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ABSTRACT 
 
 

Scarf bonded repair is the most widely used technique to repair composite 

laminates, especially critical and highly loaded components. This thesis presents the findings 

from an attempt at the prediction of the strength of scarf repaired laminate under remote 

in-plane tensile loads using the virtual crack closure technique (VCCT). For accuracy 

purposes, around the scarf repair which is the region of interest, each composite adherend 

ply is simulated by an individual layer of three-dimensional solid elements. Instead of 

assuming any particular failure types, all possible cases including cohesive, interlaminar and 

interface failures are investigated. Cases where VCCT is combined with progressive failure 

and others that consider only the progressive failure are also examined. In all considered 

cases, it is assumed that the adhesive layer is elastic till failure. 

A linear elastic analysis of pristine scarf repaired laminate model under remote tension 

revealed that the most critical point which is the failure initiation location in the specimen, 

is situated in the top ply of the patch at a very small distance from the patch-adhesive 

interface. This might imply that fracture in the examined scarf repaired composite laminate 

was initiated within the patch material. 

The results of VCCT and progressive failure analyses showed that the finite element model 

that assumes crack location at the patch-adhesive interface and uses interlaminar fracture 

toughness values gives the best prediction of failure load compared to the experimental 

data.  

Also, it was shown that VCCT analysis without progressive failure is capable enough in 

accurately predicting the strength of the scarf repaired composite laminate. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

 The use of composite materials has rapidly increased in various industries such as 

aerospace, automotive, civil infrastructure, marine and many others due to their high 

specific strength and stiffness, high fatigue strength, corrosion and chemical resistance 

compared to conventional engineering materials and more importantly, composite 

materials can be tailored to fit particular needs [1, 2]. Regardless of all advantages that 

composite materials can offer, it is extremely important to conduct at required interval of 

time damage and repair assessment of structures made of any materials in order to avoid 

potential fracture and deterioration which can lead to catastrophic incidents [2].  

 In aerospace industry in particular, maintenance and repair are of a high priority to 

ensure safe services of aircrafts and safety of passengers [2]. Damage to composite 

materials in aerospace industry may be introduced during manufacturing of 

components/parts, such as contamination of prepeg or adhesive film, use of time-expired  

material, incorrect cure cycle and so on [2]. During services, defects are generally due to 

lightning strike, local impact, bird strike, hailstones and from deterioration which might be 

caused by overheating, absorption of moisture and hydraulic fluids [2, 3]. 

 Several techniques of inspection and damage assessment are available and each 

possesses its advantages, disadvantages and limitations over others. The most commonly 

used methods of inspection and damage assessment are visual inspection, tap test, 

ultrasonic inspection, x-ray methods, Eddy Current inspection, thermography, bond testers, 

moisture meters and interferometry [2].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
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 Once damage has been found, it is classified into one of the four categories: 

allowable damage, damage for which temporary repair is acceptable, damage that requires 

permanent repair and damage that is not repairable [2, 3]. One of the most utilized 

techniques to repair composite laminates is the adhesively bonded patch repair which can 

be temporary or permanent repair depending upon the requirement and necessity [2, 3]. 

There are two main types of adhesively bonded repair that are referred to as scarf and lap 

adhesive repairs as shown in Figure 1.1. Scarf adhesive repair is used primarily to restore the 

static strength, durability of composite structure and enable the original external 

aerodynamic surface [4, 5]. It is carried out permanently on critical and highly loaded 

components. Whereas, the lap adhesive repair is mainly used in less critical parts away from 

external aerodynamic surfaces [3]. 

 

Figure 1.1 Illustration of scarf and lap adhesive repair techniques  

One very important geometric parameter of the scarf repair that greatly affects the strength 

of the repair is referred to as scarf ratio 
b

r
h

 
 

 
 or scarf angle 1tan

h
a

b

  
   

  
[6, 7]. 

 As underlined by Hoon and Springer [6] and also Sui et al. [7], the failure load of the repair 

decreases with increasing scarf angle (decreasing scarf ratio). However the removal of 
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undamaged material in the scarf repair is inevitable and directly controlled by the selected 

scarf ratio [4]. Therefore the higher the scarf ratio used, the more undamaged material 

would be required to be removed to make way for patch material especially in thick panels 

and thus more necessary time and work for the repair to be carried out [4]. Considering the 

two facts mentioned above, commonly used scarf ratios vary from 10:1 to 30:1 [7].  

Some experiments in laboratories [6-9] have been conducted in order to assess the 

strength of scarf adhesively bonded repaired composite laminates under remote in-plane 

tension and also to study different factors that can have influences on the tensile failure 

load. Hoon and Springer [6] have found that increase of scarf angle reduces failure load of 

scarf repaired laminates. They have also concluded that the failure load of repaired 

components decreases with high temperature and moisture content. Sui et al. [7] have 

come up with the same conclusion that tensile strength of scarf repaired laminate increases 

with scarf ratio and that failure mode of specimens was function of scarf ratio as well, 

changing from occurring in repair zone for smaller scarf ratio to being initiated outside the 

repair zone for bigger scarf ratio (30:1). 

 Goh et al. [8] have reported that the load-carrying capacity of scarf repaired laminate 

specimens containing defects lowers with increasing size of the flaw at a faster rate than the 

reduction in the effective bond area. Researches accomplished by Wang and Gunnion [9] 

have shown that scarf joint strength is a function of stacking sequence of composite 

adherends due the fact that the adhesive shear stress distribution along scarf is not 

constant and rather varies from ply to ply corresponding to change in ply orientation. 

 Numerical strength prediction necessitates accurate stress analysis and use of 

appropriate failure criteria associated with different failure modes. For adhesively bonded 

repairs, the failure can originate within the adhesive (cohesive failure), at the adhesive-
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adherend interface (interface or adhesive failure) or in the adherends (interlaminar failure) 

[10] (see Figure 1.5). The complexities of orthotropy and geometry discontinuities at ply 

interfaces in composite materials such as bi-material interface corners or free edges can 

result in theoretically singular stress and strain fields [8, 11]. Consequently, existing stress or 

strain based failure criteria require calibration of the characteristic distance which implies 

that stress or strain should be found at a certain fixed distance (characteristic distance) from 

the singularity  or average stress criteria should be used instead [8, 11]. Fracture mechanics 

methods which are based upon Strain Energy Release Rate (SERR) rather than critical stress, 

overcome those issues. Moreover with the use of VCCT, most typical finite element analysis 

(FEA) problems can be avoided, e.g. required singularity elements at the crack front and 

creating elements normal to the curved crack front [10, 12]. 

 Several authors [3, 6, 8, 9, 11, 13-21] have studied the prediction of strength of scarf 

repaired laminate under tension using the FEA method. Although, satisfactory results were 

achieved compared to experimental data, those simulations were based upon two-

dimensional representations along the most highly loaded direction of the adhesively 

bonded scarf repaired laminate referred to as scarf joint. 

  Two-dimensional representation analyses present some benefits such as making a 

problem more straightforward and reducing considerably the total number of finite 

elements used, thus analyses are less computationally expensive. However, scarf joints are 

single load-path structures where the entire load is transferred to the patch through the 

adhesive bond whereas in a three-dimensional scarf repair, part of load would go around 

the patch in the parent (base) laminate. This situation leads to an earlier failure of adhesive 

in a two-dimensional analysis and thus an underestimation of the failure load [5, 8, 9]. 
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Furthermore, most investigations were traditionally carried out with the assumption that 

failure in scarf repaired laminates is only either adhesive or cohesive [3, 6, 9-11, 15, 17-21].  

However, as recently found and underlined by some other authors [7, 8], adherend failure 

can also be the reason of scarf repaired laminate fracture at room temperature. Goh et al. 

[8] have concluded that fracture initiates in the composite matrix in the vicinity of the 

adhesive-composite interface at a distance much less than a ply thickness (0.22 mm).  

A few three-dimensional finite element analyses of scarf repaired laminates have been 

performed. Soutis and Hu in 1997 [22] used three-dimensional FEA to predict the residual 

compressive strength of a scarf repair and lately, Kumar et al. in 2006 [23] investigated 

failure modes in scarf repair using also a three-dimensional model. Both cases used lumping 

of a group of plies into a single element along the thickness direction in order to reduce the 

mesh size. But as highlighted by Ambur [5], the oscillation of the stress field inside the layer 

is not captured when lumping of a group of plies is used. Liu et al. [7] studied tensile 

behavior of scarf repaired hybrid plain woven fabric using three-dimensional FEA and Hashin 

failure criterion to assess the influence of scarf ratio on failure modes. 

 This work presents a numerical prediction of the failure load or strength of scarf 

repaired composite laminate under remote in-plane tensile loads. A fracture mechanics 

approach i.e., the VCCT is preferred among several other methods to calculate the strength 

of the repaired laminate because of its benefits [4, 11, 12, 16]. For accuracy purposes and to 

avoid issues related to two-dimensional representations of the scarf repaired laminate, a 

three-dimensional finite element mesh is developed. Additionally, a finer mesh is used in 

the region of interest (around the scarf repair) within which each ply of composite is 

modeled as a single separate three-dimensional solid element along the thickness direction 

in order to capture fluctuations in the stress field. 
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 All different possible failure types (interface, cohesive and interlaminar) in a scarf 

repaired composite structure are analyzed and will be compared against experimental data 

to reach a final conclusion. In this study, cases of combined VCCT and progressive failure 

analysis and cases with only progressive failure analysis are also examined. Commercial 

program Msc Marc Mentat 2011[30] is used for its capacity to support three-dimensional 

VCCT and progressive analyses. 

