campaign of coupon level test was performed for several loading cases 

such as tension, compression, shear in plane (V-notch) and transverse shear. The 

composite material used for these experiments was carbon/epoxy for UD and plain-

weave laminates. Figure 6 shows the post-test images of some of the specimens failed 

in tension, which were verified as acceptable failure modes per the corresponding test 

standards. 
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Figure 6 Failure modes observed in coupon level test [35]. 

Figure 7 presents the test data recorded for the UD 0 degree tension and UD 90 

degree tension specimens. It can be observed that the curves indicate a failure strength 

for the UD 0 tension tests between 1,700 MPa to 2,000 MPa and a failure strain between 

0.014 to 0.016. 

 

Figure 7 Coupon Level Test [35]. Stress-strain curves for tension tests. 

Similarly, other coupon level failure modes experiments were tested to gather the 

most amount of material properties with the aim of populating a representative MAT162 
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card for the studied carbon/epoxy laminate. These properties covered fiber strength 

properties, as well as matrix and lamina properties.  

To verify the populated carbon/epoxy material cards for unidirectional and plain-

weave laminas, Lee et al. [35] conducted a verification exercise. Figure 8 presents the 

verification results for the UD 0 degree specimen under tension loading. 

 

Figure 8 UD 0 degree verification analytic results [35]. 

Explosive fiber failure is observed as well as a good correlation between test and 

analysis. Curve slopes do not indicate a stain rate effect due to the calibrated strain rate 

coefficients which are present in MAT162. Similarly, a more extensive verification task 

was performed for the rest of the failure modes and loading configurations. 

2.2.3 Notched Experiments 

O’Higgins et al. [38] conducted experiments for open-hole CFRP and GFRP 

specimens to compare their strength capabilities. Four different stacking sequences were 

used in their study: [45/0/-45/90]2S, [90/0]4S, [90/0]2S and [902/02]S. Some of the lessons 

learnt of this study are that CFRP laminates have better tensile strength capabilities than 

GFRP laminates and in contrast, GFPR reaches higher failure strain values. Progressive 
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damage in the specimens was initiated with matrix cracking in the ±45° plies, followed by 

extensive delamination before failure. 

Chen et al. [11] performed a numerical analysis to evaluate the effect of OHT 

sizing in composite laminates. Abaqus [22] was the solver chosen to carry out the FEA 

task and Pinnho’s failure criteria [39] was applied to the FEM. The authors stated that not 

modeling delamination failure leads to a considerable mesh size dependency and an 

overestimated strength predictions. To address this issue, Chen et al. applied the 

cohesive elements theory to evaluate the onset and propagation of delamination within 

the laminate. The study concluded that the criterion and methods applied were limited to 

predict delamination failure. Also, it was not possible to represent with enough accuracy 

the laminate stress concentrations and the strength predictions indicated high sensitivity 

to the cohesive element failure definition. 

Green et al. [36] conducted an investigation on the effect of hole dimensions and 

thickness on the laminate strength properties. Hole diameter and width proportions were 

kept constant throughout the investigation. A symmetric and balanced stacking sequence 

was used for this study [45m/90m/-45m/0m]ns. Thickness had an inverse effect on the 

strength properties: the thicker the laminate, the lower the failure strength. Also, it was 

observed that thicker laminates mitigate the delamination propagation on the hole edges 

and decreases the delamination failure strength. It was also stated that the increase of 

the hole diameter would have the opposite result in the delamination failure strength. 

Camanho et al. [37] carried out experimental and numerical work to assess the 

effect of hole size in notched specimens made of carbon/epoxy material. The material 

considered for this study was Hexcel’s IM7-8552 carbon/epoxy unidirectional tape. A 
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continuum damage model was formulated to evaluate the stress state of the laminate and 

ASTM standard D5766 [24] recommendation were followed for the experimental exercise. 

The specimen remote stress decreased when the hole diameter was extended. Net 

section failures were observed for all the specimens, what correlates with the standard 

indications. Mesh sensitivity check was performed to show that the continuum damage 

model formulated for the analysis in Abaqus [22] resulted in a mesh size independent 

FEM. Some of the conclusions by Camanho et al. [12] are that fiber-based failure criteria 

are not enough to predict size effects in notched composites. Failure in notched 

composites under tensile loading is usually due to matrix cracking in combination with 

delamination failure, which are failure modes associated to a matrix failure definition. 

Also, a limitation on the effectiveness of Linear Elastic Fracture Mechanics was identified 

for hole diameters smaller than 2 mm and for larger size which stress failure converge to 

a constant value. 

Camanho et al. [12] extended the work done on his previous research [37] to 

develop a new failure model to predict open-hole tensile strength of composite laminates. 

The same Hexcel IM7-8552 UD laminate was taken into consideration for this study. The 

innovative concept introduced by the authors was to define a failure criteria that 

determines laminate failure when both stress and energy absorption failure criteria are 

satisfied. Camanho et al. [12] concluded with a successful performance of the criteria 

defined to predict catastrophic damage for brittle and pull-out failures. A limitation in the 

approach is pointed out by the authors, warning that this method will not be effective for 

specimens in which delamination is the principal cause of failure. This an important 
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limitation that must be taken into account when choosing the failure theory behind a finite 

element model progressive damage model. 

In conclusion, this literature review has shed light on the damage theories 

available in literature as well as the extensive work previously carried out by other authors 

concerning the evaluation of progressive damage for composite materials. Most of the 

previous efforts were focused on material characterization with models capable of 

evaluating the damage progression within composite laminates. Nevertheless, there is a 

lot of work left on applying these findings to common structural problems such as joint 

structures. The study of structural joints, as previously indicated in Chapter 1, is a crucial 

engineering problem in the aerospace industry, due to the stress concentrations 

associated to this type of connections. The present document contributes to extend the 

knowledge on this area by characterizing an AS4/3501-6 MAT162 material card and 

providing predictions for several multidirectional laminates for open-hole coupon and 

single-shear lap joints using fasteners. 
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CHAPTER 3 

RESEARCH OBJECTIVES 

The present work seeks to evaluate MAT162 progressive damage capabilities to 

predict damage initiation and propagation in multidirectional laminates. A verification 

exercise is necessary to corroborate the validity of the material properties in the analysis. 

Damage initiation and progression will be assessed on an open-hole specimen and a 

single-shear fastener lap joint subjected to remote tensile loading. 

The objectives pursued of this work are: 

 Populate a material card with progressive damage prediction capabilities 

applicable to any AS4/3501-6 multidirectional laminate. 

 Confirm damage assessment capabilities for open-holes specimens, 

correlating simulation with any available experimental data previously 

populated by other authors. 

 Predict damage progression for single-shear fastener lap joint of multi-

directional laminates and evaluate fiber orientation contribution to the 

laminate strength. 
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CHAPTER 4 

MATERIAL CARD DEFINITION 

This section discusses the steps followed to obtain the parameter values for LS-

DYNA MAT162 material card for a unidirectional graphite/epoxy AS4/3501-6 lamina. 

Properties at the lamina level were extracted from testing data available in literature [26]. 

4.1 AS4/3501-6 Mechanical Properties 

AS4/3501-6 composite material is made of AS4 carbon fibers and 3501-6 epoxy 

matrix. Their mechanical lamina properties were obtained from literature [27] and 

summarized in Table 2. 

Table 2 Mechanical properties of an AS4/3501-6 unidirectional lamina [27]. 

Material AS4/3501-6 

Fiber volume fraction Vf 0.6 

Longitudinal modulus E1 126 GPa 

Transverse modulus E2 11 GPa 

In-plane shear modulus G12 6.6 GPa 

Major Poisson’s ratio ν12 0.28 

Through thickness Poisson’s ratio v23 0.4 

Longitudinal tensile strength XT 1,950 MPa 

Longitudinal compressive strength XC 1,480 MPa 

Transverse tensile strength YT 48 MPa 

Transverse compressive strength YC 200 MPa 

In-plane shear strength S12 79 MPa 
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4.2 Material Card Generation 

Based on lamina properties at 0 degree fiber orientation, it is possible to populate 

MAT162 parameters which define material  and strength properties. 

There are variables within the card which require testing calibration such as 

strength softening and strain rate parameters. This thesis research work does not intend 

to carry out any physical testing tasks. Instead, efforts made by other authors in obtaining 

these parameters will be taken into account to define representative values for this 

variables. 

