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ABSTRACT

Adhesively bonded joints, especially single-lap joints (SLJs), have gained many
applications in aerospace and automotive industries due to their lightweight and efficient
structures. The present study aims to highlight the proper detection of the Zero Strain Point
(ZSP) through numerical modelling. Various models were developed and analysed in 2D and
3D FEM with cohesive elements and surface-based cohesive interactions. The epoxy adhesive
proved better strain distribution in locating ZSP and replicating force-displacement behaviour;
polyurethane was less versatile in some geometries. This paper points out ZSP prediction in

FEM simulations through material property tuning and refinement of the mesh.
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1. INTRODUCTION

Adhesively bonded joints, particularly single-lap joints (SLJs), have found wide
application in many industries where lightweight, structurally efficient design is required
[1,18]. In aerospace engineering, weight reduction is always of prime importance without any
compromise on mechanical integrity, and bonded joints are relied upon to reduce stress
concentration at joint ends [1]. In the automotive industry, the important criterion is economy
coupled with low weight, which, in turn, leads to better fuel consumption and performance
[2]. Adhesive bonding shows great promise in this regard by providing uniform load
distribution and hence design flexibility that would be advantageous for applications requiring

durability and corrosion resistance as well as structural integration [18].

The joining of unlike materials, such as composites with metals, is another factor
contributing to the wide field of application. The trend toward electric cars and new light
aircraft improves the value of correct simulation of adhesive joints under real-life loading
conditions [3, 34]. Without correct modelling, surprising failures of joints could lead to a drop
in performance, higher maintenance costs, or even a disastrous failure. Early damage

detection is key to achieving reliability, especially through precise strain measurement [4,35].

1.1. Motivation

While the damage mechanisms have been well explored in adhesive bonding [5],
numeric modelling has yet to strike a good balance in reliably predicting the Zero Strain
Point, particularly with ductile adhesives like polyurethane. [6] The Zero Strain Point is
described as a critical point within overlap length where strain changes from compression to
tension and where possible damage initiation starts [16]. If this transition could be captured,

failure prediction would become much more accurate [16].
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Polyurethane is more challenging than epoxy-based adhesives because, the strain
distribution is rather complex due to its ductile nature and large deformation capacity [6, 8].
Mismatch relations between numerical predictions and experimental data are often in
geometrically complex specimens or configurations under mixed-mode loading. Where such

mismatches originate needs to be identified for improvement in predictiveness [8].

1.2. Objective

This study extends the experiments presented in [6] and [9], which include two main
articles: “A novel technique for damage measurement in adhesively bonded composite joints
using backface strain” and “Backface strain as a parameter to detect damage initiation in
composite single-lap bonded joints: Effect of the adhesive type and the joint dimensions™.
Novel experimental methods for damage initiation detection by one-sided or backface strain
techniques were presented, providing a solid foundation for rigorous numerical validation in
the form of cohesive zone models. By replicating both of these authors setups and comparing
numerical results with their results, this thesis assesses the accuracy of cohesive surface and

element-based methods to predict the mechanical behaviour of bonded joints.

The accuracy of determining the zero strain point location and the corresponding strain
distribution under various conditions is the focus of this work using 2D and 3D finite element
models developed in Abaqus [10]. (Fig. 1.1 and 1.2) Based on epoxy and polyurethane
adhesive performance, despite the complexity of adhesive ductility affecting damage
evolution and strain demand, the results are discussed for different configurations and
loading scenarios as well as their implications on design. Each cohesive element model is
compared to a surface-based cohesive interaction method to assess different modelling

approaches, ultimately identifying advantages and disadvantages of both modelling strategies
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based on their predicted strain distribution and damage evolution characteristics.
Furthermore, various material properties tuning and mesh refinement approaches were
implemented to achieve reasonably realistic numerical results that better matched
experimental observations. Through this approach, the research improves the reliability of
numerical simulations for adhesively bonded joints, supporting their application in high-
performance structures where early damage detection and failure prevention are essential [6,
9]. This also helps ensure the reliability of numerical simulations of adhesively bonded joints,
enabling their use in the design of advanced structures where early damage detection leads to

the prevention of potential failures.

Grid face Grid face

Adherend e ——————— e Adherend

Adhesive

Figure 1.1: Single Lap Joint (2D)

Grip Cell

Adherend Cell

Grip Cell

\ Adhesive Cell

Figure 1.2: Single Lap Joint (3D)
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2. LITERATURE REVIEW

One of the significant studies related to this thesis was conducted in [15]. Their
research investigates various back-face strain (BFS) techniques, combining strain gauge (SG),
digital image correlation (DIC) and finite element method (FEM) to obtain more insight into
damage initiation and propagation of adhesively bonded joints. The study presents
experimental data validating numerical models by correlating BFS data with crack initiation
at the material's critical points (especially zero strain point (ZSP)) [15]. Adhesive composite

material test of overlap joint using S700MC BL steel and EN AW-7075 T6 metal adherends.