1.1. Some Definitions  

Strength of scarf repaired laminate  

The strength of a structure is the maximum stress that the structure can sustain without 

failure. It is defined as the remote stress component ii  in the loading direction i . 

i
ii

P

A
   (1.1) 

Where iP  is the component i of the loading force and A is the cross section of the panel. 

In this paper, we will refer to the strength of scarf repaired laminate as its failure load. 

Failure load of scarf repaired laminate 

The failure load is the highest amount of applied load prior failure. Since we use 

displacement control method, the failure load will be found as the reaction force at the 

point of application of the displacement. 

Failure of scarf repaired laminate 

Failure can be defined in different ways [24]:  

 The axial deformation of the component might exceed a limit value 

 The stress within the body might exceed the yield stress at a point 

 The plastic deformation might exceed a limit value 

 A structural instability might occur 
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 The component might undergo an unstable crack growth and fractures 

Failure of scarf repaired laminate in this work occurs when the laminate undergoes unstable 

crack growth and thus ruptures. 

Scarf repair 

Scarf repair is a repair technique in which the repair material or patch is inserted into the 

laminate in place of the material removed around the damage [8] and can be seen in Figure 

1.1. 

Parent laminate 

Parent or base laminate is defined as the undamaged original laminate component and thus 

not removed. See Figure 1.1. 

Most critical point 

The most critical point is assumed to be the point within the repaired laminate, having the 

highest value of equivalent von Mises (EVM) stress. At that point, a crack will be introduced 

during VCCT analyses. 

Fracture toughness 

Fracture toughness is defined as the ability to resist defect propagation [25]. 

Fracture toughness is not a true material property because it can be a function of material 

thickness, type of loading and environmental conditions (moisture, temperature) 

nonetheless can be used to characterize fracture behavior [25, 26]. 

In our paper, fracture toughness is referred to as critical value of SERR at which a crack 

begins to growth. 

Failure index 

Failure index is defined as a measure which determines whether or not failure has occurred 

within a material. 
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1.2. Problem Definition 

This study concerns the analysis of a scarf repaired composite laminate using the 

finite element method. The top view of the panel with applied displacement and boundary 

conditions is illustrated in Figure 1.2 The panel has a rectangular shape with dimensions of 

711.2 mm x 304.8 mm x 3.556 mm respectively along the length, width and thickness. The 

specimen has a scarf repair of 20:1 scarf ratio (scarf angle of 2.860) in the center as shown in 

Figure 1.4.  The laminate comprises three constituents: parent laminate, adhesive and patch 

material. The parent laminate and the patch material are made of the same material which 

is a Cytec 5320-1/8HS [31] and they both contain ten plies along the thickness direction with 

a stacking sequence as follow [02/45/-45/0]S. The adhesive material is FM-300 [31]. 

 

Figure 1.2 Top view of the specimen with applied displacement v and boundary conditions 
(all dimensions in mm) 

 

For the experimental part in the laboratory, the adhesive was applied first to the scarf 

machined parent laminate, after which the patch material was introduced in a prepeg form 

and finally the curing process was conducted. After a full curing process, the specimen was 

subjected to remote in-plane tension in order to determine the effectiveness of repair. 
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In this work it is assumed that all constituents are fully cured and possible residual stresses, 

matrix shrink and resin flow due to the curing process are neglected.  

The problem posed herein is to numerically predict the failure load of the scarf repaired 

composite laminate under tension using VCCT with three-dimensional finite element mesh 

and compare results against the experimental data to validate the used approach. 

 

Figure 1.3 Isometric view of the adhesive repaired laminate 
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Figure 1.4 Geometry of the scarf repair specimen (all dimensions in mm) 
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1.3. Present Approach 

The use of VCCT requires the presence of an initial crack within the analyzed 

structure; therefore an initial crack is introduced within the finite element (FE) model. There 

is no specific requirement regarding the ideal initial crack size to be introduced. In 

references [15, 20] it is suggested that the initial line crack size must be less than the 

minimum detectable defect size which is generally considered as 0.254 mm in two-

dimensional problems whereas Goh et al. [8] have demonstrated that VCCT should only be 

applied to scarf joints with initial line crack greater than around 3.0 mm. Consequently, 

initial crack of different sizes will be introduced in separate finite element models and 

examined to identify the appropriate initial crack size. Bearing in mind that the initial crack 

size cannot be too small [8], neither can it be too big in order to keep it as close as possible 

to the minimum detectable crack.  The appropriate initial crack size will be the one that 

gives the closest prediction of failure load compared to the experimental value. 

 Before a VCCT analysis can be conducted, a linear structural analysis of the pristine scarf 

repaired laminate model subjected to an extensional displacement is performed in order to 

determine the location of the most critical point which is assumed to be the location of 

crack initiation. 

Since, the repaired model consists of three different bodies (patch, adhesive and 

parent laminate) having different material properties, critical values of SERR at which the 

crack begins to extend within the laminate, are different depending on the crack location. 

Crack location depends on the failure initiation (most critical point) which can be cohesive, 

interface or interlaminar. This issue may lead to a situation where, the most critical point of 

the repaired laminate might be defined to be situated in an area having the highest critical 

values of SERR. Therefore, the crack would not be able to propagate at all or only after 



12 
 

application of higher value of displacement due to excessive value of fracture toughness.  

Whereas if the crack was placed in other area with lower critical values of SERR under the 

same loading conditions, the crack would have started growing earlier and even might lead 

to failure. 

 To get around this problem, three cases are studied separately as shown in Figure 

1.5: cohesive (A), adhesive (B) and interlaminar (C) cases. For the cohesive case, the crack is 

positioned at the most critical point within the adhesive. In the adhesive case, the most 

critical point is defined at the adherend-adhesive interface and the crack is consequently 

introduced at that location. Finally In the interlaminar case, the crack is placed within 

composite adherends precisely in between two adjacent plies at the location of the most 

critical point. 

 

Figure 1.5 Illustration of crack location in all three examined cases 

For research purposes, additional cases are investigated as well.  Those cases will 

take into consideration the fact that parent laminate and patch material plies may fail due 

to tension. All the cases mentioned above assume that the laminate plies can take 

significant loads without fiber or matrix failure. As results of failure, moduli of the failed part 
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would deteriorate as soon as failure occurs. To accommodate that possibility of failure, 

progressive failure will be combined with VCCT analyses in some of those additional cases 

for cohesive, interface and interlaminar models.  For progressive failure and VCCT analyses 

combined in adhesive and interlaminar models, only parent laminate plies are allowed to 

fail (see section 3.7). Other additional cases will consider only the progressive failure 

analysis without VCCT. Herein, moduli deterioration and element deleting are two cases 

examined separately. All studied cases assume that the adhesive material remains linear 

elastic throughout the entire analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

CHAPTER 2 
 

REVIEW OF FRACTURE MECHANICS METHODS AND PROGRESSIVE FAILURE 
 
 
2.1.  Fracture Mechanics Review 

 
As mentioned in the previous sections, the purpose of this work is to predict the 

strength of scarf repaired laminate using the fracture mechanics approach, specifically the 

virtual crack closure technique. Fracture mechanics is an engineering field that treats 

fractures and failures. It is assumed in fracture mechanics that all material structures have 

defect or discontinuity in them due to manufacturing process, mechanical or thermal 

loading and many other causes, and may not be detectable since non-destructive methods 

have physical limits [26, 39]. Fracture mechanics is subdivided into two subclasses: linear 

elastic fracture mechanics (LEFM) and elastic plastic fracture mechanics (EPFM) [26].  

LEFM is well suited for brittle materials whose fracture is not accompanied by 

significant plastic deformation. Whereas, EPFM is likely to be applied to ductile materials 

having high fracture toughness and showing significant elasto-plastic deformation during 

fracture [24, 26].  LEFM will be used in our project since the studied material (Cytec 5320-

1/8HS) is a brittle composite with high strength. The constitutive behaviors of the composite 

and adhesive material are assumed to be linear elastic.  

There are two different approaches in order to predict brittle fracture in a solid 

body: the energy based method and the crack tip stress intensity method [24, 26, 34]. Our 

work is based upon the use of the energy method. In the energy method [27], the total 

energy release rate needs to be computed and then compared to the fracture toughness 

(critical strain energy release rate) properties obtained in laboratory tests according to 

appropriate ASTM (American society for testing and materials) standards. The energy 
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release rate is a measure of the energy available for an increment of crack extension and is 

defined by Irwin as [28]: 

d
G

dA


   (2.1) 

Where  is the potential energy stored in the body and A is the crack area.  