The AM parameters, which contribute to softening the properties after damage 

initiates, were applied in accordance with the findings made by Lee et al. [35] for a similar 

multidirectional carbon fiber laminate. Due to the absence of available strain rate 

properties in literature for AS4/3501-6, CERATE parameters will be neglected in this 

research. Discrepancies due to strain rate effects, if present during the verification 

process, will be discussed. 

Table 3 presents the MAT162 card assembled with the experimental data 

collected in literature ([26],[27],[35]). 
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Table 3 MAT162 cards of an AS4/3501-6 material. 

Card 1 MID RO EA EB EC PRBA PRCA PRCB 

- 1.59e-09 126,000 11,000 11,000 0.1 0.2 0.2 

Card 2 GAB GBC GCA AOPT MACF    

6,600 1,567 1,567 2 0    

Card 3 XP YP ZP A1 A2 A3   

0 0 0 0 0 1   

Card 4 V1 V2 V3 D1 D2 D3 BETA  

0 0 0 0 1 0 0  

Card 5 SAT SAC SBT SBC SCT SFC SFS S_AB 

1,950 1,480 48 200 79 2,500 405 41 

Card 6 S_BC S_CA SFFC AMODEL PHIC E_LIMIT S_DELM  

55 55 0.35 1 10 0.005 1.2  

Card 7 OMGMX ECRSH EEXPN CERATE1 AM1    

0.999 0.8 1.1 0 1.0    

Card 8 AM2 AM3 AM4 CERATE2 CERATE3 CERATE4   

0.001 0.5 0.3 0 0 0   

All parameters within the material card were expressed in LS-DYNA default units 

[8]. LS-DYNA units are introduced in Table 4. 

Table 4 LS-DYNA units. 

Variable Units 

Length Millimeter [mm] 

Time Second [s] 

Mass Tonne [T] 

Force Newton [N] 

It must be noted that the BETA parameter, which indicates the fiber orientation, 

has been defined as zero to represent a unidirectional lamina orientated along the 

longitudinal direction. Nevertheless, this BETA parameter can be modified in accordance 

to the fiber orientation at each ply. For instance, for a AS4/3501-6 lamina oriented 
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perpendicularly to the longitudinal axis, BETA will be equal to 90 degree. Note that, for a 

specified stacking sequence, it is necessary to create as many material cards with a 

different BETA parameter as different fiber orientation are contained within the laminate. 

As per the material card manual indications [10], due to the fact that nodes on 

the ply interface must be merged in the FEM definition, when two plies with same fiber 

orientation are stacked together, their BETA parameter must be different. This condition 

is key for the material model to predict damage at the ply interface. This issue can be 

solved by rotating one of the laminas by 180°. For instance, at a 0° to 0° interface, BETA 

angles must be defined in their correspondent material cards as 0° and 180° respectively. 
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CHAPTER 5 

MATERIAL CARD VERIFICATION 

The following section introduces the verification process carried out to correlate 

the material card developed in Chapter 4 for an AS4/3501-6 multidirectional composite. 

As per indication of MAT162 developers in some of their verification publications [29], a 

standardized testing method was used to verify AS4/3501-6 material card properties. 

The ASTM standard selected for the verification, D3039/D3039M [23], is the most 

common test method performed to obtain tensile properties out of composite laminates. 

5.1 Coupon Geometry Creation 

The verification coupon geometry was created based on the indications in the 

standard test documentation D3039 [23] for a 0 degree unidirectional coupon. Figure 9 

shows the coupon dimensions scheme. 

 

Figure 9 Specimen geometry (not to scale). 

A representative ply thickness of 0.2mm was defined based on previous work 

performed by other authors [26]. Therefore, in accordance to the thickness defined by 

D3039 standard, the verification coupon will be formed by 5 plies with the following 

stacking sequence [05] or based on MAT162 nomenclature [0,180,0,180,0]. The 0-180 

interface was defined to maintain the lamina interface between plies as previously 

presented in section 4.2. 
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5.2 Coupon Mesh 

The finite element analysis method consists of a geometry discretization, 

commonly known as mesh, which it is used to calculate an approximate solution of the 

state of stress of a certain problem. 

To carry out the verification analysis of the MAT162 elaborated for material 

AS4/3501-6, the coupon geometry introduced in section 5.1 was meshed. The accuracy 

of the solution approximation depends, as indicated by Reddy [42], on the mesh density. 

The finer the mesh, the more accurate the solution. Hence, a mesh sensitivity study was 

performed to evaluate the convergence of the FE solution as the mesh becomes finer. 

In this document, the coupon mesh size is specified as the minimum element size 

on the lamina face. It is implied that due to the ply thickness, there will be five elements 

across the thickness with a minimum element size (thickness) of 0.2 mm. This 

dimensional value will fix the time step of the explicit analysis [1]. Figure 10 shows the 

three mesh sizes selected to populate the three coupon which will be the object of study 

during the mesh sensitivity exercise. 
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Figure 10. Coupons mesh size. 

3D solid elements were selected to mesh the coupons. In spite of the fact that 

shell elements are less expensive computationally than solid elements in LS-DYNA, solid 

elements are preferred for this type of analysis because they better capture the 

deformations in the three direction axis than shell elements. 

Table 5 provides the mesh specification of the three meshed coupons. 

Table 5 Coupons mesh specifications. 

Coupon Number 
of nodes 

Number of 
elements 

Max. 
Size 

Min. size across 
thickness 

Elements through 
thickness 

1.0 mm 24,096 18,750 1.0 mm 0.2 mm 5 

0.8 mm 29,735 22,500 0.8 mm 0.2 mm 5 

0.5 mm 92,628 74,550 0.5 mm 0.2 mm 5 
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5.3 Analysis 

A finite element analysis was performed to verify the MAT162 material card 

created for an AS4/3501-6 composite. Test data for lamina level at 0 degree orientation 

is available in Soden et al. previous work [27]. This test data involves a AS4/3501-6 

lamina under a tensile load along the longitudinal direction. Table 6 includes the data 

point recorded by the experiment authors. 

Table 6 Longitudinal tensile stress strain curve of an AS4/3501-6 lamina. 

Strain (%) Stress (MPa) 

0.0 0.0 

0.157 200 

0.235 300 

0.321 400 

0.388 500 

0.463 600 

0.537 700 

0.610 800 

0.682 900 

0.754 1,000 

0.824 1,100 

0.893 1,200 

0.962 1,300 

1.029 1,400 

1.095 1,500 

1.160 1,600 

1.224 1,700 

1.287 1,800 

1.380 1,950 



 

32 
 

The following sections discuss the finite element model preparation in 

accordance to the ASTM standards indications, as well as the mesh dependency of the 

results and the verification conclusions. LS-DYNA was the solver used to carried out this 

analysis. 

5.3.1 FEM Preparation 

The orphan mesh associated to the specimen was formed by eight-node 

hexahedral elements. LS-DYNA reduced integration element formulation (ELFORM=1) 

[8] was used for this analysis. This type of formulation contains one integration point in 

the center of each hexahedral element [7]. Consequently, as a good practice to capture 

any kind of bending behavior in the specimen, it is recommended to have a minimum of 

three elements across the thickness direction. For this analysis, every FEM contained five 

elements through its thickness, which it translates into one through thickness per ply. In 

addition, to account for the energy penalization of reduced-integration elements [3], LS-

DYNA Flanagan-Belytschko hourglass formulation (IHQ=5) [8] with a factor of 0.05 was 

applied to the model. 

Test constraints and boundary conditions were applied to the three meshed 

coupons. As per indication of the standard D3039 [23], tabs must have a gripping surface 

of 56 mm of the specimen length from the bottom and pull 56 mm of length from the top 

of the coupon area. 

The clamped region was modeled by means of a SPC (single-point-constraint) 

applied to the nodes located in the gripped region. The SPC constrained the displacement 

in the x-, y- and z- axis. It was not necessary to restrict the rotation because solid element 

nodes have no rotational degrees of freedom. 
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A prescribed motion was applied to the nodes located in the top region where the 

experiment tabs pull the specimen along the vertical axis. The prescribed motion contains 

a displacement rate of one inch per second, decreasing the analysis computational time 

by reducing the amount of time necessary to reach failure. 