BFS measurements were shown in to be capable to of properly detecting the onset of
damage during the tensile loading process prior to macro crack growth [15]. Their
experimental data on force-displacement curves matched well with FEM simulation for up to
maximum peak force, which supports the potential of BFS as an effective early damage

detection technique [15].

Finally, the strain distribution analysis showed that although there were slight
fluctuations in strain distribution due to measurement errors, both the FEM and experimental
results followed the same trend. Such results underscore the need for properly calibrated
numerical models to closely approximate experimental conditions. Through analysing strain
transitions for both simulations and experiments, the authors pointed out the zero strain point
and established its significance as a damage initiation point, verifying the importance of this
finding in terms of bonded joint analysis [15]. Their findings serve as a foundation for this
thesis, which describes FEM simulations developed to reproduce and build upon their
experimental results, most notably by relating surface vs. element-based cohesive model

parameters to enable improved characterization of ZSP and damage evolution.



14

One more important contribution is the study in [16], titled “Damage Detection in
Adhesively Bonded Single Lap Joints by Using Backface Strain: Proposing a New Position
for Backface Strain Gauges”. The present work greatly improves the detection of damage by
determining the optimal site for back face strain (BFS) gauges when placed on the adherent
surface, which is determined by ZSP on the back side of the adherents. Using a combination
of experimental testing and finite element analysis, the authors investigated the interplay
between strain from applied loads and strain from bending moments in single lap joints
bonded with Araldite 2015-1 epoxy adhesive, and either S7T00MC steel or EN AW-7075-T6

aluminium adherents. [16]

High accuracy must be ensured when strains are measured from the ZSP, which
remains unchanged for undamaged joints but translocate to another position as damage
propagates [16]. By embedding ZSP strain gauges across the ZSB, damage on the ZSB could
be detected early enough by monitoring the variation of the strain distribution [16]. BFS
measurements were experimentally validated using tensile testing and digital image
correlation (DIC) to be sensitive to crack initiation and propagation [16]. These results were
validated with finite element simulations that accurately predicted strain trends and also
enabled the discerning of the cohesive failure modes involved, key determinants of joint

integrity.

One of the most essential research conducted which falls under the scope of this thesis
is presented in [9], titled “A Novel Approach for Damage Assessment in Adhesively Bonded
Composite Joints Using Backface Strain Technique”. In this study, the proposed method for
damage monitoring in the composite is conducted by integrating the benefits of BFS with
DIC, and FOS for the non-destructive detection of damage in structural members in real-time

during static and cyclic loading applications [9]. The adhesive type is ADEKIT A236/H6236
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polyurethane whereas the reinforced substrate type is carbon fiber/epoxy prepreg (XPREG

XC130) to study one of the major failure zones, namely the zero strain point [9].

Their results indicated that BFS measurements consistently crack position and crack
growth. Under the undamaged condition, the ZSP was a stable indicator, but it changed in a
predictable way with the propagation of cracks during static and cyclic loading. Geometrical
factors, such as overlap length and joint thickness, etc. have also been studied. The findings
showed that increased overlap lengths and thicker substrates produced more uniform stress

distributions, which is favourable for better detection of ZSP [9].

This work is an important reference for the numerical fit in this thesis, where finite
element simulations are used to reproduce the distribution of strain and force-displacement
relations observed experimentally [9]. Overall, the work described in this thesis effectively
addressed the ZSP shift and the cyclic damage evolution in numerical models, which forms
the basis for developing more accurate predictive tools for adhesively bonded composite

joints, which in turn can facilitate realistic and cost-effective designs in real-life scenarios

[9].

The paper in [6], titled “Backface Strain as an Index to Detect Damage Initiation in
Composite Single-Lap Bonded Joints: Effects of Adhesive Type and Joint Dimensions”,
highlights further necessary consideration of the variables which determine damage initiation,
and in particular the zero strain point behaviour in adhesively bonded joints and the influence
of methodology and geometry on this behaviour. Carbon fiber/epoxy prepreg laminate
(XPREG XC130) with polyurethane-based adhesive (ADEKIT A 236/H 6236) or epoxy-
based adhesive (SIKAPOWER-1277) are used during this study. [6] The evaluation of the
ZSP is an important part of structural health monitoring, and a sequence of peak experimental

and numerical analyses is essential in finding out the extent to which adhesive properties,
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overlap length, and substrate thickness influence the distribution of strain [6]. This is the

character of their study.