In other words, G is the rate of change in potential energy with respect to the crack area 

[28]. Since mixed-mode toughness measured over a range from pure mode-I (the opening 

mode) to pure mode-II (the sliding shear) through pure mode-III (the tearing mode) data are 

yet to be developed, a fracture criterion that satisfactorily defines the critical fracture 

toughness GC at different mode combinations is picked in order to characterize the growth 

of the crack [28].  

 

Figure2.1 Mode loading (Source: Krueger R., [29]) 

 

The Reeder criterion [27] which assumes that the relationship between mode-I and III 

toughness is similar to the relation mode-I and II and that linear interpolation can be used 

between mode-II and III is used in our work. The Reeder criterion is expressed as: 
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(2.2) 

Where n is the Reeder exponent used to match experimental data. When the left hand side 

of the equation equals unity, fracture is imminent. In the present study, due to lack of 

sufficient mode-mixity data, it was assumed that the Reeder exponent n=2 which is the 

default value in MSC. Marc finite element software [30]. From our laboratory tests only 

mode-I and mode-II fracture toughness values are available and the mode-III fracture 

toughness is assumed to be twice the value of the mode-II based on literature review [27]. 

2.2. The Virtual Crack Closure Technique 

VCCT is a preferred tool in prediction of failure load of adhesively bonded repaired 

laminate due to its significant advantages over other methods [8, 12, 26, 27, 29]. To 

compute the three components of SERR, two energy based methods (crack closure method 

using two steps and VCCT with only one step) are available. We concentrate our project on 

the use VCCT which is based upon following Irwin assumptions: 

1. The strain energy E released when the crack is extended in finite element 

model by, from a to a a  is identical to the energy required to close the crack 

to its original state (Figure 2.2) [12, 29] 

2. A crack extension of a  from a a  to  2a a   does not considerably alter the 

displacement field at the crack tip (Figure 2.2). Hence the displacements behind 

the crack tip at node i  are assumed to be equal to the displacements behind the 

original crack tip at node l  [29]. 
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Figure 2.2 2D VCCT (Source: Krueger R., [29]) 

This basically implies that instead of calculating the energy released, what is actually 

computed is the work needed to close the crack back to its initial state.  For a two-

dimensional case, that work is computed as follow [29]: 

 1 2 1 2

1

2
l l l lE W X u Z w        (2.3) 

Only one single finite element analysis is needed in order to compute the energy release 

rate as
E

G
A





, where A  is the crack surface created. 

For a three-dimensional solid, the mode-I, II and III components of the energy release rate 

are computed as [29]: 
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Where A a b    is the virtually closed area; a  is the length of the elements at the crack 

front and b is the width of the elements [24].  
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Figure 2.3 VCCT for linear 3D element (Source: Krueger R., [29]) 

All forces and displacements required to compute the energy release rate are found in the 

global system but they need to be transformed into a local coordinate system with the 

origin at the crack tip when large deformations occur. In that case, the release energy rate is 

calculated in the introduced local coordinate system [29, 30]. 

As noticed by several authors [8, 16, 29], VCCT analysis is very sensitive to the choice 

of the finite virtual crack closure length ( a ) which is the element size at the crack front, 

particularly when the crack is placed at interface between two materials with dissimilar 

properties.  Individual components of SERR oscillate violently when 0a  and they are 

function of finite virtual crack closure length, but the total SERR seems to converge to the 

same value [16, 29].  Two ways to overcome this issue are proposed: use of cohesive 

elements and use of bigger finite virtual crack closure length [29].  

 For the use of cohesive elements, a crack is introduced within the cohesive layer. 

Unfortunately, those elements require fine mesh and thus add even more elements in the 

model. They also cannot be experimentally validated since they are fictive elements. 
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 With the use of larger finite virtual crack closure length, components of SERR were 

found to be nearly constant. It is recommended to use 0.1a h  , with h is ply thickness 

[29]. But a  should not be too big either, otherwise the material property dissimilarity that 

exists at the interface would not be captured and larger mesh does not produce accurate 

solutions due to poor spatial resolution. 

 In this work, the second solution is preferred and investigate two different finite 

virtual crack closure length are investigated. The computation of energy release rate 

components in MSC. Marc 2011 is done automatically and the user only specifies the crack 

front and the crack nodes [30].  A very practical option used in Marc when a crack is defined 

as part of the interface of two parts glued together is the “deact glue” (deactivate glue) as 

shown in Figure 2.4.The nodes that belong to the crack faces are selected in the deact glue 

option and will therefore have regular contact instead of being glued [30].  Crack is grown 

automatically and two types of crack growth are used: the fatigue and the direct crack 

growth. The direct crack growth, in which critical SERR components and a crack growth 

criterion are specified, is used. The crack is propagated when the criterion is fulfilled within 

an increment and the increment iterates until the full growth is reached [30]. Since the crack 

is defined as part of the glue contact, it can only grow on that surface where the two parts 

are glued together. To simulate the actual crack growth, nodes that are part of the glue 

contact plane are released as soon as the criterion is satisfied. 
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Figure 2.4 Use of “deact glue” for defining a crack (Source: MSC.MARC [30]) 

2.3. Progressive Failure In Marc Mentat 2011 

Marc calculates failure indices at each integration point of elements. When failure 

occurs, the element stiffness is deteriorated or failed elements are simply deactivated and 

the material will not heal after unloading [30]. 

For the case with stiffness degradation, the immediate degradation method is used 

which implies that upon failure, moduli are reduced n times from original moduli. The 

choice of n should be done carefully, as a big number could cause problem of convergence 

in the analysis due to the fact that those failed element with lower moduli would deform a 

lot. At the same time, a very low number would not be able to capture the actual material 

deterioration. In our analysis a stiffness reduction factor of n=100 is used. This means that 

upon failure, the moduli will be reduced to 1% of their original values. 

When element deletion is used, all failed element are deactivated from the model 

upon failure occurrence. A possible issue that can arise with the element deactivation 

method which may lead to convergence issue is that islands of elements not connected to 

the rest of the model after some elements have been deactivated can arise. To try to 
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prevent this, an option in Marc Mentat 2011 called island removal which delete any 

detected island of elements containing less than or equal to a predefined number of 

elements, is used. We used fifty as the predefined maximum number of elements in an 

island.  If islands of elements containing less than or equal to 50 elements are detected, 

they will be deleted during the analysis. When Progressive failure is applied with VCCT, the 

element stiffness degradation option will be used. 

2.4. Model Assumptions 

 Several assumptions are made with the use of the VCCT method in all three-

dimensional finite element models [26]: 

1. The model is considered as an idealized homogenous continuum body without any 

flaws (voids, inclusions, etc.) other that the introduced crack. 

2. A crack is present as an idealized mathematical location in the body with two crack 

surfaces. 

3. At the crack front, the crack surfaces converge and an ideal crack tip with a zero 

notch radius is assumed. 
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CHAPTER 3 
 

MESH GENERATION IN MENTAT 2011 
 

 
 MSC Mentat is a graphical user interface program where finite element models are 

constructed, submitted for analysis, and the results are visualized. Due to the symmetry 

associated with the geometry of the problem, one half of the scarf repair panel was 

modeled.  The individual plies in the scarf region and the patch were modeled using single 

layer of solid elements to capture stress gradients. However, to reduce computational time, 

the parent laminate was modeled using two elements across the thickness at locations 

remote to the scarf region. Effective laminate properties based on classical lamination 

theory were used in these regions. 

3.1. Geometric Properties 

All elements in the model are mechanical three-dimensional solids. Meshes contain 

201,610 elements and 247,355 nodes for the adhesive and interlaminar models in which the 

adhesive film comprises only one layer of elements along the thickness direction as seen in 

Figure 3.2. The cohesive model (Figure3.3), in which the adhesive film contains two layers of 

elements along the thickness direction, comprises 271,336 elements and 213,400 nodes. 

As shown in Figure 3.1, fine mesh is used in the middle around the patch material as 

more accuracy is needed in that region, where the crack will be introduced. In that region, 

each element along the thickness direction (OZ axis) represents one ply of composite 

adherends. Away, from that region, a more coarse mesh is used in order to limit the overall 

number of   elements. Each element along the thickness direction represents five plies of 

laminate parent. 
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Figure 3.1 Mesh of scarf repair in Mentat 2011 

 

Figure 3.2 Ply mesh in adhesive and interlaminar models 
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Figure 3.3 Ply mesh in cohesive model 

3.2. Element Types 

Element 7 and element 136 [30] are used in all three-dimensional models. Element 

type 7 is an eight-node, isoparametric, arbitrary hexahedral with three global degrees of 

freedom (u, v and w displacement). It uses trilinear interpolation functions. This results in 

constant strains throughout the element. To improve that, assumed strain formulation is 

used. Element type 136 is a six-node, isoparametric, arbitrary pentahedral. It also uses 

trilinear interpolation functions and has three global degrees of freedom (u, v and w 

displacement). The assumed strain formulation is also used in order to increase the accuracy 

of the stains. 

3.3. Material Properties  

The patch and parent laminate are made of Cytec 5320-1/8HS [31] which is an 

orthotropic eight harness composite and the layup for both is [02 /45 /-45 0]S . 
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As mentioned above, in the coarse mesh region, each element represents five plies along 

the direction within it. Marc was used in order to find effective material properties for those 

elements based upon on the classical laminate theory. The adhesive is made of isotropic 

material FM300. 