Figure 11 contains the scheme of the specimen constraints and boundary 

conditions. 

 

Figure 11 Specimen FEM preparation scheme. 
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In Figure 11, node set A highlights the top area which is pulled at a constant 

displacement of 1 in./s along the z- axis. Node set B indicates the bottom clamped region 

for which displacements along the three directions were constrained. Node sets C and D 

are cross-sections at which forces and displacements were read to populate force-

displacement curves, as well as stress-strain curves. 

ASTM standard D3039 [23] recommends to pull the coupon at a constant speed 

that leads to failure in 1-10 minutes. This is an non-affordable amount of time for an 

explicit analysis. Because of this, the pulling ratio must be increased accordingly to 

achieve failure in a period of time of 10 milliseconds, which is the termination time 

selected for this dynamic event. Hence, the FEM sustained a constant speed of 1 in/sec 

which is translated into a tensile force applied on the vertical axis. 

5.3.2 Mesh Sensitivity Study 

As previously mentioned, a mesh sensitivity study was carried out to assess the 

mesh dependency of the analytical results. Mesh size can be critical in problems where 

stress concentration are present in specific specimen regions which needs to be properly 

captured. The finer the mesh in the over-stressed region, the closer the solution gets to 

its correspondent experimental value. In general, a courser mesh leads to stiffer behavior, 

providing higher failure strength and strain than the experimental results. 

The following sections introduce the analysis conducted for a 1.0mm, 0.8mm and 

0.5mm mesh size. It must be noted that the element size through thickness remained at 

0.2mm in all three cases due to the non-variable stacking sequence and ply thickness. 

Hence, all meshes contain five solid elements across the thickness direction. All 

simulations were run in a 12 cores machine and SMP format for solution consistency. 
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Output data such as d3plots, loads and displacements were recorded with a time 

frequency of 0.1 milliseconds. 

5.3.2.1 Lamina Mesh Size 1.0 mm 

Figure 9 geometry was meshed with an average element size of 1.0mm on the 

ply surface. Constraints and boundary conditions were applied to the orphan mesh in 

accordance to section 5.3.1 instructions. Figure 12 illustrates the kinematics of the 1.0mm 

meshed rectangular coupon. 

 

Figure 12 Kinematics 1.0 mm mesh size. 

Figure 12 implies an explosive failure of the AS4/3501-6 coupon under tension 

loading, or in accordance to ASTM D3039 [23] mode failure nomenclature, a XGM failure 

mode. The kinematics illustrate failure by means of an aligned vertical element erosion, 

what represents fiber failure. A high amount of elements eroded because of the large 

lamina maximum element size.  
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Engineering stress was evaluated by reading loads at cross-section C 

(introduced in section 5.3.1) and dividing them by the initial cross-section area. Also, 

engineering strain was determined by using as a reference the distance between two 

remote nodes along the z axis. The corresponding stress-strain curve is presented in 

Figure 15. 

5.3.2.2 Lamina Mesh Size 0.8 mm 

Figure 9 geometry was meshed with an average element size of 0.8mm on the 

ply surface. Constraints and boundary conditions were applied to the orphan mesh in 

accordance to section 5.3.1 instructions. Figure 13 illustrates the kinematics of the 0.8mm 

meshed rectangular coupon. 

 

Figure 13 Kinematics 0.8 mm mesh size. 
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Figure 13 indicates an explosive failure of the AS4/3501-6 coupon under tension 

loading, or in accordance to ASTM D3039 [23] mode failure nomenclature, a XGM failure 

mode. The kinematics illustrate fiber failure on the last time frame recorded. 

Engineering stress was calculated by reading loads at cross-section C 

(introduced in section 5.3.1) and dividing them by the initial cross-section area. Also, 

engineering strain was determined by using as a reference the distance between two 

remote nodes along the z axis. The corresponding stress-strain curve is presented in 

Figure 15. 

5.3.2.3 Lamina Mesh Size 0.5 mm 

Figure 9 geometry was meshed with an average element size of 0.5mm on the 

ply surface. Constraints and boundary conditions were applied to the orphan mesh in 

accordance to section 5.3.1 instructions. Figure 14 illustrates the kinematics of the 0.5mm 

meshed rectangular coupon. 
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Figure 14 Kinematics 0.5 mm mesh size. 

Figure 14 implies an explosive failure of the AS4/3501-6 coupon under tension 

loading, or in accordance to ASTM D3039 [23] mode failure nomenclature, a XGM failure 

mode. The kinematics illustrate fiber failure on the last time frame recorded. 

Engineering stress was calculated by reading loads at cross-section C 

(introduced in section 5.3.1) and dividing them by the initial cross-section area. Also, 

engineering strain was determined by using as a reference the distance between two 

remote nodes along the z axis. The corresponding stress-strain curve is presented in 

Figure 15. 

5.3.2.4 Mesh Dependency Conclusions 

After carrying out the analysis of three different coupon meshes created in 

accordance to ASTM standard D3039 [23] instructions, a mesh dependency behavior 

was identified in the analytical results. Nevertheless, explosive failure occurred in all three 
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cases. This fact gives credit to the FEM preparation and provides confidence to accept 

the FEM methods followed. 

Figure 15 gathers the stress-strain curves for the three element sizes analyzed. 

 

Figure 15 AS4/3501-6 stress-strain for rectangular coupon. Mesh size comparison. 

Linear and consistent Young Modulus is registered in all three analytical curves 

in Figure 15. The linear behavior of the curves is due to material model formulation. A 

higher elastic modulus is observed for the experimental data due to the fiber alignment 

with the loading axis. The re-orientation of the manufactured lamina fibers along the 

vertical axis under a tensile load leads to an increase in laminate stiffness as observed 

Figure 15. 

Table 7 collects the quantitative data obtained from the mesh sensitivity analysis. 
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Table 7 Stress and strain failure values of the mesh sensitivity study. 

Specimen Stress 
[MPa] 

Stress deviation 
[%] 

Strain 
[mm/mm] 

Strain Deviation 
[%] 

1.0 mm 1781.2 -8.66 0.0150 +8.69 

0.8 mm 1771.2 -9.17 0.0149 +8.11 

0.5 mm 1716.6 -11.96 0.0142 +3.47 

By studying the analytical data on Table 7, there is clear trend which establishes 

that the finer the mesh, the closer the engineering strain gets to the experimental solution. 

However, due to the stiffer behavior of the experimental specimen, more conservative 

stress values are reached at failure during the analysis. 

MAT162 is formulated based on Hashin´s failure criterion [16], and therefore, with 

a strain-based formulation [14].The assumption of neglecting strain rate parameters in 

the material card was accepted while creating the AS4/3501-6 material model. In 

compliance to Hashin´s criterion, the closest solution to the actual experimental strain 

value must be selected as the adequate mesh option for this thesis study. Hence, a mesh 

size of 0.5mm on the lamina surface was determined to the best mesh size option out of 

the three mesh sizes analyzed. 

5.3.2.5 Damage Evaluation 

The progressive damage variables (introduced in Table 1) contour plots for the 

selected mesh size are included in Figure 16 and Figure 17. Matrix cracking concentrates 

near the tabs as variable 10 indicates in Figure 16. At failure σF, Figure 17 illustrates that 

all damage modes highlight a certain amount of damage. 
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Figure 16 AS4/3501-6 MAT162 damage variables for 0.5mm mesh at σ=1123 MPa. 

 

Figure 17 AS4/3501-6 MAT162 damage variables for 0.5mm mesh at σF=1716 MPa 
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5.3.3 Verification Conclusions 

In conclusion, a tensile test standard (D3039) was simulated to verify the material 

strength properties of an AS4/3501-6 unidirectional laminate. Analytical results were 

compared to the experimental data found in literature. 

Factors such as element size and mesh sensitivity were taken into account in 

order to select the appropriate lamina element size. The minimum element size of the 

specimen was 0.2mm for three mesh sizes. This dimension corresponds to the element 

size through thickness. 

Although Reddy pointed out in his introduction to the finite element method [42] 

that convergence to the actual solution will be closer as the mesh becomes finer, it is also 

true that the finer the mesh, the higher the computational time. Increasing the 

computational time is a consequence of larger amount of nodes and a smaller 

characteristic length [3]. 