The study showed that joint dimensions, especially overlap length and substrate
thickness, were crucial to establishing the position of the ZSP [6]. More stable ZSP detection
was achieved with longer overlap lengths and thicker substrates [6]. The experimental
findings showed the ZSP undergoes a regular shifting as damage progresses, supporting its
usage as a damage sensing mechanism [6]. Similar behaviour for transition in strain with the
epoxy adhesive joints was more emphasized than with polyurethane adhesive joints, which
also showed nonlinear observation due to higher ductility. This increased the difficulty of
identifying ZSPs in polyurethane joints and emphasised the effectiveness of adhesive material

in structural health monitoring [6].

Finally, they validated the numerical simulations with experimental data and the
Bigwood and Crocombe analytical model predicting strain distribution in epoxy joints well
before damage initiation. However, the model gave a less accurate prediction for
polyurethane joints because they exhibit a nonlinear response [6, 17]. The agreement between
experimental and simulated strain distributions suggests that the finite element method can be
utilized in damage detection and design optimization as a design tool and accurately predicts

the locations of the ZSP and crack initiation points [6, 17].

This study directly relates to the thesis, providing the experimental setup and
validation metrics for the numerical replication efforts. This thesis seeks to characterise the
ZSP behaviour across a range of adhesive and geometrical configurations, simulating these
geometries through cohesive zone models with a focus on possible perspectives on predictive
modelling of damage initiation and assessment of structural response in adhesively bonded

joints [6].
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The review in [18], titled “A Review of Finite Element Analysis of Adhesively Bonded
Joints”, highlights how finite element methods (FEM) using tools like ABAQUS and LS-
DYNA have been applied in adhesive joint analysis, making it highly relevant to this thesis
[18]. The article provides an overview of their historical applications in predicting failure
modes and detecting damage progression in bonded joints, offering foundational guidance for
selecting the appropriate modelling techniques [18]. Specifically, the insights from this review
support the validation of cohesive zone models by addressing the strengths and limitations of

FEM software in simulating complex adhesive behaviour, a key focus of this thesis [18].

The study in [19], titled “Cohesive Zone Modeling of Adhesively Bonded Interfaces:
The Effect of Adherend Geometry, Element Selection, and Loading Condition” is designed to
inform this thesis directly through consideration for the accurate usage of cohesive zone
models (CZMs) in ABAQUS. It illustrates the impact of element selection, connection
method and bond line geometry on the stability and accuracy of the simulation results [19]. It
is especially relevant to the choice of using either shell or solid elements to model the
thickness of the adherends, which will affect the cohesive element behaviour under different

modes of loading [19].

As described throughout this thesis, its main aim is to accurately predict the strain
distribution and zero strain point (ZSP) behaviour of composite materials. The parametric
study presented in [19] showed that using solid elements with type cohesive elements as the
bond element produces sufficiently accurate force-displacement response over the simulation
phase [19]. Moreover, the use of offset cohesive elements with shell element adherends while
correctly accounting for rotational and translational degrees of freedom is recommended
considering the accurate representation of ZSP behaviour under complex loading conditions

and their comparison to experimental observations [19].
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Additionally, the study in [19] addresses the restrictions of specific cohesive models
to simulate Mode II and mixed-mode loading, which is highly applicable to the understanding
of the adhesive failure in adhesive joints under combined tensile and shear loading in this
thesis. This paper applied desired cohesive models and connection methods, and it is used for
achieving close matches between numerical simulations and experimental observations for the

thesis, thus enhancing the reliability of damage prediction and ZSP detection [19].

The study in [21], titled “Experimental and FE Investigations on the Influential
Parameters in Positioning and Measurement of Strain Gauges in Adhesively Bonded Single
Lap Joints”, is used for validation of the FEM model employed in the thesis. This article [21]
discusses how tolerance on the thickness of bondline, and strain gauge misalignment affects
strain distribution, failure loads, and damage detection, which is directly related to this
research on zero strain point behaviour and damage initiation. Their experimental analysis
[21] was performed on single lap joints (SLJ) with similar adhesive thickness, which

corresponds exactly to my numerical settings in ABAQUS.

Moreover, their application of BFS measurements in conjunction with FE simulations
to forecast damage initiation under tensile loading parallels the implementation of cohesive
zone models (CZMs) that accurately correspond with strain transitions at the ZSP [21]. This
paper improves its accuracy in predicting experimental strain trends and failure progressions
for adhesively bonded joints by utilising its understanding of how geometric variations impact

strain recordings [21].

Another study in [20], titled “Failure Load Prediction of Adhesively Bonded Single
Lap Joints by Using Various FEM Techniques”, provides direct support for the methodology
and validation processes used in this thesis. It explores several finite element methods (FEM)
for failure-prediction, including cohesive elements and surface-based cohesive modelling,

which are also utilized in this work. The article stresses the importance of choosing
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meaningful initiation and propagation criteria, which relates to the tuning steps discussed in

this thesis to accurately predict ZSP and force-displacement responses [20].