 
TABLE 3.1 

MATERIAL PROPERTIES [31] 

Properties Adherend composite 

 Fine elements Coarse elements 

1 2[ ]E E GPa  69 53.47 

3[ ]E GPa  11 11 

12[ ]G GPa  5.5 15 

23 31[ ]G G GPa  3 3 

12  0.18 0.36 

23  0.3 0.231 

31  0.03809 0.0386 

 Adhesive 
[ ]E GPa  3.44 

  0.33 

 

3.4. Contact Body Definition 

Four deformable contact bodies (adhesive, patch, fine parent laminate and coarse 

parent laminate) are defined for the adhesive and interlaminar models and five deformable 

contact bodies (top adhesive, bottom adhesive, patch, fine parent laminate and coarse 

parent laminate) for the adhesive case.  The contact bodies are illustrated in Figures 3.4 and 

3.5. Glue contact is defined at the patch-adhesive, adhesive-fine parent laminate and fine-

coarse parent laminate interfaces for the adhesive and interlaminar models. Glue contact 

suppresses all relative motions between bodies [30]. While in the cohesive model, an 
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additional glue contact is defined between top and bottom adhesive layers to simulate crack 

propagating within the adhesive. 

 
 

Figure 3.4 Contact bodies in adhesive and interlaminar models 

 

Figure 3.5 Contact bodies in cohesive model 

3.5. Boundary Conditions 

Since displacement control is used, a displacement is applied at isolated node # 

677226 (Figure 3.8) along the Y axis, having different maximum values depending on the 

considered model as shown in Figures 3.6 and 3.7. 
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Figure 3.6 Applied displacement v in the peak von Mises stress definition analyses 
 

 
 

Figure 3.7 Applied displacement v in all other cases 

Figure 3.8 illustrates all the applied boundary conditions on the model. All the nodes 

aligned along the Y-axis (axis of symmetry) are not allowed to move in the X-axis because of 

the used symmetric property. The model is fixed at the back face in the Y direction and four 

corner nodes at the intersection of the bottom surface and back face and bottom surface 

and front face of the model are fixed in the Z direction.  All the nodes on the front face of 

the parent laminate are tied to the node 677226. The nodes belonging to the front face are 

constrained to have the same ‘v’ displacement as the loading node. However, they are not 

0

0,2

0,4

0,6

0,8

1

1,2

0 0,5 1 1,5

Dispalcemen
t, mm 

Time of application, sec 

0

5

10

15

20

25

30

35

40

0 0,5 1 1,5

Dispalcemen
t, mm 

Time of application, sec 



28 
 

constrained against the ‘u’ displacement that could occur due to Poisson effects. The ‘n to 1’ 

displacement constraint ‘links’ in MSC Marc [30] was used for this purpose. Same boundary 

conditions are applied to the system for all the studied cases. 

 
 

Figure 3.8 Applied boundary conditions 

3.6. VCCT Parameters 

Tests according to the ASTM standards were conducted in the laboratory in order to 

determine fracture toughness. ASTM D5528 for double cantilever beam and end notch 

flexure were used respectively in modes I and II. Fracture toughness for mode-III is assumed 

to be twice the value of the fracture toughness for the mode-II [27]. 

The direct method as described in section 2.2 is used to propagate the crack by releasing 

glue contacts. The Reeder mixed mode (1.2) is used as the crack growth criterion with n=2. 
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Fracture toughness values depend upon the location of the crack and are shown in Table 

3.2. 

TABLE 3.2 

FRACTURE TOUGHNESS VALUES [31] 

Cases Units Mode-I Mode-II Mode-III 

Interlaminar 2/J m  284 769.5 1539 

Adhesive 2/J m  949 1346 2692 

Cohesive 2/J m  997 1481.5 2963 

 
3.7. Progressive Failure Parameters 

Progressive failure is considered either combined with VCCT analyses or without 

VCCT. Two cases that include progressive failure are studied:  

1. Both laminate and patch plies allowed to fail under tension in the cohesive model 

combined with VCCT analyses and in models without VCCT. 

2. Only parent laminate plies can fail in the adhesive and interlaminar models 

combined with VCCT cases.  

 In the second case, the assumption is due to the fact that with the crack propagating 

at patch-adhesive, the patch material would peel off from the parent laminate thus 

eliminating the necessity to patch plies failure. Also the presence of crack at the most critical 

point at the patch-adhesive interface which is at the patch side already simulates failure 

there. The Hashin fabric criterion [30] which is the Hashin criterion adapted for composite 

materials of fabric type like in our case, accounts for interaction of stress components and 

distinguishes fiber and matrix failure, is used to include the damage effect. Marc calculates 

the failure indices as follows [30]: 
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Tensile fiber 1 mode, 1 0  : 

2 22

131 12

12 13tX S S

      
      
      

                                                    (3.1) 

Compressive fiber 1 mode, 1 0 :

2 22

131 12

12 13cX S S

      
      
      

                                           (3.2) 

Tensile fiber 2 mode, 2 0  : 

2 22

132 12

12 13tX S S

      
      
      

                                                    (3.3) 

Compressive fiber 2 mode, 2 0 :

2 22

132 12

12 13cX S S

      
      
      

                                           (3.4) 

Tensile matrix mode, 3 0 :

2 2 22

3 13 2312

12 13 23tZ S S S

         
         
        

                                     (3.5) 

Compressive matrix mode, 3 0 :

2 2 22

3 13 2312

12 13 23cZ S S S

         
         
        

                             (3.6) 

 

Where tX , cX , tY , cY , tZ , cZ  are maximum allowable stresses (subscript ‘t’: tension, ‘c”: 

compression) in the 00 (X), 900 (Y) and out of plane (Z) directions. 12S , 23S , 13S  are 

respectively the in-plane (XY), 23 shear (YZ) and 13 shear (XZ) shear strengths. 

TABLE 3.3 

PLY STRENGTHS FOR CYTEC 8230-1/8HS MATERIAL [31] 

Allowable stresses [MPa] 

tX  827.3 

cX  827.3 

tY  827.3 

cY  827.3 

tZ  41.36 

cZ  82.7 

12S  82.7 

23S  46.2 

13S  46.2 
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CHAPTER 4 
 

VALIDATION OF FINITE ELEMENT MODELS 
 
 

Before any numerical prediction of failure loads, it is extremely important to make 

sure that our three-dimensional finite element models are accurately simulating the scarf 

repaired laminate tested in the laboratory. To accomplish that, we compare the strain 

component 
yy  of finite element models along the direction of the applied loading at four 

locations against those recorded during experiments in the laboratory.  

In laboratory, four strain gages (SG) were placed on the back side surface of the parent 

laminate at locations as shown in Figure 4.1. The loads versus strain gage readings recorded 

during the test are plotted in Figure 4.2. With the exception of strain gage #1, all gages 

indicated linear behavior to failure. 

 
Figure 4.1 Location of SG on the specimen (all dimensions in mm) 
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Figure 4.2 Experimental values of 
yy at different locations of SG 

 

Each strain gage reading from laboratory is compared to FE models data of the node sharing 

the same spatial location (or closest) with the considered strain gage. The locations of strain 

gages on the test panel and the corresponding nodes and their coordinates are summarized 

in table 4.1. 

TABLE 4.1 

STRAIN GAGES AND CORRESPONDING NODES 

Strain gages in test panel Corresponding nodes in FE model 

Number Location (in mm) Number Location (in mm) 

SG1 0, 0, 0 210860 0, 0, 0 

SG2 25, 0, 0 27222 24.98, 0, 0 

SG3 0, 50, 0 415731 0, 50.06, 0 

SG4 0, 150, 0 524312 0, 149.68, 0 
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4.1.  Case 0 

These models are used to identify the location with the peak von Mises stress. Case 

0.1 represents the FE models used to determine the most critical point in the adhesive and 

interlaminar models, while case 0.2 defines critical points in the cohesive FE model. Since 

only a maximum displacement of 1 mm is applied in those models, the maximum 

considered load is around 80 kN corresponding to the maximum applied displacement. 

The strains predicted by the above mentioned FE models are compared with the 

experimental data in figures 4.3 to 4.6.  A very good correlation between the test data and 

model predictions was observed for strain gages 3 and 4 which are located away from the 

center of the panel. Thus the FE model predicts the remote strains accurately. The strain 

prediction corresponding to the locations of gages 1 and 2 were lower than the test data as 

shown in figures 1 and 2. This may be attributed to the differences in the modeling of repair 

patch and the true nature of the same. 