Table 8 presents the computational time needed to simulate the FEM verification 

for the three mesh sizes introduced in the previous sections. A 12 cores machine was 

employed to run the simulations on a SMP format. 

Table 8 Computational time of the verification analysis. 

Lamina Mesh Size Computational Time 

1.0 mm 1 hrs. 25 min. 

0.8 mm 1 hrs. 41 min. 

0.5 mm 4 hrs. 33 min. 
 

A mesh size of 0.5 mm on the lamina face appears to be enough to capture micro 

events at the coupon level test with enough accuracy, such as matrix cracking, fiber failure 
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or delamination. In addition, the computational time required to reach termination is 

affordable for the current study. Hence, due to the quality of the approximation and the 

computational cost, 0.5mm was selected as the lamina mesh size for the open hole 

coupon study analysis and the single lap-shear test prediction. 

It must be noted that a tensile load along the fiber axis constitutes a trivial 

verification case. The verification of combined stress states which promote matrix 

dominated failures may be done by means of off-axis coupon loading simulations. The 

verification exercise carried out in this section could be extended as a continuation of this 

work by performing an off-axis test simulation, evaluating the corresponding failure mode 

and verifying it with experimental data. 

Additional information concerning the necessary experiments to verify MAT162 

performance are included in APPENDIX C. 
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CHAPTER 6 

OPEN HOLE STUDY 

This chapter discusses the preliminary studies done at open-hole coupon level 

before conducting the single lap-shear simulation. A standardized test to obtain open-

hole tensile strength properties was referenced with the aim of guaranteeing a realistic 

behavior of the FEM which will be used for single-shear lap joint test with a fastener. No 

available experimental data concerning an open-hole tensile strength test was found for 

an AS4/3501-6 composite material during the literature review. However, a comparison 

against a carbon fiber laminate of similar strength properties is provided [38]. 

ASTM D5766/D5766M standard [24] was followed to create the open-hole  

specimen geometry which captures stress concentrations and reproduces failure in 

accordance to this standards failure modes. 

The following sections present the steps followed to create the specimen 

geometry, setup the FEM and conduct the finite element analysis to verify the failure 

mode. 

6.1 D5766/D5766M Open-Hole Specimen Geometry 

The specimen geometry used in this study is in compliance with ASTM 

D5766/D5766M recommendations [24]. One of the most significant conditions to comply 

with the standard geometry is the stacking sequence definition. The stacking sequence 

should be confined within a thickness range of 2-4 mm and the laminate must contain a 

minimum of two different fiber orientations, as well as a symmetric and balanced stacking 

sequence. 
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It has been proven that stacking sequences such as [45i/-45i/0j/90k]ms and 

[45i/0j]ms commonly yield acceptable failure modes for this standard test. The stacking 

sequence combinations must be applied preferably to specimens with configuration A, as 

described in the standard [24]. 

Figure 18 illustrates the specimen geometry dimensions recommended by the 

D5766/D5766M standard test [24]. 

 

Figure 18 D5766/D5766M specimen geometry [24]. 

The admissible failure modes for this test are very well documented. Hence, any 

specimen tested under the standard conditions will fail similarly to one of the acceptable 



 

46 
 

failure modes registered. Figure 19 contains the ASTM acceptable failure modes for this 

open-hole tensile strength experiment. 

 

Figure 19 D5766/D5766M acceptable open-hole tensile failure modes [24]. 

The standard test documentation introduces some round-robin data results from 

testing carried out by different laboratories with the aim of verifying the standardized 

procedures. Table 9 presents the average stress failure values for representative carbon 

fiber with a [45i/-45i/0j/90k]ms stacking sequence. 

Table 9 ASTM D5766/D5766M representative stress failure values [24]. 

Material Type Stacking 
sequence 

Failure 
strength 

Carbon Fiber 
modulus 

A Carbon/brittle epoxy fabric [45/0/-45/90]s 277 MPa 234 GPa 

B Carbon/toughened epoxy 
tape [45/0/-45/90]2s 415 MPa 289 GPa 

C Carbon/thermoplastic tape [45/0/-45/90]2s 476 MPa 289 GPa 
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6.2 FEM Creation 

Similarly to the steps followed during the material verification chapter, a standard 

coupon geometry was created referencing the D5766/D5766M [24] suggested 

dimensions. The geometry was meshed with a lamina mesh size of 0.5mm as concluded 

in section 5.3.3 and the boundary conditions defined by the standard D5766/D5766M [24] 

were applied. Due to the fact that an AS4/3501-6 composite is somewhere between 

material A and B types introduced in Table 9, simulations results are expected to indicate 

failure between Material A and B failure strength. With the aim of analyzing similar but not 

the identical stacking sequence,[45//-45/0/90]2s will be considered as the main stacking 

sequence for this chapter. Analytical results were compared to experimental data for a 

similar carbon/epoxy laminate [38]. 

6.2.1 Geometry 

As per the indications of the standard D5766/D5766M [24], a coupon geometry 

for configuration A was populated. Configuration A was selected in accordance to the 

stacking sequence chosen for this analysis: [45/-45/0/90]2s. 

Figure 20 illustrates the open-hole coupon geometry created to develop the FEM. 

 

Figure 20 Open-hole specimen geometry (not to scale). 



 

48 
 

It must be noted that the total thickness of the specimen is 3.2 mm, what is in 

compliance with the 2-4 mm thickness range allowed by the standard. 

6.2.2 FEM Preparation 

The open-hole specimen FEM was created with same element type and element 

characteristics than the verification coupon FEM (section 5.3.1). 

Considering the results from the mesh sensitivity study, the open-hole geometry 

was meshed with a minimum element size on the lamina surface of 0.5mm. This element 

size permitted to capture stress concentrations as well as progressive damage effects 

during the tensile test analysis. 

The boundary conditions applied to the FEM, as specified in the ASTM 

D5766/D5766M standard [24], are also defined in accordance with the ones from the 

standard D3039/D3039M [23]. The bottom part of the specimen must be clamped, which 

in the FEM applies to restrict the node displacements of the bottom solid element nodes 

in the three axis (solid element nodes have not defined rotation degrees of freedom at 

nodal locations). The top part of the coupon was pulled in the vertical axis (z- axis) at a 

displacement ratio of 1 in/s. The displacement ratio was defined in accordance to the 

verification test loading ratio to maintain consistency in the methodology applied and also 

with the aim of reducing the computational time required to reach failure. 

Figure 21 presents the FEM scheme of the open-hole specimen created for this 

chapter. 
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Figure 21 Open-hole coupon FEM scheme. 

In Figure 21, node set A highlights the top area which is pulled at a constant 

displacement of 1 in./s along the z- axis. Node set B indicates the bottom clamped region 

for which displacements along the three directions were constrained. Node sets C and D 

are cross-sections at which forces and displacements can be read. 

The FEM model contains sixteen plies at four different orientations. Based on the 

MAT162 formulation, at least four different AS4/3501-6 material cards must be created 
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for each of the four fiber orientations: 0°, 90°, 45° and -45°. Coincident nodes between 

plies are merged as per MAT162 manual indications [10]. Merging nodes allows the 

material model creating virtual interfaces between plies, which facilitates to assess 

progressive damage and detect initiation and growth of delamination. This method is 

computationally cheaper than defining contact interfaces to account for delamination 

behavior. The material properties parameters input in the material cards were presented 

previously in section 4.2. 

The selected stacking sequence [45/-45/0/90]2s introduces a specific combination 

of plies in the middle of the coupon which contains two plies next to each other oriented 

at 90 degrees. In accordance to MAT162 manual [10], for the material model to create a 

virtual interface between them, both plies must have a different fiber orientation. 

Therefore, the solution applied in this case was to rotate one of the two plies 180 degrees, 

what leads the combination sequence to be 90/270 degrees and the creation of two 

AS4/3501-6 individual material cards for each angle orientation. 

6.3 Analysis 

A finite element analysis was carried out reproducing the ASTM D5766/D5766M 

standard conditions. The purpose of using a test standard as a reference is to correlate 

the failure modes between the standardized data and the simulation, to increase the 

credibility in the analysis methods employed to create an open-hole coupon baseline for 

the single lap-shear analysis. 