The study in [20] presents validation benchmarks that are relevant to this thesis since
the comparative nature across bond-line thicknesses and the FEM techniques (cohesive
elements, XFEM and VCCT) will point out the discrepancies and help calibrate the technique
used in this thesis. Moreover, the analysis of failure loads at different bond line conditions
serves as a counterpart to the sensitivity analyses performed within this thesis to establish
confidence in cohesive zone models for failure behaviour [20]. These results highlight the
importance of mesh convergence and the appropriate definition of the traction-separation
laws, aspects which are directly reflected during the optimization procedure of the herein-

developed numerical models [20].
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3. METHODOLOGY

In this chapter the methodological framework employed in the analysis of adhesively
bonded single-lap joints is introduced and explained in detail. Using finite element
modelling, cohesive zone models were applied to represent damage initiation, propagation,
and progression in the adhesive and adherend materials. Boundary conditions were
meticulously designed to match experimental configurations and convergence tests were
performed to verify the robustness of the numerical results. The investigation was done
utilizing both 2D and 3D modelling approaches to evaluate ZSP detection and strain

distribution accuracy.

3.1. Finite Element Models

The mechanical behaviour of adhesively bonded joints under loading conditions is
greatly dependent upon finite element modelling. In this study, surface-based cohesive
interactions and cohesive elements were utilized to develop 2D and 3D models in Abaqus
[10]. The aim was to evaluate both approaches in terms of computational efficiency, ZSP

detection accuracy, and to assess the damage mechanisms in the adhesive zone.

Abaqus is an integrated software suite for finite element analysis and computer-aided
engineering and has been fundamental in the design, modelling, and assessment of adhesively
bonded joints [10]. It can be used to analyse complex behaviours of joints under different
loading scenarios, as its strong capabilities in modelling contacts, nonlinear materials and
failure mechanisms are well-suited for this study [10]. This study chose to utilize Abaqus
because it has advanced features for implementing cohesive zone models and traction-
separation laws, thus enabling accurate predictions of damage initiation and propagation [10].
The cohesive elements and surface-based cohesive in Abaqus allowed for the comparison of

strain distributions and ZSP positioning and indicated the advantages and disadvantages of
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the method. Focusing on efficient prediction and tackling the discrepancy between
experimental and numerical results, this study utilizes the software package Abaqus in a novel

way by iterating material tuning, as well as conducting mesh sensitivity assessments.

One of the most valuable aspects of conducting these simulations in Abaqus was its
capability to model both 2D and 3D bonded configurations, which helped to clarify the
differences in strain distributions in ductile adhesives like polyurethane [10]. Moreover, its
feature of allowing user-specified material laws (e.g., bilinear and trapezoidal traction-
separation models) ensures that the adhesives' different characteristics are not lost [10]. Key
factors are to enable correct through-thickness stress distributions, especially in thick adhesive
layers. For instance, surface-based cohesive interfacial interaction is efficient for thin (e.g.

adhesive) layers and large assemblies where the computational cost is a concern [20].

Cohesive zone models are implemented in Abaqus by using cohesive elements or
surface-based cohesive interactions. The implementation of such algorithms is crucial for
accurate predictions. The cohesive elements are capable of performing detailed three-
dimensional stress analysis across the thickness of the components with lower-scale mesh
elements, while surface-based interactions provide computational savings at the expense of

modelling accuracy and can be applied for scaling up to larger simulations [10, 12].

The main difference between the two modelling approaches is that with the first one,
the adhesive is considered a non-penetrable element. Surface-based cohesive models treat the
adhesive as an interaction between the two adherends without explicitly modelling its
thickness. Alternatively, cohesive element-based models treat the adhesive layer with explicit
volume elements, which allows for a more detailed representation of through-thickness

deformation [10, 12, 16].
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Mesh generation in finite element analysis is one of the most critical aspects that take
a significant part in deciding the accuracy, quality, efficiency and reliability of proof outputs
from numerical simulations. The meshing methods are generally free meshing, structured
meshing or sweep meshing, while each of these uses element types of quadrilateral, quad-
dominated or triangular elements. This leads to various effects on stress-distribution and

numerical correctness by the method and various types of elements [10].

The advantage of free meshing is that it can conform to complex geometries, but it can
lead to lower accuracy since the element sizes will differ more and will have more numerical
noise. Structured meshing can yield very high accuracy with evenly distributed elements but
can be challenging to generate for complex geometries requiring simpler geometrical shapes.
Although sweep meshing is very useful for extruded and revolution-based geometries, it is

very useful for layered structures, but it is not ideal for non-extruded models [10].