 
Figure 4.3 Load as function of strain for cases 0.1 and 0.2 vs SG1 
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Figure 4.4 Load as function of strain for cases 0.1 and 0.2 vs SG2 

 
Figure 4.5 Load as function of strain for cases 0.1 and 0.2 vs SG3 

0

10

20

30

40

50

60

70

80

90

0 500 1000 1500 2000

Load in kN 

Microstrain 

SG2

Case 0.1

Case 0.2

0

10

20

30

40

50

60

70

80

90

0 500 1000 1500

Load in kN 

Microstrain 

SG3

Case 0.1

Case 0.2



35 
 

 
Figure 4.6 Load as function of strain for cases 0.1 and 0.2 vs SG4 

4.2.  Cases 1, 2 and 3 

 Cases 1, 2 and 3 correspond respectively to models with single layer adhesive 

(interface/interlaminar), two layer adhesive (cohesive) used in VCCT analyses (both without 

failure and combined with progressive failure) and models used in progressive failure 

analyses without VCCT. Herein, the maximum load considered is defined by the failure load 

recorded in laboratory which is around 310 kN.  

The strains predicted by the models are compared with experimental data in figures 

4.7 to 4.10. These predictions include the effects of stiffness changes and load 

redistributions that could be produced by damage accumulation and delamination 

propagation. Except for strain gage 1, all other gage readings recorded during the tests 

compare satisfactorily with the predictions. 
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Figure 4.7 Load as function of strain for cases 1, 2 and 3 vs SG1 

 

Figure 4.8 Load as function of strain for cases 1, 2 and 3 vs SG2 
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Figure 4.9 Load as function of strain for cases 1, 2 and 3 vs SG3 

 
Figure 4.10 Load as function of strain for cases 1, 2 and 3 vs SG4 

In summary, the finite element models are able to predict the strain filed in the scarf repair 

panels accurately as indicated by the comparisons with test data. 
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CHAPTER 5 
 

DEFINITION OF CRACK INITIATION LOCATION 
 
 

Crack presence is a prerequisite in order to run VCCT analysis [29, 30]. It is assumed 

that crack initiation occurs at location with the peak equivalent von Mises stress (EVM) [9]. 

The equivalent von Mises stress is defined by the following equation [32]: 

        xx yy yy zz zz xx xy yz xz                 
2 2 2 2 2 21

6
2

 (5.1) 

As mentioned in section 1.3, failure in scarf repaired laminates can be cohesive, 

adhesive or interlaminar. Instead of assuming any particular failure modes, all three possible 

cases are investigated and conclusions will be made based upon satisfactory correlation 

with test data. 

A linear structural analysis is performed to determine the most likely location of 

crack initiation. We are interested in Equivalent von-Mises (EVM) stress distribution at 

adherend-adhesive interface for the adhesive case, within composite adherends for the 

interlaminar case and within the adhesive for the cohesive model as seen in Figure 1.5. 

We begin by investigating the location of the most critical point of the entire scarf repaired 

model. A maximum displacement of 1 mm is applied at node 67726 as shown in Figure 3.6. 

5.1.  Definition of Peak EVM Stress in the Scarf Repaired Model 

 From Figure 5.1 it can be seen that two possible locations of the peak EVM stress are 

observed both in composite adherends: location A which represents the corner of patch 

material close to the adhesive-patch interface and location B which is the corner of parent 

laminate close to the adhesive-parent laminate interface.  
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To precisely define which one of A or B is the most critical location, we compare the 

distributions of EVM stress along path 1 (see Figure 5.2) in both patch and parent laminate 

in Figure 5.3.  

 

Figure 5.1 Equivalent von-Mises stress distribution in the scarf repaired model  
 

 

Figure 5.2 Considered paths in patch and parent laminate for comparing EVM stress 
distributions
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Figure 5.3 EVM stress distribution along direction 1 on patch and parent laminate 

From Figure 5.3, it can be readily seen that the peak von Mises occurs at the corner of the 

patch material adjacent to the patch-adhesive interface. Figures 5.4 and 5.5 show the exact 

location in the patch, where failure occurs. 

 

Figure 5.4 EVM stress distribution along directions 1 and 2 within patch material 
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Figure 5.5 Exact location of the most critical point of the scarf repaired model 

It can be observed that the failure initiation in the scarf model happens within the 

corner element (point P in Figure 5.5, element # 251932) of the top layer of the patch 

material which is a 0 degree ply (ply #10) at a distance of approximately one tenth of the ply 

thickness from the patch-adhesive interface  

 

Figure 5.6 Geometry of element # 251932 
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These observations support what was underlined by Goh et al. [8] and Wang et al. [14] that 

failure in composite adherend is the principal cause of fracture of scarf repaired composite 

and that fracture occurs in composite adjacent to the adhesive-composite interface at a 

very small distance compared to the ply thickness (0.3mm).  

 Since the most critical point is found inside ply # 10 of the patch material, the fact 

that Marc 2011 does not treat ply constituents separately but rather at a macro level and 

furthermore in three-dimensional VCCT analysis in Marc 2011, a crack can only be 

introduced at glue contact surface between two bodies, it is impossible to introduce a crack 

exactly at the location of the found peak EVM stress. Since the most critical point is situated 

very close to the adhesive-patch interface and it also was shown by Goh et al. [8] that crack 

shifts from initial location inside of composite adherend to propagate at interface adhesive-

composite very quickly, it can be assumed that crack is instead introduced at the adhesive-

patch interface adjacent to the location of the most critical point. Also, another assumption 

made is the use of interlaminar fracture toughness for this specific crack since it was found 

out that failure initiation in the scarf repaired composite model is interlaminar. 

 As previously stated (section 1.3), three separate cases of VCCT are examined: 

adhesive, cohesive and interlaminar. Therefore, locations of crack initiation of each of those 

three cases have to be defined as well. 

5.2.  Definition of Peak EVM Stress in the adhesive model 

 The most critical point in this FE model is defined at the adhesive-patch and 

adhesive-parent laminate interfaces and crack will consequently be introduced at that point. 

As proved in section 5.1, the peak EVM stress is located at adhesive-patch interface at the 

patch side. Figure 5.6 shows EVM stress distribution at the bottom surface of patch material 

and on the top surface of adhesive. Circled in Figure 5.6 are the most critical points. 
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 Location of crack initiation is the same as in section 5.1. 

 

Figure 5.7 EVM stress distribution in patch and adhesive 

5.3.  Definition of Peak EVM Stress in the cohesive model 

The most critical point for the cohesive model is defined within adhesive layer. To be 

able to introduce a cohesive crack within the adhesive, a specific FE model is created with 

the adhesive made of two layers of elements along its thickness direction as shown in Figure 

3.3. Thus, the peak EVM stress is sought at mid-plane of the adhesive layer. Circled in Figure 

5.7 are the most critical points which as seen in Figure 5.8 belong to the top layer of the 

adhesive material. 
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Figure 5.8 EVM stress distribution at the mid-plane of the adhesive  

 

Figure 5.9 EVM stress distribution at the mid-plane of the adhesive along path 3 
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5.4.  Definition of Peak EVM Stress in the interlaminar model (delamination) 

For the interlaminar model, the most critical point is sought at interfaces between 

composite plies in patch and parent laminate. This type of failure between two adjacent 

plies is usually referred to as delamination. In Figure 5.9, circled are possible most critical 

points which are located at interfaces between the two top 0 degree plies and the two 

bottom 0 degree plies in patch (patch ply 1 and patch ply 2, patch ply 9 and patch ply 10) 

and parent laminate (patch ply 1 and patch ply 2, patch ply 9 and patch ply 10). 

 

Figure 5.10 EVM stress distribution in patch and parent laminate 

In Table 5.1, the cells highlighted in yellow represent nodes that are located at 

interfaces between plies 9 and 10 and the cells highlighted in blue the nodes situated at 

interfaces of plies 1 and 2 of composite adherends. The numbers highlighted in green 

represent compared values of EVM stress at points of interest. It can be seen that peak EVM 

stress occurs at node 192295 which is located at interface between ply 9 and ply 10 in 

parent laminate. Thus a delamination will be introduced at that point for the interlaminar 

case. To accomplish that, ply 10 of the parent laminate will be created as a separate contact 
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body and the remaining nine plies of the parent laminate as another separate contact body 

and glue contact will be used to join the two bodies. 

TABLE 5.1 

EVM STRESS AT LOCATIONS A, B, C AND D IN PATCH AND PARENT LAMINATE 

Patch Parent laminate 

 EVM stress in MPa  EVM stress in MPa 

Node # 
At 

point A 

EVM 
stress 

Node # 
at point 

B 

EVM 
stress 

Node # 
at point 

C 

EVM 
stress 

Node # 
at point 

D 

EVM 
stress 

165814 120 172457 125 192295 128 183195 117 

 

5.5.  Crack Introduction 

 After the critical points are found for all different examined FE models, cracks 

(delamination) are introduced for VCCT analyses. Crack or delamination is defined at glue 

contact surface between two separate contact bodies and those bodies can have the same 

or different material properties.  