The FEM prepared in section 6.2.2 was simulated under the specified boundary 

conditions on a 12-cores machine using SMP format. Output data such as d3plots, loads 

and displacements were recorded with a time frequency of 0.1 milliseconds. 
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Experimental data available in [38] was compared to a similar [45/0/-45/90]2S 

laminate with the aim of verifying the validity of the open-hole FEM definition. An 

additional [30/-30/0/90]2S laminate was simulated to increase the analytical data 

spectrum. 

6.3.1 Specimen Failure 

The constant displacement applied led the specimen to fail as expected. Failure 

occurred due to net section collapse. Base on the ASTM D5766/D5766M standard, the 

failure mode present in the specimen was a Lateral Gage Middle mode (LGM). This is 

one of the acceptable failure modes recorded in the D5766 standard for a configuration 

A coupon of stacking sequence [45/-45/0/90]2s. 

Figure 22 shows the kinematics of the open-hole tensile test simulation. The last 

kinematic frame presents the net section brittle failure. 

 

Figure 22 Open-hole coupon tensile test kinematics. 
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Figure 23 provides with a closer view of the hole inner edge kinematics before 

ultimate failure. It can be observed that the first element fails on the inner edge. This 

region is where the highest stress concentration occurs during the tensile test. 

 

Figure 23 Open-hole coupon tensile test. Hole failure. 

Figure 24 presents the stress-strain curves corresponding to the open-hole 

tensile test of several AS4/3501-6 multidirectional laminates with different stacking 

sequences. Engineering values were calculated for stress and strain. Engineering stress 

was calculated on a remote region far away from the hole (cross-section D on Figure 21). 

Similarly, engineering strain was calculated by measuring the relative distance between 

two nodes far away from each other along the vertical axis. Experimental data populated 

by Higgins et al. [38] for a carbon/epoxy laminate with similar strength properties are 

included in Figure 24. 
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Table 10 explains the symbol nomenclature used in Figure 24 to identified 

damage initiation in the laminate during the loading process. 

 

Figure 24 Stress-strain curves of an AS4/3501-6 open-hole specimen. 

Table 10 Open-hole failure initiation symbol nomenclature. 

 

Figure 24 indicates that [45/0/-45/-90]2S laminate failed at 393.7 MPa and at 

0.0086 strain. In contrast to the experimental data, these values are slightly higher in 

terms of stress, but valid in terms of strain. Taking into account MAT162 strain formulation 

nature, which is based on Hashin’s failure criteria, a conservative 2% strain deviation in 

the analytical results for the [45/0/-45/-90]2S laminate is an acceptable result. 
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6.3.2 Specimen Damage 

This section introduces the damage variable outputs obtained from the 

progressive damage model for the [45/-45/0/90]2s laminate. Figure 25 through Figure 32 

present the damage evolution along the simulation until failure. 

In Figure 25, the first matrix failure is recorded in variable 10. The elements 

located in the inner edge appear highlighted, what indicates damage. Matrix cracking 

initiates in this region due to the stress concentration on the hole boundary caused by 

inter-laminar shear stresses on the ±45 degree plies. 

In Figure 26 matrix cracking starts growing as tensile load increases. No damage 

was recorded for the other variables at this instant. 

In Figure 28 matrix damage propagates faster on the ±45 plies as cracking growth 

orientation indicates. These plies sustain most of the shear stresses present within the 

coupon at this instant. First delamination is registered in variable 12 at the 90 degree 

interface. 

In Figure 29 matrix cracking is the predominant damage within the coupon 

indicating catastrophic propagation. It must be noted that the top and bottom inner edge, 

which sustained compression, did not see matrix damage at this stress state. In addition, 

delamination growth was observed at the 90 degree interfaces. 

In Figure 30 delamination failure grows along the matrix propagation orientation 

(±45). At this stress state delamination initiates on the lateral external free edges. The 

lateral external free edges are the second highest stressed region after the hole edges. 

In addition, variable 7, which records fiber damage along the vertical axis, shows the first 

damaged elements. 
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Figure 31 presents the instant before ultimate failure occurs. The matrix cannot 

sustain any more damage because it is completely cracked. Delamination is almost full-

propagated along the 90 interfaces and critically extended on the +45 degree interfaces 

in contact with the 90 degree plies.. Fiber damage grew along the coupon mid-section, 

indicating the propagation direction in which failure concluded. 

Figure 32 shows the coupon damage at failure. No damage caused by fiber crush 

failure mode was reported as expected. 

 

Figure 25 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 79.9 MPa. 
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Figure 26 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 133.9 MPa. 

 

 

Figure 27 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 185.3 MPa. 
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Figure 28 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 251.3 MPa. 

 

 

Figure 29 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 277.6 MPa. 
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Figure 30 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 319.2 MPa. 

 

 

Figure 31 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at 348.3 MPa. 
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Figure 32 AS4/3501-6 open-hole [45/-45/0/90]2s. Damage variables at failure. 

6.3.3 Delamination Propagation 

Figure 33 through Figure 36 illustrate delamination propagation for the [45/-

45/0/90]2s laminate from the moment it was initiated at the 90 degree ply until the last 

instant before ultimate failure. 

Due to the balanced symmetry of the stacking sequence [45/-45/0/90]2s, only half 

of the plies are presented. Damage is mirrored for the other half of the staking sequence. 



 

60 
 

 

Figure 33 [45/-45/0/90]2s delamination interface of outer plies oriented at ±45 degree. 

 

Figure 34 [45/-45/0/90]2s delamination interface of mid-plies oriented at 0-90 degree. 
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Figure 35 [45/-45/0/90]2s delamination interface of inner plies oriented at ±45 degree. 

 

Figure 36 [45/-45/0/90]2s delamination interface of central plies oriented at 0-90 degree. 
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6.3.4 Conclusions 

The open-hole tensile test study based on the developed material card for a 

AS4/3501-6 multidirectional laminate was successful. Following the ASTM 

D5766/D5766M standard, the specimen performance was evaluated under tensile load. 

Table 11 collects the stress-strain failure predictions obtained in this chapter for 

the three stacking sequence simulated. 

Table 11 AS4/6501-6 open-hole failure strength and strain for various laminates. 

Laminate Failure Strength [MPa] Failure Strain [mm/mm] 

[45/-45/0/90]2S 359.2 0.0079 

[30/-30/0/90]2S 516.8 0.0078 

[45/0/-45/90]2S 393.7 0.0086 

All specimens reached failure in accordance with the standard from a qualitative 

and quantitative point of view. Brittle failure on the net section, or as referred by the ASTM 

standard, LGM failure mode, was the failure mode observed. 

Matrix cracking was the initiator of the specimen damage. Cracking propagation 

led the coupon to experience delamination at the 90 degree plies and catastrophically 

extend it throughout the specimen until the open hole laminate net section collapsed. 

Analytical and experimental results for the [45/0/-45/-90]2S laminate indicated a 

good correlation. The analytical stress-strain curve showed a 2% lower strain failure then 

than experimental stress-strain curve for the same stacking sequence. 

Figure 37 through Figure 39 show the energy balance for the open-hole tension 

simulations. Artificial hourglass energy was recorded below 1 % of the total energy before 

failure occurred for the three laminates. Such as small value validates the hourglass 
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formulation selected during the FEM preparation. Negligible kinetic energy values confirm 

the absence of inertial effects during the OHT simulations. 

 

Figure 37 [45/-45/0/90]2S AS4/3501-6 OHT simulation. Energy Balance. 

 

Figure 38 [30/-305/0/90]2S AS4/3501-6 OHT simulation. Energy Balance. 
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Figure 39 [45/0/-45/90]2S AS4/3501-6 OHT simulation. Energy Balance. 

Figure 40 and Figure 41 compare delamination propagation and matrix damage 

present in the three open-hole specimens at the same stress level. [30/-30/0/90]2S 

laminate sustains lesser matrix cracking than the other two laminates because of the 

higher contribution of ±30° plies to the tensile properties along the 0° direction than ±45° 

plies. 
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Figure 40 Comparison of the matrix damage variable between the three open-hole 

specimens at a remote stress of 219 MPa. 

 

Figure 41 Comparison of the delamination variable between the three open-hole 

specimens at a remote stress of 251 MPa. 

Additional contour plots with the corresponding damage variable for [30/-

30/0/90]2S and [45/0/-45/90]2S laminates are presented in APENDIX A. 
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CHAPTER 7 

SINGLE-SHEAR LAP JOINT 

This chapter presents the simulation work performed to obtain failure prediction 

of a single-shear lap joint test for an AS4/3501-6 multidirectional laminate. Conclusions 

will be representative of a conventional aerospace connection introducing stress gradient 

into the laminates by means of the fastener. 