In addition, quad elements need less elements for the same level of accuracy than
other element shapes and have high accuracy in stress and strain computations and stress
distributions. However, for complex shapes with high irregularities, they suffer from mesh
distortion. Quad-dominated elements can provide a good compromise between flexibility and
accuracy, meaning that they are more adaptable for complex geometries than tri-dominated,
but less accurate. Triangular elements are very flexible for describing complex and curved
geometries, having however less accuracy and they are computationally more expensive,
requiring configuring higher number of elements to achieve same accuracy in contrast with

quadrilateral elements [10].

Since single lap joints have notably simple geometry, especially the overlap region,
thus structured meshing with quad elements would be the best at predicting stress and strain

distribution, mainly around the bond line.
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3.2. Surface-Based Cohesive Models

Such models can assist in modelling for relevant cases, particularly in cases with
surface-based cohesive models where a focus on computing efficiency is desired. Instead of
applying continuum mechanics to the adhesive, adhesive behaviour is implemented through
traction-separation laws imposed on an interface at the surface of the adherends. The traction-
separation law is used to describe surface interactions in tension, shearing, and mixed-mode
loading conditions in both the 2D and 3D cases [10, 16].

In the 2D model, the geometry was simplified to reduce computational cost without
compromising prediction accuracy along the overlap length, scheme with plane strain
assumptions was used. Both the adherends and the adhesive were discretized by order of
plane strain elements, CPE4R and the cohesive interaction applied between the surfaces. (Fig

3.1)

Plain Strain Element: CPE4R

N

e ——x \ Plain Strain
Element: CPE4R

Plain Strain Element: CPE4R

Figure 3.1: Element types of the SLJ mesh setup showing both the adherend and adhesive

regions in 2D surface-based approach.

The 3D surface-based model expanded this concept by incorporating the joint's width
as a third dimension. Such a model facilitated the capturing of strain gradients and stress
concentrations along the width that the 2D model could not achieve. For both the adherends

and the adhesive, a mesh using 3D continuum elements (C3D8R) was used and cohesive
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properties were assigned based on surface-to-surface interaction. This approach works well in

identifying the differences in ZSP over the joint width if the differences exist. (Fig 3.2)

3D Stress:
C3D8R

3D Stress:
C3D8R

3D Stress:
C3D8R

Figure 3.2: Element types of the SLJ mesh setup showing both the adherend and adhesive
regions in 3D surface-based approach.

Cohesive models employed on the surface have a series of advantages, especially
related to computer processing, since they have a lower number of degrees of freedom than
element-based cohesive models. This efficiency in computational time renders them suitable
for extensive parametric studies and initial analyses with urgent assessments of design
variations. However, despite their advantages, surface-based models have drawbacks. A
significant limitation of such approaches is their inability to model through-thickness
deformation of the adhesive layer, which can be a pivotal factor in failure when the adhesive
thickness is relatively large. This may cause building errors in accurately modelling joints
with high adhesive thickness, which, in turn, may result in local stress concentration and

damage progression errors [10, 12].
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3.3. Cohesive Element-Based Models

The element-based approach also affords a more detailed representation of the
adhesive layer. The adhesive is explicitly modelled with cohesive elements which facilitates
in-plane and through-thickness damage progression. The adhesive layer was discretized in
2D using COH2D4 elements wherein the thickness was defined explicitly in the cohesive
element model. For the adherends, CPE4R plane strain element type formulation is used. (Fig

3.3)

Plane Strain Element: CPE4R
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Cohesive
Element:
COH2D4

Plane Strain Element: CPE4R

Figure 3.3: Element types of the SLJ mesh setup showing both the adherend and adhesive

regions in 2D.

A 3D cohesive element model was developed to represent the adhesive in 3D using
COH3DS elements. The interaction between the adherends was better captured in the 3D
model, especially for joints with approving adhesive thickness. For the adherends, C3D8R

3D stress element type formulation is used. (Fig 3.4)
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3D Stress: C3D8R

Cohesive Element:
COH3D8

Figure 3.4: Element types of the SLJ mesh setup showing both the adherend and adhesive

regions in 3D.

The element formulation mentioned before, CPE4R is a continuum plane strain 4-node
reduced integration element and is commonly adopted in finite element modelling for certain
structural applications. Continuous elements are denoted with the abbreviation "C," and they
are used for the solid continuum representation so that they are appropriate for using material
types such as adherents and “PE” represents plane strain (Strain in out-of-plane direction is
negligible). This assumption can be relatively valid for cases with high aspect ratio such as
single lap joints where thickness is mere fraction of other dimensions. The number "4" at
CPE4R indicates that the element has four corner nodes (quadrilaterals are often four-
cornered elements). The "R" in the name stands for reduced integration, which indicates that
the element uses fewer integration points to reduce computation costs and to avoid numerical
problems such as locking effect in the elements while keeping reasonably good accuracy. [10,

13, 14]
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COH2D4 is cohesive 2D 4-node quadrilateral element which is designed to model
adhesive layers. The " COH" is a magic element type or the element is intended for cohesive
zone modelling, the COH element type is typically appropriate for modelling interfaces or
bonds and so forth, and is particularly useful for modelling adhesive layers between two
materials. This development enabled enforcement of crack initiation and propagation
simulations that are of great importance in damage mechanics. The designation "2D" indicates
that this element is a two-dimensional element and only computes displacements in the X and
Y directions. This becomes especially effective to emulate where cohesive layers are utilized
in, for example, single lap joints, because the most deformation and damage behaviours exist
within a planar area. “4" indicates that having four corner nodes is a fundamental feature of

finite element analysis for quadrilateral elements [10, 13, 14].