As mentioned in section 1.3, there is no specific recommendation on ideal initial crack size 

to be introduced; however as it was emphasized earlier that the initial crack size should not 

be too small or very big either. After several analyses with different crack sizes, it is 

concluded that an initial crack size spanning two elements with an area of 5.14 mm x 0.534 

mm (shown in yellow in Figure 5.10) is the most suitable.  
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Figure 5.11 Initial crack size 

A crack can be defined on either side of the glue contact surface between the two 

contact bodies. However in the case of interface crack (between patch and adhesive), it is 

noticed that when a crack is introduced on the patch side (in patch ply # 10 precisely), the 

crack would start growing in both circumferential radial directions until it reaches boundary 

between patch ply 10 and ply 9, then the crack front in the radial direction would be 

deactivated. After that it would keep propagating only in the circumferential direction as 

shown in Figure 5.11. This issue although arises in simulation, in reality does not occur and it 

significantly modifies stress field in the FE model. To resolve this problem a crack is defined 

on the adhesive side as it is homogenous and as expected the crack grows properly in both 

radial and angular directions as illustrated in Figure 5.12. 
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Figure 5.12 Crack definitions at patch-adhesive interface on patch and adhesive sides 

 Also as discussed above, the finite virtual closure size which is the element size at the 

crack front is very crucial in VCCT analysis, since computed SERR values totally depend upon 

on the finite virtual crack size. It was found that SERR values increase with increasing size of 

mesh. But the mesh should be dictated by result accuracy needed which requires finer 

mesh, therefore the finite virtual closure size is kept small enough to obtain satisfactory and 

accurate simulation compared to experimental results.    
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CHAPTER VI 

CASE 1: VCCT ANALYSIS WITH ONE LAYER ADHESIVE (INTERFACE AND INTERLAMINAR) 
MODELS 

 
 
 

In this analysis, the adhesive layer is modeled using a single layer of elements across 

the thickness. Both automatic and fixed (pseudo) time steps are used in these analyses. 

Each analysis is first conducted under automatic step time which shortens the overall run 

time because the required time step adjustment after each increment is automatically done 

accordingly to the used parameters as shown in Table 6.1 [30]. Fixed time step analysis  in 

which time step is manually chosen (very small step usually) and kept unchanged 

throughout the analysis, is only used when the automatic time step analysis gives close 

prediction of failure load compared to the experimental results and consequently a need for 

prediction finer load step resolution arises. The overall run time is typically much longer 

because of the large number of load steps. 

TABLE 6.1 AUTOMATIC (ADAPATIVE) TIME STEP PARAMETERS 

Initial fraction of loadcase time 0.001 

Minimum fraction of  loadcase time 0.00001 

Maximum fraction of loadcase time 0.5 

Maximum # steps 2000 

# recycles per increment 99 

Time step increase factor 1.2 

 

6.1  Experimental Failure Load 

A tension test was conducted in laboratory to find the failure load of the repaired 

laminate. A total displacement of magnitude 6.38 mm was applied at a speed of 1.27 

mm/min. In Figure 6.1 is shown the load as a function of the recorded strain yy  in strain 

gage # 4. It can be seen that the failure obtained in the laboratory is equal to 309.9 kN. The 
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failure mode was observed to be patch disband followed immediately by net-section 

fracture of the parent laminate. Every failure load obtained in each of simulated cases will 

be directly compared to this experimental value which is plotted as function of strain 
yy in 

node # 524312 which corresponds to the strain gage # 4. 

 

Figure 6.1 Experimental failure load 

6.2. Peak EVM Stress of the Entire Scarf Repaired Model 

 Herein, although the most critical point of the scarf repaired laminate was found to 

be located in the top ply of the patch material, it is assumed that the crack is introduced at 

the patch-adhesive interface and that interlaminar fracture toughness values are used as 

explained in section 5.1. 

6.2.1 Case 1.1: VCCT without Progressive Failure 

During analyses, no crack growth was detected until increment # 18 at t=0.151 in the 

automatic time step run and increment # 62 (t=0.122 sec) in the fixed time step run, during 
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which unstable crack propagation occurred. Both analyses could not go past those 

respective increments due to excessive crack growth which caused convergence issues. In 

Figure 6.2, the last detected crack size was found by following the crack front change in the 

model. 

 

Figure 6.2 Crack growth in case 1.1 

A fixed time step of 0.002 sec long was utilized to get a more accurate failure load 

since the automatic time step run had given a prediction of 301.6 kN which is very close to 

the experimental strength of the scarf load as shown in Figure 6.3.  The need of accuracy 

comes into place after analyzing results of the automatic time step run. It is noticed that the 

difference of applied displacements and loads consequently, between two consecutive 

increments is quite big as shown in Table 6.2. Especially when comparing the found failure 

load (in green, Table 6.2) and the subsequent load at which unstable crack growth happens 

(in yellow, Table 6.2), a more accurate failure load could easily be any number between 

these two loads. 
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Therefore a fixed step run was required in order to get a more accurate failure load 

prediction. As it can be seen in Table 6.3, load difference between two successive 

increments is significantly reduced and it can be concluded more confidently that the failure 

load in this particular case is 348 kN. 

TABLE 6.2 

LOADS AT EACH INCREMENT IN CASE 1.1 DURING AUTO TIME STEP 

Increment # Load in kN 

0 0 

1 2.847898 

2 10.366354 

3 21.19292 

4 36.78134 

5 59.2305 

6 91.55728 

7 138.10788 

8 205.1408 

9 301.6786 

10 355.7948 

 

TABLE 6.3 

LOADS AT DIFRRENT INCREMENTS IN CASE 1.1 DURING FIXED TIME STEP RUN 

Increment # Load in kN 

… … 

51 290 

52 296 

53 302 

54 308 

55 314 

56 318 

57 324 

58 330 

59 336 

60 342 

61 348 

62 354 

 



53 
 

 

Figure 6.3 Failure load in case 1.1 vs experimental strength 

6.2.2 Case 1.2: VCCT Combined with Progressive Failure 

Similar to the case 1.1, no crack growth was detected until increment # 62 at t=0.124 

sec (fixed time step run was used) during which unstable crack propagation occurred. It was 

noticed that the parent laminate plies started failing right after the unstable crack had 

begun during the same increment # 62 as seen in Figure 6.6. 

To overcome the convergence issue due to excessive crack growth, some pentahedral 

elements were purposely introduced instead of hexahedral ones in the crack path (Figure 

6.4) with the expectation that the crack would be deactivated ( and thus arrested)  once the 

crack front reaches those elements since three-dimensional VCCT in Marc 2011 does not 

support pentahedral elements. As expected, the crack was deactivated right after its front 

had reached those pentahedral elements which corresponds to the last crack size as seen in 

Figure 6.5 and analysis continued to run without VCCT. The exact location of the 
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pentahedral elements was randomly selected in the crack path after visualizing the crack 

growing in the case 1.1 based upon two criteria:  

 The crack deactivation by introduction of pentahedral elements must occur during 

unstable crack growth which is not followed by any crack arrest. 

 The final crack size should be kept as small as possible in order to shorten the overall 

analysis time. 

 

Figure 6.4 Introduction of pentahedral elements on crack path 

 

Figure 6.5 Crack propagation in case 1.2 
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 The introduction of progressive failure in parent laminate does not change the 

failure load obtained in case 1.1 since parent laminate plies started failing only right after 

unstable crack had occurred. However as shown in Figure 6.6, the failure load can be easily 

read from the load-strain plot  instead of tracking the analysis and trying to find the 

increment during which unstable crack happened before finding out the strength of the 

repaired laminate like in case 1.1. This is due to fact that, drop in load as soon as plies in 

parent laminate started to fail can be clearly seen in Figure 6.6. 

 

Figure 6.6 Failure load in case 1.2 vs experimental strength 

6.2.3  Average Stress along the Critical Section 

The thickness averaged stresses 22  along the loading direction of all ten plies of 

parent laminate were recorded from the simulation results different loads at the critical 

section along Y=0 as shown in Figure 6.7 (the arc length is measured at the bottom surface 

of the parent laminate). They are presented in Figure 6.8 and also average stresses 22 of 00 
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plies and 450 plies are shown in Figures 6.9 and 6.10 respectively. The average stress profiles 

indicate a stress concentration near the inner edge of the scarf region. It should be noted 

that, in spite of the use of progressive failure, the shear response of the lamina is linear. A 

non-linear behavior if used, will increase the load carried by the 00 plies and thus put them 

closer to failure. 

 
Figure 6.7 Critical cross section Y=0  

 
Figure 6.8 Through thickness average 22 for parent laminate along Y =0 axis in cases 1.1 

and 1.2 
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Figure 6.9 Average 22 of 00 plies in parent laminate along Y =0 axis in cases 1.1 and 1.2 

 
Figure 6.10 Average 22 of 450 plies in parent laminate along Y =0 axis in Cases 1.1 and 1.2 
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6.2.4  Summary 

In case 1.1, a fixed time step was required in order to obtain a more accurate 

prediction of failure load which is approximatively equal to 348 kN. It was found as the load 

right before an unstable crack propagation occurred at around t=0.122 sec. 

A fixed time step was also used in the case 1.2 and it was noticed that the 

introduction of progressive failure has not changed the failure load obtained for the case 1.1 

of 348 kN which was easier to detect by simply visualizing the load-displacement plot. 

6.3 Peak EVM Stress at Patch-Adhesive Interface 

 In this case, the most critical point was deliberately placed at the composite 

adherend-adhesive interface in order to examine this possible mode of failure of the scarf 

repaired laminate. As shown in section 5.2, the peak EVM stress is located at the patch-

adhesive interface on the patch side; therefore, a crack is introduced at that particular 

location.  The difference between this case and the one examined above (section 6.2) is that 

here the interface fracture toughness values are used instead of the interlaminar critical 

SERR. 