A single-shear lap FEM assembly was created to replicate the experiment 

conditions of this particular joint case. Failure strength and strain predictions are provided 

in this chapter, as well as an evaluation of damage initiation and propagation on the 

composite specimen. 

7.1 Single Lap-Shear 

Single lap-shear joints for composites and metals have been extensively 

researched and tested. Joint connections can be created in several ways, such as 

adhesive joint or fastener connections. Experimental data for similar composite laminates 

such as AS4/3501-6 was not available for comparison. Some researchers provide 

experimental failure values which supports their statements, but it is insufficient to 

reproduce their work or compared it to analytical data such as simulation outputs. 

Nevertheless, there are publications such as Zinzuwadia’s [43], which provide methods 

and good practices to reproduce the fastener connection to adequately simulate a single 

lap-shear joint test. 

Previous work done by Zinzuwadia [43] concluded that detailed joint models 

perform better at the specimen level, and therefore, Zinzuwadia suggested to discretized 
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in detail fastener connections when possible. Consequently, to assess accurately the 

damage problem, a fastener FEM must be created.  

7.2 FEM Creation 

This section explains the steps followed to create the FEM which was employed 

to conduct a single lap-shear test for an AS4/3501-6 laminate. Geometry creation, FEM 

preparation, contact definition and fastener pre-loading are some of the topics covered. 

7.2.1 Assembly Geometry 

The specimen’s geometry, which was subjected to a single lap-shear test, was 

developed from the open hole coupon baseline analyzed in Chapter 6. The longitudinal 

length of the mentioned coupon was symmetrically extended to allow a generous gripping 

surface between the composite laminate and the load transfer plate. Therefore, the open-

hole coupon was enlarged from 200 mm to 300 mm, creating 50 mm of additional gripping 

surface on the top and bottom areas of the laminate. Figure 42 and Figure 43 illustrate 

the components geometry dimensions. Fastener geometry was created by scaling up the 

Hi-LOK® [44] fastener used by Zinzuwadia [43] to accommodate the shank geometry into 

the specimen hole. Load transfer plate and doubler components were developed by 

mirroring the laminate FEM and assigned with the same thickness value than the 

composite laminate (3.2 mm) 
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Figure 42 Single lap-shear assembly components geometry. 

 

 

Figure 43 Single lap-shear fastener geometry. 
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Figure 44 illustrates the assembly scheme of the article to simulate. 

 

Figure 44 Specimen assembly scheme. 

7.2.2 FEM Preparation 

The geometry introduced in the previous section was meshed in accordance to 

the mesh size selected for the AS4/3501-6 laminate in section 5.3.2. Moreover, to 

facilitate contact interactions between components, the load transfer plate was meshed 

with a similar average element size. Table 12 introduces the average mesh size selected 

for each component. 
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Table 12 Single Lap-Shear FEM mesh size. 

Component Average Mesh 
Size 

Specimen 0.5 mm 

Load Transfer Plate 0.5 mm 

Doubler 3.0 mm 

Fastener Head 0.5 mm 

Shank 0.6 mm 

Collar 0.5 mm 
 

The assembly mesh is formed by eight-node hexahedral elements. LS-DYNA 

reduced integration element formulation (ELFORM=1) [8] was used for this analysis. 

Table 13 reports the amount of elements along the thickness direction for each 

component. 

Table 13 Single lap-shear FEM thickness elements. 

Component Elements through thickness 

Open-Hole Specimen 16 

Load Transfer Plate 4 

Doubler 4 
 

The purpose of a single lap-shear test is to predict the failure strength of the 

composite laminate as well as to determine the load transferred through the joint 

connection. Hence, the FEM assembly must reproduce the same connections, contacts 

and boundary conditions that the actual experiment would contain. To define the 

adequate connections and contacts, it is necessary to look into the assembly 
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configuration. The specimen is in contact with two metallic pieces: a doubler and a load 

transfer plate as illustrated in Figure 45. 

 

Figure 45 Single Lap-Shear assembly connections. 

The load transfer plate is joined to the composite laminate by means of the Hi-

LOK® [44] fastener. Laminate and load transfer plate are constrained at the bottom by 

means of a grip. The grip does not allow displacements in the three directions on the 

portion of specimen and load transfer plate gripped. 

The doubler component is in contact with the laminate and pulled vertically to 

induce a tensile load. Figure 46 illustrates the FEM assembly scheme. 

To account for the energy penalization of reduced-integration elements [3], LS-

DYNA Flanagan-Belytschko hourglass formulation (IHQ=5) [8] with a factor of 0.05 was 

applied to the model. 
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Figure 46 Single lap-shear FEM scheme. 

In Figure 46, node set A highlights the top area which is pulled at a constant 

displacement of 1 in./s along the z- axis. Node set B indicates the bottom clamped region 

for which displacements along the three directions were constrained by specifying a SPC 
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constrained connection. Node sets C and D are cross-sections at which forces and 

displacements can be read. 

Material definition for the current FEM was extrapolated from MMPDS [45]. Table 

14 shows the material properties assigned to the different FEM components.. 

Table 14 Single lap-shear FEM material properties. 

Component Material E [MPa] Poisson’s 
Ratio Density [x10-9ton/mm3] 

Doubler Aluminum 69,806 0.33 2.768 

Load Transfer Plate Aluminum 69,806 0.33 2.768 

Pin Steel 200,000 0.27 7.851 

Collar Aluminum 69,806 0.33 2.768 

Laminate AS4/3501-6 Refer to section 4.2 
 

Contact interactions were defined by applying available contact definitions in LS-

DYNA. The selected interactions were: contact between fastener and components 

surrounding the hole; contact between laminate and load transfer plate; and tied contact 

between doubler and laminate to reproduce the present pressure between both parts due 

to the gripping applied while pulling the specimens vertically. Table 15 summarizes the 

contact interactions applied. 
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Table 15 Single lap-shear FEM contacts. 

Components Contact type 
Fastener, Laminate and Load Transfer 

Plate AUTOMATIC_SURFACE_TO_SURFACE 

Laminate and Load Transfer Plate AUTOMATIC_SINGLE_SURFACE 

Laminate and Doubler TIED_SURFACE_TO_SURFACE 
 

Bolt preload was also define to account for the stress gradient introduced by the 

fastener into the hole. In accordance to Zinzuwadia’s work [43], fastener preload can be 

easily applied to detailed fastener models. Based on Zinzuwadia’s [43] findings, a preload 

of 172 MPa was applied to the fastener in a gap time of 0.1 milliseconds, allowing enough 

time for the dynamic relaxation to converge before the first d3plot was recorded. Figure 

47 shows the dynamic relaxation step in where preload stress occurs. 

 

Figure 47 Preload stress at dynamic relaxation transition. 
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7.3 Analysis 

A finite element analysis was conducted to assess failure and damage of an 

AS4/3501-6 composite multidirectional laminate in a single lap-shear test. Failure is 

predicted in this section and damage evaluation is provided. 

The FEM prepared in section 7.2.2 was simulated under the specified boundary 

conditions on a 32-cores machine using SMP format. Computational power was 

increased due to the complexity of the analysis computational-wise. The computational 

time required to reach failure was recorded in approximately eighteen hours for an 

average element size of 0.5 mm. Output data such as d3plots, loads and displacements 

were recorded with a time frequency of 0.1 milliseconds. 

Similarly to the open-hole study, three stacking sequences were analyzed: [45/-

45/0/90]2S, [30/-30/0/90]2S  and [45/0/-45/90]2S. 

7.3.1 Specimen Failure 

The constant pulling displacement led the specimen to fail as expected. Failure 

occurred due to net section collapse. 

Figure 48 shows the kinematics of the single lap-shear simulation for a [45/-

45/0/90]2S laminate. The last kinematic frame indicates brittle failure on the net section. 
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Figure 48 AS4/3501-6 [45/-45/0/90]2S single lap-shear. Kinematics. 

Figure 49 provides a closer view of the hole area from both inner edges. It is 

observed that the first element failed on the inner free edge at the coupon mid-section. 