These properties make the COH2D4 element particularly effective for simulating the
behaviour of adhesive bonds, in particular a model that is capable of adequately capturing
debonding and crack propagation. This model is used often in simulations where damage
initiation and propagation through the adhesive layer are important to represent accurately so

the model is crucial to study failure mechanisms for bonded members.

C3D8R, known as the Continuum 3D 8-node Reduced Integration Element, is a
hexahedral solid element for 3D stress analysis. "C" indicates that this is a solid continuum
element and it represents bulk material and not interfaces or thin films. “3D” means that the
element is 3-d space, so it computes deformations along the X, Y and Z axis. “8” indicates
that the element has eight corner nodes that create a hexahedral (or brick) shape, allowing for
better stress distribution in highly structured meshes. “R” states that the element employs
lesser integration points for saving the computational cost and prevents volumetric locking for

retaining accuracy [10, 13, 14].
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COH3DS8 is a three-dimensional cohesive element used to model interface behaviour
in bonded materials to achieve cohesive zone modelling in 3D, “COH” indicates a cohesive
zone model that simulates bonds between materials (like adhesives) or existing material
interfaces, this element can simulate crack propagation and initiation. “3D” refers to the fact
that the element behaves in a three-dimensional space (considering deformations in the X, Y,
and Z directions). "8" indicates the eight corner nodes forming a hexahedral (brick) element,

which is the mainly applied element type in 3D [10, 13, 14].

Correctly simulating crack propagation and adhesive failure behaviour depends on the
stack orientation of the cohesive elements, or the alignment of their material axes to the global
coordinate system. (Fig 3.5) Normal stiffness and strength are exerted along the Y-axis
(Mode I), while shear stiffness and strength are oriented along the X-axis (Mode II) and Z-
axis [25]. Cohesive elements are able to effectively simulate crack propagation and stress
transfer under tensile and shear loading conditions correctly as long as they are properly

oriented [10, 22].

For instance, if the normal stiffness is aligned to the X or Z-axis as opposed to the Y-
axis the stack direction is misaligned, which may lead to errors in the predicted crack paths
and predicted failure loads. It has been shown that misalignment of the cohesive zone with the
load path is detrimental to the ability of the material to replicate simultaneous layer
separation of the adhesive layer, resulting in erroneous predictions of damage onset and
propagation in the system. Maintaining the proper orientation of the stack is hence crucial for
providing realistic and accurate simulation outcomes, particularly for cases with mixed-

loading wherein the materials are subjected to both tension and compression [10, 22].
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Figure 3.5: Mesh and Stack Orientation for Cohesive Elements in a Single Lap Joint

A cohesive element-based model will not only represent the through-thickness
adhesive behaviour much better than the current implementation, but it is also able to capture
the local stress distributions and variations of strain in the adhesive layer in conjunction with
both the adhesive and bonded materials [23]. They are suitable for simulating the failure of
complex mechanisms like delamination [33, 37] and debonding, which requires a detailed
description of progressive damage [24]. These models, however, have limitations. A
significant downside to them is that they are very cost-sensitive: more elements will require
greater memory and longer simulation times. At the same time, cohesive element-based
models tend to necessitate an increasingly fine mesh refinement to obtain convergence and
reliable results, increasing both the computational demand and complexity of the model setup

[26, 27].

Comparative analysis between both methodologies showed that while surface-based
models were useful for quick screening purposes, cohesive element-based models allowed to

obtain deeper insights into the evolution of adhesive damage in the previous literature review
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[20]. Cohesive element models were essential to fully account for the damage behaviour for

certain geometries, e.g. for thicker adhesive layers [16].

3.4. Mesh Configuration

The effectiveness of finite element simulations, specifically for adhesive joint
simulation, is heavily reliant on the quality of the mesh further focusing on critical areas such
as the adhesive layer and the adherend interface [10, 18]. A range of mesh configurations
were employed for each model to find a compromise between computational efficiency and
numerical accuracy [18, 20, 26]. Mesh sizes were chosen from convergence studies to

achieve accurate strain distribution, ZSP detection and load-displacement predictions [16].