 6.3.1 Case 1.3: VCCT without Progressive Failure 

The same principle of limiting the crack growth size as mentioned in section 6.2.2 

was used in order to avoid convergence issues. As results, the crack propagation is arrested 

at location of pentahedral elements as seen in Figure 6.11. 
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Figure 6.11 Crack propagation in case 1.3 

During analysis, no crack growth was detected until the occurrence of unstable crack 

extension at t=0.187 sec during loading increment # 20. Fixed time step was not required in 

this case since the predicted failure load as shown in Figure 6.13 was found to be equal to 

440 kN which differs significantly from the experimental value (309.9 kN).  

      

Figure 6.12 Failure load in case 1.3 vs experimental strength 
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6.3.2 Case 1.4: VCCT Combined with Progressive Failure 

 A limited crack propagation size is utilized as well in order to overcome convergence 

issues due to excessive crack growth and the last crack size is shown in Figure 6.13. 

Automatic time step was utilized but with a smaller initial incremental time compared to the 

case 1.3. As result, there is small difference between the found failure load of 

approximatively 460 kN in this case and the one in case 1.3 (440 kN). Failure in parent 

laminates occurred right after the unstable crack growth had initiated during the same 

increment as it can be seen in Figure 6.14 which shows a load decrease as soon as failure 

occurred in parent laminate plies. 

 

Figure 6.13 Crack propagation in case 1.4 



61 
 

 
 

Figure 6.14 Failure load in case 1.4 vs experimental strength 

6.3.3  Average Stress along the Critical Section 

Herein are summarized average stresses 22  along the loading direction of all ten 

plies of parent laminate at different loads at the critical section as shown in Figure 6.7 and 

separate average stresses 22 of 00 plies and 450 plies of parent laminates at the same 

section for cases 1.3 and 1.4. As for cases 1.1 and 1.2, the average stress profiles indicate a 

stress concentration near the inner edge of the scarf region. Also, it is shown how 00 plies 

take much of the load compared to the 450 plies. 
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Figure 6.15 Through thickness average 22 for parent laminate along Y =0 axis in cases 1.3 

and 1.4 
 

 
Figure 6.16 Average 22 of 00 plies in parent laminate along Y =0 axis in cases 1.3 and 1.4 
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Figure 6.17 Average 22 of 450 plies in parent laminate along Y =0 axis in cases 1.3 and 1.4 

6.4  Peak EVM stress within composite adherends  

 6.4.1  Case 1.5: VCCT without Progressive Failure   

During the entire analysis, no crack growth was noticed which implies that there was 

not enough load in the vicinity of the crack location to fulfill the delamination growth 

criterion. As illustrated in figure 6.18, the initial delamination size remains the same even at 

load levels beyond those observed in experiments at failure.  Since no crack growth had 

occurred it was impossible to predict the failure load in VCCT analysis 
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Figure 6.18 Crack propagation in case 1.5 

 6.4.2  Case 1.6: VCCT Combined with Progressive Failure 

Due to the fact that the crack was unable to growth, this case would be the same 

with as cases 3.1 and 3.2 (sections 8.1 and 8.2) which treat progressive failure analyses 

without VCCT. 
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CHAPTER 7 

CASE 2: VCCT ANALYSIS IN TWO LAYER ADHESIVE (COHESIVE) MODELS 
 
 

 In this analysis, the adhesive layer is modeled using two layers of elements across 

the thickness. As in chapter 6, fixed time step analysis run was used when the analysis using 

automatic time step one gave close prediction of failure load relative to the experimental 

data. For these cohesive models, the peak EVM stress was sought within the two adhesive 

layers and crack is consequently introduced at that critical point (see section 5.3). 

7.1  Case 2.1: VCCT without Progressive Failure 

During the analysis, no crack propagation was noticed up to increment # 21 at 

t=0.187 sec, within which unstable crack growth occurred. Since no restriction of crack 

propagation size was implemented, the analysis could not go past this increment due 

convergence issues related to excessive crack growth. 

In Figure 7.1 the last detected crack size was found by following up the last recorded crack 

front.  
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Figure 7.1 Crack propagation in case 2.1  

Only the automatic time step run was needed in this case since the predicted failure 

load was found to differ significantly from the experimental data as shown in Figure 7.2. 

The predicted failure load of 532 kN was found as the load right before the unstable crack 

growth occurred. 
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Figure 7.2 Failure load in cases 2.1 and 2.2 vs experimental strength 

7.2  Case 2.2: VCCT Combined with Progressive Failure 

In this case, crack propagation does not start until increment # 21 at t=0.187 sec as 

for the case 2.1, during which unstable crack growth occurred followed by failure of parent 

laminate plies. Also as for the case 2.1, no limitation of crack propagation size was used and 

as expected the analysis couldn’t converge past this increment. There, the last detected 

crack size was recorded and it is shown in Figure 7.3. 
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Figure 7.3 Crack propagation in case 2.2 

Since the analysis could not converge past increment # 21, during which unstable 

crack growth occurred and followed by failure of parent laminate plies , the load-strain plot 

in this case is the same  as for case 2.1 (Figure 7.2). Therefore, the predicted failure load 

remained the same as well. 

7.3  Summary 

It was observed in the case 2.1, that an automatic step time run was sufficient 

enough in order to determine that the predicted failure load (532 kN) which is the load right  

before the occurrence of unstable crack growth and was very different form the 

experimental data. 

In the case 2.2, the progressive failure has not changed the predicted value of the 

failure load as it remained approximatively 532 kN. 
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  CHAPTER 8 

CASE 3: PROGRESSIVE FAILURE ANALYSIS WITHOUT VCCT 
 
 

For research purposes progressive failure is utilized without VCCT in these cases. In 

these FE models, the adhesive contains only one element along its thickness direction as for 

interlaminar and interface models. The peak EVM stress was not necessary to be 

determined as there was no need of crack introduction. Failure is solely determined by fiber 

and matrix failing within plies of composite adherends. The following two cases were 

analyzed in this study: 

1. Progressive failure with element deactivation upon failure 

2. Progressive failure with element stiffness degradation upon failure 

8.1  Case 3.1: Progressive Failure with Element Stiffness Degradation 

In this case, element Stiffness Degradation coefficient of 0.01 is used which implies that 

after failure, failed element stiffness is degraded by 0.01 percent. 

The predicted failure load for 3.1 deviates a lot from the experimental strength as it can 

readily be seen in Figure 8.1. Since the repair patch does not disband from the parent 

laminate, it provides an additional load path and thus results in a stronger structure. This 

indicates that the patch disband must be included in the analysis to match the experimental 

data. 
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Figure 8.1 Comparison of model predictions with test data for case 3.1 

8.2 Case 3.2: Progressive Failure with Element Deactivation 

In this case, upon satisfaction of failure criteria, the failed element is deleted from 

the model. This model is primarily used to visually see what elements are failing in the 

specimen, which is hardly accomplished in the stiffness degrading case 3.1. Table 8.1 

summarizes the deactivation process in the FE model showing remaining number of 

elements in the specimen after deactivation has happened corresponding to specific 

increments. The overall initial number of elements is 201610. Removal of islands which 

deactivates any island of elements having fifty or less elements is used for this case. 

The analysis could not pass increment # 22 due to excessive number of deactivated 

elements which caused convergence issues. Failure began during increment # 19 within 

which eighty seven elements were deleted in composite adherend top plies. 

Failure began during increment # 19 within which eighty seven elements were deleted in 

composite adherend top plies. 
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TABLE 8.1 

DEACTIVATION OF ELEMENTS IN CASE 3.2 

Increment # Time in sec 
Mesh size (number of 

elements) 

0 0 201610 

… … … 

18 0.128 201610 

19 0.155 201523 

20 0.187 198812 

21 0.225 119549 

 

Figure 8.2 shows element deletion in plies 10 (a 00 ply) and 8 (a 450 ply) and it can be 

observed that element started to fail within ply # 10 close to the scarf region, however as 

soon as the stress redistribution occurred, lots of elements failed in ply # 8.  

 
Figure 8.2 Element deactivation in plies # 10 (00) and # 8 (450) in parent laminate 
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It was not possible to define the failure load in this case because of two reasons: 

1. When failure occurred, failed elements were deactivated from the analysis and 

the run continued. If failure was defined by the number of deactivated elements, 

then it might have been possible to reach a decision about the failure load. 

However such definition of strength was not considered in our work. 

2. The load-displacement diagram does not provide any clue about the failure load 

since there is no significant change of slope in the plot corresponding to a 

possible failure load (Figure 8.3). This is due to the fact that when elements are 

deactivated, the load is just redistributed to non-failed elements without 

degrading any stiffness. 

 

Figure 8.3 Comparison of model predictions with test data for case 3.2 
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CHAPTER 9 

RESLUTS SUMMARY 
 
 

9.1  Failure Load Definition  

Table 9.1 summarizes predicted failure loads defined from all considered cases including 

experimental failure load. 