This region, which is the region tensile stresses on the hole, is where the highest stress 

concentration occurs during the tensile test. Matrix cracking initiates at this location and 

leads to a net section failure. 
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Figure 49 AS4/3501-6 [45/-45/0/90]2S single lap-shear. Hole failure. 

Figure 50 presents the stress-strain curves corresponding to the three AS4/3501-

6 multidirectional laminates analyzed in this section. Engineering values were calculated 

for stress and strain. The engineering stress was calculated on a remote area far away 

from the hole (cross-section D on Figure 46). Similarly, the engineering strain was 

calculated by measuring the relative distance along the vertical axis between two nodes 

in opposite directions far away from the hole. 

Failure strength recorded in the simulation for the [45/-45/0/90]2S laminate was 

357.1 MPa. 
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Figure 50 AS4/3501-6 single lap-shear stress-strain curves. 

Figure 50 damage indicators are explained in Table 16. [45/-45/0/90]2S delays 

damage initiation for all the damage variables as observed in Figure 50. [45/-45/0/90]2S 

presents higher strength properties capable of sustaining higher tensile loads due to the 

±30 fiber plies contribution to the longitudinal strength. [45/0/-45/90]2S laminate shows a 

similar slope to the [45/-45/0/90]2S laminate because of the nature of the tensile load 

applied. Both laminates contain the same fiber orientation plies setup but in a different 

sequence order. 

Table 16 Single lap-shear failure initiation symbol nomenclature. 
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7.3.2 Specimen and Fastener Damage 

This section introduces the damage variable outputs obtained from the 

progressive damage model for a [45/-45/0/90]2S. Figure 51 through Figure 57 present the 

damage evolution throughout the laminate thickness until failure. 

Figure 51 through Figure 52 show matrix damage initiation (variable 10) on the 

inner edge caused by the stress concentration created by the pin head to the outer 45 

degree ply. 

Figure 53 presents matrix cracking growth in the 45 degree directions. In contrast 

to the open-hole specimen studied in Chapter 6, matrix cracking grows along the 45 

degree direction and through thickness, due to the stress gradient introduced by the 

fastener. First element delamination indicator can be observed below the hole on the 

variable 12 frame. 

In Figure 54, matrix damage propagates until reaching the lateral free edges of 

the laminate. Delamination is not critically propagated between the plies. 

In Figure 55, variable 10 exhibits an overall extension of the matrix cracking with 

the exception of the small white regions which sustain compressive stress. The element 

delamination indicator shows delamination growth. 

Figure 56 indicates that matrix damaged is completely extended along the 

laminate, ply delamination has reached the lateral free surface-edges and starts to 

propagate along the vertical direction and fiber damage increases (variable 7). 

Figure 57 is the instant before failure occurs. Matrix cracking and delamination 

appears to be well-extended and critical. Crack growth along the laminate mid/section, 
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where the net section failure occurred, propagates perpendicularly to the loading direction 

as variable 7 indicates. 

 

Figure 51 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 24.6 MPa. 
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Figure 52 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 122.4 MPa. 

 

 

Figure 53 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 164.8 MPa. 
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Figure 54 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 204.5 MPa. 

 

 

Figure 55 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 243.7 MPa. 
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Figure 56 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 310.9 MPa. 

 

 

Figure 57 AS4/3501-6 single lap-shear [45/-45/0/90]2S. Damage variables at 357.1 MPa. 
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Figure 58 compares the load transfer ratio against the increasing remote tensile 

stress. Matrix cracking initiation, delamination appearance and first fiber damage are 

indicated base on Table 16 nomenclature. A load transfer drop is observed when matrix 

cracking initiates. Figure 58 shows that, for the two laminates containing ±45° plies, 30% 

of the load sustained by the laminate was transferred to the bolt after damage initiation, 

primarily because of the bearing caused by the fastener. The [30/-30/0/90]2S laminate 

transferred 24% of the applied load. The lower load transfer observed in the laminate is 

due to the higher contribution of the 30 degree plies to the longitudinal strength. 

 

Figure 58 Fastener load transfer ratio. 

Concerning fastener deformation, it must be noted that due to the high stiffness 

of the steel shank, the fastener suffered small deformations, which are not visually 
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perceptible in the simulation kinematics. Figure 59 assesses the fastener effective plastic 

strain before and after the simulation for the [45/-45/0/90]2S laminate. 

 

Figure 59 Fastener deformation of laminate [45/-45/0/90]2S. 

The small effective plastic deformation on the pin head at the beginning of the 

simulation is due to the preload stress applied to replicate the induce torque while 

tightening the fastener. 

7.3.3 Delamination Propagation 

This section attaches element delamination indicator contour plots for the sixteen 

plies which conform the analyzed AS4/3501-6 multidirectional laminate [45/-45/0/90]2S. 
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Figure 60 illustrates the ply number nomenclature (1 to 16) which has been selected to 

refer each of the plies. 

 

Figure 60 Ply stacking order. 

Figure 61 through Figure 68 show the delamination propagation from the moment 

the first element indicates delamination damaged until the instant before failure takes 

place. 

Delamination damage starts at the high numbering plies (14 to 16) because of 

the proximity of the interface laminate-to-load-transfer-plate. The friction between 

laminate and transfer load plate intensifies the shear effects on the ply surface. This 

increases the probability of delamination in this area. 

Once the simulation progresses in time, ply delamination appears to be critical, 

as expected, in the 90 degrees laminas. 
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Figure 61 [45/-45/0/90]2s single lap-shear. Delamination plies 1 and 2 at ±45 degree. 

 

Figure 62 [45/-45/0/90]2s single lap-shear. Delamination plies 3 and 4 at 0/90 degree. 
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Figure 63 [45/-45/0/90]2s single lap-shear. Delamination plies 5 and 6 at ±45 degree. 

 

Figure 64 [45/-45/0/90]2s single lap-shear. Delamination plies 7 and 8 at 0/90 degree. 
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Figure 65 [45/-45/0/90]2s single lap-shear. Delamination plies 9 and 10 at 90/0 degree. 

 

Figure 66 [45/-45/0/90]2s single lap-shear. Delamination plies 11 and 12 at ±45 degree. 
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Figure 67 [45/-45/0/90]2s single lap-shear. Delamination plies 13 and 14 at 90/0 degree. 

 

Figure 68 [45/-45/0/90]2s single lap-shear. Delamination plies 15 and 16 at ±45 degree. 
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7.4 Conclusions 

Single lap-shear simulations for several AS4/3501-6 multidirectional laminates 

were completed successfully. Stress-strain data was populated for [45/-45/0/90]2S, [30/-

30/0/90]2S and [45/0/-45/90]2S laminates. All specimens presented brittle failure on the net 

section. 

Table 17 collects the stress-strain failure predictions obtained in this chapter for 

the three stacking sequence simulated. 

Table 17 AS4/6501-6 single lap-shear failure strength and strain for various laminates. 

Laminate Failure Strength [MPa] Failure Strain [mm/mm] 

[45/-45/0/90]2S 357.1 0.0067 

[30/-30/0/90]2S 465.6 0.0062 

[45/0/-45/90]2S 294.6 0.0059 

Progressive damage of the three laminates was evaluated. One of the findings is 

that matrix cracking was the damage initiator of all the simulated laminates, and its 

progression weakened the specimens, allowing delamination on the plies close to the 

interface laminate-to-transfer-load-plate, near the hole edge region. This area sustained 

high inter-laminar shear stresses on the ply surface due to the tensile loads in combination 

with the contact friction between the laminate and the load transfer plate. 

Figure 69 through Figure 71 show the energy balance for the single lap-shear 

simulations. Artificial hourglass energy was recorded below 1 % of the total energy before 

failure for the three laminates. Negligible kinetic energy values confirm the absence of 

inertial effects during the single lap-shear simulations. 

. 
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Figure 69 [45/-45/0/90]2S AS4/3501-6 single lap-shear simulation. Energy Balance. 

 

Figure 70 [30/-30/0/90]2S AS4/3501-6 single lap-shear simulation. Energy Balance. 
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Figure 71 [45/0/-45/90]2S AS4/3501-6 single lap-shear simulation. Energy Balance. 

Figure 72 and Figure 73 compare the delamination propagation and the matrix 

damage present in the three selected laminates at the same stress level. [30/-30/0/90]2S 

laminate sustained lesser damage than the other two laminates. 
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Figure 72 Comparison of the matrix damage variable between the three multidirectional 

laminates at a remote stress of 212 MPa. 