3.4.1. 2D Surface-Based Cohesive Model

The 2D surface-based cohesive model uniformly used a mesh size of 0.2 mm for any
region. (Fig. 3.6) This fine mesh was required to catch the strain distribution along the
overlap length and the ZSP transition [16, 18]. This definition of the surface interaction
needed to be accurate enough to describe the behaviour of the interface without introducing

numerical instabilities [16, 18].

Figure 3.6: Meshing in the 2D surface-based model
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3.4.2. 2D Element-Based Cohesive Model

A constant mesh size of 0.4 mm was used for the entire 2D cohesive element model.
(Fig. 3.7) The cohesive part was embedded within the adhesive layer having a sufficient
mesh refining that permitted to see the variation of the through-thickness strain. The mesh
size was selected to ensure computational efficiency while also allowing the cohesive zone to
capture crack initiation and propagation adequately. Because if cohesive elements are not in
the single row order, it is observed that the convergence issues occur often [10, 20]. That is
the reason why, the thickness of the adhesive layer is decreased to 0.4 mm in the 2D cohesive
element models in order to avoid convergence problems. Because it is also observed that the
decrease in the adhesive thickness does not dramatically affect the results. Therefore, this is a

good compromising to refine mesh for cohesive element model.

Figure 3.7: Meshing in the 2D element-based cohesive model

3.4.3. 3D Surface-Based Cohesive Model

In the case of the 3D surface-based cohesive model, the mesh size was 0.5 mm
uniformly all over the model. (Fig. 3.8) Despite the complex nature of 3D modelling, using a
mesh size of 0.5 mm provided a cost-effective compromise between simulation complexity

and the resolution needed to resolve the interface adhesive behaviour. In particular, mesh
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density was critical in capturing experimental strain trends in the case of surface-based

cohesive interaction in 3D [10, 20].

Figure 3.8: Meshing in the 3D surface-based cohesive model
The mesh configuration was validated in all cases by performing convergence tests to
confirm that further refinement of the mesh did not produce significant changes in the

numerical results.

3.4.4. 3D Element-Based Cohesive Model

In the case of the 3D element-based cohesive model, the mesh size was 0.5 mm uniformly all
over the model. (Fig. 3.9) As in the 2D cohesive element model, in this model, the adhesive
layer thickness was reduced to 0.5 mm to prevent convergence issues and a single row of

cohesive elements was obtained.

Figure 3.9: Meshing in the 3D element-based cohesive model
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4. MATERIAL PROPERTIES

The mechanical behaviour of adhesively bonded single-lap joints is highly dependent
on the material properties of the adhesive and adherends. Accurate modelling of these
properties in finite element models is a crucial step for the accurate simulation of the
mechanisms of load transfer, deformation and failure [18, 30]. Material parameters for
adhesives and adherends used in the study were outlined based on experimental data,
literature, and tuning. Table 4.1 lists the important mechanical properties that are taken into

consideration for both polyurethane and epoxy adhesives as well as CFRP adherends.

4.1. Adhesive Material Properties

The adhesives referred to in this study are of both types such as polyurethane and
epoxy to analyse their mechanical performance behaviours. Polyurethane is ductile and can
absorb energy but epoxy is hard and suffers from brittle fracture. (Fig 4.1) These varying
properties allowed for a closer analysis of how the different properties of the adhesive would

affect the strain distribution and the ZSP.
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Figure 4.1: Adhesives tensile tests: (a) Polyurethane (ADEKIT A 236/H 6236); (b) Epoxy

(SIKAPOWER-1277). [11]
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The parameters of the materials, as shown in Tables 4.1, 4.2, 4.3 and 4.4, have a
significant impact on correctly predicting the initiation and the evolution of damage in
adhesively bonded joints. Since some of the parameters (highlighted in red with * symbol)
were used to tune the model owing to the unavailability of experimental data, their effect on
the force-displacement response, crack initiation and crack propagation response is most

noticeable.

In finite element analysis, choosing interface stiffness parameters is crucial in terms of
numerical stability and computational efficiency [31, 32]. A setter value too low may lead to
stiffness instability in the system and numerical convergence difficulties. This is because low
stiffness values may lead to large deformations at the interface, where non-physical
oscillations and divergence of solution can occur. In order to avoid this, a very high interface
stiffness is usually given to stabilize the simulations in surface-based cohesive approach. On
the contrary, if the stiffness is too high, it will cause stiff system behaviour, so the numerical
method will need smaller and smaller time steps to be stable, which also means more
iterations and more costs. High stiffness values can lead to numerically stiff systems
requiring implicit integration schemes or smaller time increments to resolve rapid variations.
Hence, it is crucial to choose an appropriate interface stiffness for the simulations to strike a
balance between numerical stability and computational efficiency [10, 36, 46]. Similar to the
surface-based approach, in the element-based approach, the penalty stiffness [46] value was
applied to the adhesive stiffness. For this purpose, the Young’s modulus of the adhesive
materials determined by experimental methods [11] was divided by the existing adhesive
thickness (1.1 mm for polyurethane; 0.35 mm for epoxy) and penalty stiffnesses were

calculated [46]. (Table 4.1, 4.2,4.3,4.4)
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In the element-based cohesive method, the shear stiffness values tuned to 85 MPa for
polyurethane and 2230 MPa for epoxy are crucial for simulating the adhesive resistance
against shear deformation. This parameter plays a direct role in the Mode II energy
dissipation and the strengthening of delamination. Too low shear stiffness would lead to
underestimating the load transfer capability of the adhesive, while too high values could

postpone lamination or suppress crack initiation in shear-dominated regions [10, 36].