TABLE 9.1 

SUMMARIZED FAILURE LOADS 

Case # Failure load (kN) Used Methods 

1.1 348 VCCT at patch-adhesive interface with 
interlimanar critical SERR 

1.2 348 VCCT at patch-adhesive interface with 
interlimanar critical SERR + progressive failure 

1.3 440 VCCT at patch-adhesive interface with interface 
critical SERR 

1.4 460 VCCT at patch-adhesive interface with interface 
critical SERR + progressive failure 

1.5 n/a VCCT at parent laminate plies # 9-10 interface 
with interlaminar critical SERR  

1.6 750 VCCT at parent laminate plies # 9-10 interface 
with interlaminar critical SERR + progressive 

failure 

2.1 532 VCCT within adhesive layers with cohesive critical 
SERR 

2.2 532 VCCT within adhesive layers with cohesive critical 
SERR +progressive failure 

3.1 750 Progressive failure with element stiffness 
degrading 

3.2 n/a Progressive failure with element deactivation 

test data 309.7 Laboratory tension tests 

 
Note: n/a is used when failure load could not be predicted by FEA. 

From table 9.1 it can be concluded that cases 1.1 and 1.2 give better prediction of failure 

load of considered scarf repaired composite laminate. The strength of the laminate was 

overpredicted by 11.2% compared to the experimental data. 
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9.2  Average Stresses along the Loading Direction at the Critical Section  

Herein are different average stresses 22 of all plies, separate 00 and 450 plies of 

parent laminate at load equal to 301.6 kN which is less than loads recorded during unstable 

crack propagation in VCCT analyses and also less than loads corresponding to ply failure of 

parent laminate in progressive failure cases. It is observed very close average stresses from 

all different examined cases which all had different locations of initial cracks and in some 

cases (cases 3.1 and 3.2) even did not have cracks. This implies that the presence and 

location of initial crack do not affect the behavior of average stress 22 along the critical 

section prior any crack growth. 

Concentration of stress is observed in the scarf region and far away from that region stress 

decreases exponentially. This indicates that failure in parent laminate plies started within 

the scarf region right after the patch material had separated from the parent laminate. 

 
Figure 9.1 Through thickness average 22 for parent laminate along Y =0 axis of all examined 

cases 
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Figure 9.2 Average 22  of 00 plies of parent laminate at Y=0 of all examined cases 

  

Figure 9.3 Average 22  of 450 plies of parent laminate at Y=0 of all examined cases 
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 CHAPTER 10 

CONCLUSIONS  
 
 

The purpose of this thesis was to numerically predict the failure load a scarf repaired 

composite laminate under remote in-plane tensile load using VCCT. Composite adherends in 

the repaired laminate were made of orthotropic material Cytec 5320-1/8HS and comprised 

of ten plies along the thickness direction with a stacking sequence of [02/45/-45/0]S while 

the adhesive layer is a FM-300 isotropic material. The specimen has a scarf repair with 20:1 

scarf ratio in the center. 

 A choice of three-dimensional FE mesh was made in order to overcome some 

highlighted issues related to two-dimensional solutions. A requirement to VCCT analyses is a 

crack presence in the mesh of the repaired laminate, which was introduced at all probable 

locations of crack initiation within the scarf repair specimen. Linear analyses of the pristine 

repaired laminate under in-plane tensile loading along its length were performed in order to 

determine those likely locations, which were assumed to be situated at points with peak 

EVM stress. For the entire repair model, the most critical point was found in the top ply of 

the patch material very close to the adhesive-patch interface and it was assumed that the 

crack was located at that interface for the VCCT analysis. 

For the adhesive case, a crack was introduced at the most critical point at the adhesive-

patch interface. In the interlaminar case, the crack was placed within composite adherends 

precisely in between two adjacent plies (plies 9 and 10 of parent laminate) at the location of 

the most critical point of plies interfaces. For the cohesive model, the crack was positioned 

at the most critical point within the adhesive. For research purposes, cases with VCCT 

combined with progressive failure and cases with only progressive failure were also 
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examined. It was found that an initial crack size of two elements (5.14 mm x 0.534 mm) was 

the most suitable for the repaired laminate.  

In all investigated cases, it was assumed that adhesive layer remained linear elastic. 

Finally a direct comparison of predicted failure loads found in separate cases and the 

experimental data was made to determine the accuracy of each specific case. 

 As it can easily be observed in Table 9.1, cases 1.1 and 1.2 gave the best prediction of 

failure load compared to others even though an overprediction of 11.2% relative to the 

experimental strength was noticed. In those both cases, it was assumed the crack is located 

at the patch-adhesive interface due to the proximity of the most critical point to that 

interface and also interlaminar fracture toughness values were used since failure initiated 

within composite patch material.  

10.1  Discussions 

Some observations and key moments during analyses and research are worthy to be 

underlined: 

1. In none of the examined VCCT cases a total rupture of the scarf repaired laminate 

was accomplished as it was the case in laboratory tests. This situation can be explained by 

some facts as follow: 

 Convergence issue with FE models with excessive crack growth. As results, analyses 

would stop at that increment during which unstable crack propagation has occurred. 

 When crack starts propagating especially unstably, the patch would get peeled off 

from the parent laminate and more loads would be dumped into the parent 

laminate around the patch. Consequently those areas would become critical and 

fracture might arise there to cause further crack growth until total rupture happens. 
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2. Linear analysis of the pristine repair model under tension and VCCT in cases 1.1 and 

1.2 confirmed what was concluded by Goh et al. [8] that fracture in scarf repaired 

composite laminate is due to composite  failing at very close proximity to the patch-

adhesive interface . 

3. Progressive failure when implemented in parent laminate and used together with 

VCCT analyses does not change the failure loads found in only VCCT cases. However, it 

makes the detection of failure load straightforward by simply visualizing load-displacement 

plots instead of following the crack growth to seek unstable propagation occurrence. 

4. When used without VCCT, progressive failure could not correctly predict the failure 

load confirming what was noticed and emphasized by Goh et al. [8] and Yarrington et al. 

[11] that existing stress or strain based failure criteria require calibration of the 

characteristic distance or average stress criteria should be used instead. 

5. The overprediction of the failure load by 11.2% might have been caused by 

assumptions made in cases 1.1 and 1.2. Ideally, the crack would be introduced at the exact 

location of the most critical point which was within the top ply of patch material and two 

crack propagation paths would be necessary: one to carry the crack from its initial location 

to the patch-adhesive interface and the second to let the crack growth at that interface. 

Also two different fracture toughness values would be needed: interlaminar fracture 

toughness for the initial crack propagation and the interface ones once the crack is 

completely located at the patch-adhesive interface.  That would require a microanalysis 

where it could be possible to introduce a crack within a ply and FE software capable of 

handling a change of used critical SERR once the crack changes its location vicinity. 
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10.2 Possible future work 

 In the current work, plenty of assumptions have been made in order to predict the 

failure load of scarf repaired composite laminate. Following suggestions could be considered 

in future in order to enhance the accuracy of the numerical prediction: 

 Consideration of possibility of adhesive yielding. 

 Use of appropriate stiffness degradation factors for lamina properties 

 Introduction of residual stresses due to curing process. 

 Microanalysis capability and possibility of use of two distinct fracture toughness 

values for the same crack depending on its actual location as mentioned above.  

 If possible fracture toughness for mode-III to be actually measured in laboratory.  

 More mesh refinement to get better aspect ratio especially in the patch region. 
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APPENDIX 
 
 

TABLE A.1 
 

ANALYSIS FILES 
 

Location name Case # File Description 

Hot_point1 : used 
for definition of 
peak EVM stress 

Interface model 
half_model.mud Run the model 

Half_model_job1.t16 Associated file 

Cohesive model 
half_model_2.mud Run the model 

Half_model_2_job1.t16 Associated file 

Hot_ponit2: : used 
for definition of 
peak EVM stress 

Interlaminar model 
half_model.mud Run the model 

Half_model_job1.t16 Associated file 

VCCT_1_1 1.1 
Adhesive_side.mud Run the model 

Adhesive_side_job1.t16 Associated file 

VCCT_1_2 1.2 
Adhesive_side.mud Run the model 

Adhesive_side_job1.t16 Associated file 

VCCT_1_3 1.3 
Adhesive_side.mud Run the model 

Adhesive_side_job1.t16 Associated file 

VCCT_1_4 1.4 
Adhesive_side.mud Run the model 

Adhesive_side_job1.t16 Associated file 

VCCT_1_5 1.5 
Interlaminar_crack.mud Run the model 

Interlaminar_crack_job1.t16 Associated file 

VCCT_2_1 2.1 
half_model_2.mud Run the model 

Half_model_2_job1.t16 Associated file 

VCCT_2_2 2.2 
half_model_2.mud Run the model 

Half_model_2_job1.t16 Associated file 

PF_3_1 3.1 
half_model.mud Run the model 

Half_model_job1.t16 Associated file 

PF_3_2 3.2 
half_model.mud Run the model 

Half_model_job1.t16 Associated file 

 
Note: in bold are represented locations of files 

 