 

Figure 73 Comparison of the delamination variable between the three multidirectional 

laminates at a remote stress of 292 MPa. 

Additional damage variable contour plots for staking sequences [30/-30/0/90]2S 

and [45/0/-45/90]2S are attached in APPENDIX B. 



 

95 
 

CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

This research document presents the work done to obtain tensile strength 

predictions for AS4/3501-6 multidirectional laminates subjected to an initial stress 

gradient caused by a fastener joint connection. As stated in Chapter 1, this type of 

connection is very common in aerospace structures. Damage assessment for joint 

connections on composite structures is a challenging task due to the stress gradient 

induced by the fastener. 

Some assumptions were made while defining the analysis models: 

- Manufacturing effects have been neglected. 

- Environment conditions such as temperature or humidity have not been taken 

into account for this research. 

- Properties have been verified at the lamina level for tensile load along the 0° 

axis. 

- Standard test methods and representative experimental data were referred to 

justify the validity of the data populated through simulation. 

Matrix cracking was the damage initiation mechanism for all the investigated 

laminates due to the concentration of inter-laminar shear stresses near to the specimen 

edges: hole boundary and side edges. Delamination occurred after matrix cracking 

started to propagate consistently. Delamination damage started on the 0/90 degrees 

cross-ply interface, and spread out along the matrix cracking propagation directions, 

which were identified as ±45 degrees for the [45/-45/0/90]2S and [45/0/-45/90]2S laminates 

and ±30 for the [30/-30/0/90]2S laminate. 
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The Hi-LOK® [44] fastener sustained a small amount of permanent deformation 

on the shank (0.3% of effective plastic deformation). The pin head and fastener collar did 

not suffer any significant permanent deformation. The fastener experienced a regular load 

transfer of 30% of the applied load during the simulations for the [45/-45/0/90]2S and 

[45/0/-45/90]2S laminates and a 25% load transfer for the [30/-30/0/90]2S. All the quasi-

isotropic laminates studied showed brittle failure across the net section region. 
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CHAPTER 9 

RECOMMENDATIONS FOR FUTURE WORK 

Based on the observations from the present work, there are still a lot of unknowns 

concerning the suitability and effectiveness of analytical progressive damage models. 

More testing correlation is required to validate the analytical methods used in this 

document for any type of material (APPENDIX C). 

The following efforts are recommended to increase confidence in analytical 

models to predict and assess damage in composite laminates: 

- Perform experiments to verify the open hole and single lap-shear predictions. 

- Use advanced non-destructive inspection methods to verify the damage 

predictions. 

- Conduct experimental and analytic studies to include strain rate effects for the 

AS4/3501-6 material card. 

- Carry out an analysis on fabric laminates following a similar approach to the 

analysis developed in the present research document. 

- Study other well-documented composite laminates which can contribute to 

increased knowledge on joints. 

- Evaluate the effect of fastener diameter on the damage initiation and growth. 

- Evaluate the effectiveness of simplified fastener joint models. 

- Determine and assess energy absorption levels for each failure mode and 

correlate. 

- Investigate the effect of mesh orientation on failure modes. 
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APPENDIX A 

OPEN HOLE – ADDITIONAL DAMAGE VARIABLES 

 

 

Figure 74 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 109.5 MPa. 
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APPENDIX A (continued) 

 

Figure 75 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 180.9 MPa. 

 

Figure 76 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 226.4 MPa. 
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APPENDIX A (continued) 

 

Figure 77 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 269.5 MPa. 

 

Figure 78 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 311.1 MPa. 
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APPENDIX A (continued) 

 

Figure 79 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 351.6 MPa. 

 

Figure 80 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 391.6 MPa. 
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APPENDIX A (continued) 

 

Figure 81 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 431.1 MPa. 

 

Figure 82 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 470.3 MPa. 
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APPENDIX A (continued) 

 

Figure 83 AS4/3501-6 open-hole [30/-30/0/90]2S. Damage at 516.8 MPa. 
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APPENDIX A (continued) 

 

Figure 84 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 80 MPa. 

 

Figure 85 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 100.2 MPa. 
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APPENDIX A (continued) 

 

Figure 86 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 133.8 MPa. 

 

Figure 87 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 167.2 MPa. 
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APPENDIX A (continued) 

 

Figure 88 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 197.4 MPa. 

 

Figure 89 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 251.1 MPa. 
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APPENDIX A (continued) 

 

Figure 90 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 277.4 MPa. 

 

Figure 91 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 303.6 MPa. 
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APPENDIX A (continued) 

 

Figure 92 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 329.1 MPa. 

 

Figure 93 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 354.4 MPa. 
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APPENDIX A (continued) 

 

Figure 94 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 379.1 MPa. 

 

Figure 95 AS4/3501-6 open-hole [45/0/-45/90]2S. Damage at 393.5 MPa. 
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APPENDIX B 

SINGLE LAP-SHEAR - ADDITIONAL DAMAGE VARIABLES 

 

Figure 96 AS4/3501-6 single lap-shear [30/-30/0/90]2S. Damage at 62.1 MPa. 
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APPENDIX B (continued) 

 

Figure 97 AS4/3501-6 single lap-shear [30/-30/0/90]2S. Damage 160.4 MPa. 

 

Figure 98 AS4/3501-6 single-shear lap [30/-30/0/90]2S. Damage 215.8 MPa. 
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APPENDIX B (continued) 

 

Figure 99 AS4/3501-6 single-shear lap [30/-30/0/90]2S. Damage at 268.9 MPa. 

 

Figure 100 AS4/3501-6 single-shear lap [30/-30/0/90]2S. Damage at 322.1 MPa. 
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APPENDIX B (continued) 

 

Figure 101 AS4/3501-6 single-shear lap [30/-30/0/90]2S. Damage at 370.3 MPa. 

 

Figure 102 AS4/3501-6 single-shear lap [30/-30/0/90]2S. Damage at 413.9 MPa. 
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APPENDIX B (continued) 

 

Figure 103 AS4/3501-6 single-shear lap [30/-30/0/90]2S. Damage at 465.6 MPa. 

  



 

121 
 

APPENDIX B (continued) 

 

Figure 104 AS4/3501-6 single-shear lap [45/0/-45/90]2S. Damage at 55.6 MPa. 

 

Figure 105 AS4/3501-6 single-shear lap [45/0/-45/90]2S. Damage at 122.9 MPa. 
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APPENDIX B (continued) 

 

Figure 106 AS4/3501-6 single-shear lap [45/0/-45/90]2S. Damage at 165.5 MPa. 

 

Figure 107 AS4/3501-6 single-shear lap [45/0/-45/90]2S. Damage at 279.1 MPa. 
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APPENDIX B (continued) 

 

Figure 108 AS4/3501-6 single-shear lap [45/0/-45/90]2S. Damage at 292.7 MPa. 

 

Figure 109 AS4/3501-6 single-shear lap [45/0/-45/90]2S. Damage at 294.5 MPa. 
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APPENDIX C 

EXPERIMENTAL TESTS REQUIRED TO DEFINE MAT162 
 

Previous work carried out by Lee et al. [35] shed light on the necessary 

experimental test to obtain MAT162 card parameters [10]. Table 18 gathers the types of 

experiments performed by Lee et al. [35] to characterize MAT162 card parameters for 

tape and plain-weave (PW) specimens. 

Table 18 Experiments indicated for MAT162 creation [35]. 

Experiments Material Card Properties Obtained 

Tape or PW specimen at 0° - Tension EA, SAT, PRBA 

Tape or PW specimen at 90° - Tension EB, SBT 

Tape or PW specimen at 0° - Compression SAC 

Tape or PW specimen at 90° - Compression SBC 

Tape V-Notch SFS, GAB, GBC, GCA 

Tape - SBS S_AB, S_BC, S_CA 

PW Fill specimen -  Tension EA, SAT, PRBA 

PW Warp specimen - Tension EB, SBT 

PW Fill specimen - Compression SAC 

PW Warp specimen – Compression SBC 

PW V-Notch SFS, GAB, GBC, GCA 

PW specimen – SBS S_AB, S_BC, S_CA 

Weight Drop Test AM and CERATE (for impact) 

 