The critical interface stress under tensile loading (Mode I) is defined as the threshold
for damage initiation, which is 13.5 and 35 MPa for polyurethane and epoxy-based adhesives,

respectively. These values were not tuned, they were obtained experimentally.

The shear stress at the interface is tuned to 12.5 MPa for polyurethane and 20 MPa for
epoxy respectively. This parameter affects the ability of the adhesive to handle a combination
of tensile and shear loads. Accurate shear stress tuning is particularly important in mixed-
mode loading cases, such as in single-lap joints where the interaction of Mode I and II

damage mechanisms must be taken into account [06, 09].

Gi and G, respectively, denote the energy release rates as the fracture energy
required for cracking under both tensile (Mode I) and shear (Mode II and Mode III) loading.
Polyurethane G, values (17 N/mm) are slightly higher than those of epoxy (13 N/mm)
because polyurethane is a ductile material. Higher values (energy release rates) delay crack

propagation, inducing gradual damage evolution.

The interaction between different damage modes is controlled by the power law
exponent [38], which was tuned to 0.65 for polyurethane and 0.4 for epoxy. In fact, a higher
exponent for polyurethane suggests that damage progression in mixed-mode is less influenced
by the contributions of each mode, as it means that energy dissipation can be obtained in a

more effective manner in mixed mode and across multiple modes. Conversely, the lower
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value of epoxy suggests a more mode-specific damage evolution due to a higher sensitivity to
the dominant mode (either Mode I or Mode II) [39, 29]. Careful tuning of this parameter leads

to crack propagation paths that fit experimental observations.

Tuned parameters are crucial for experimental result replication, as they balance
stiffness, stress thresholds, and energy dissipation pathways. For polyurethane, the modified
parameters mimic its lower stiffness and ductility, while for epoxy, the increased stiffness and
higher stress thresholds reflect its brittle nature. Properly calibrated parameters are critical to
the performance of the cohesive zone models to correctly capture both damage initiation and

propagation, providing meaningful force-displacement response and ZSP prediction.

Surface-based cohesive approach
Initiation
Interface Stiffness Adhesive Shear Normal Interface Shear Interface
[MPa/mm] Stiffness [MPa/mm] Strength [MPa] Strength [MPa]
Kn Ks tn,0 t5,0
10° * 95* 13.5 12.5%
Evolution
Type Softening Mode Behaviour
Energy Linear Power Law
Mode I fracture Mode ILIII fracture Exponent
toughness [N/mm] toughness [N/mm]
Gi G, n
2.3 17 0.65*

Table 4.1: Tuned Traction-Separation Properties of Polyurethane for the surface-based

approach
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Element-based cohesive approach

Initiation
Normal Stiffness Shear Stiffness Normal Strength Shear Strength
[MPa/mm] [MPa/mm)] [MPa] [MPa]
Kn Ks tn,O tS,O
240* 85%* 13.5 12.5%
Evolution
Type Softening Mode Behaviour
Energy Linear Power Law
Mode I fracture Mode ILIII fracture Exponent
toughness [N/mm] toughness [N/mm]
Gi G, n
2.3 17 0.65*

Table 4.2: Tuned Traction-Separation Properties of Polyurethane for the element-based

approach

Surface-based cohesive approach

Initiation
Interface Stiffness Adhesive Shear Normal Interface Shear Interface
[MPa/mm] Stiffness [MPa/mm] Strength [MPa] Strength [MPa]
Kn Ks tn,O tS,O
100 * 892%* 35 20%*
Evolution
Type Softening Mode Behaviour
Energy Linear Power Law
Mode I fracture Mode ILIII fracture Exponent
toughness [N/mm] toughness [N/mm]
Gi Gu,m n
2.5 13 0.4*

Table 4.3: Tuned Traction-Separation Properties of Epoxy for the surface-based approach
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Element-based cohesive approach
Initiation
Normal Stiffness Shear Stiffness Normal Stress [MPa] Shear Stress [MPa]
[MPa/mm] [MPa/mm]
Kn Ks tn,O tS,O
6250% 2230%* 35 20*
Evolution
Type Softening Mode Behaviour
Energy Linear Power Law
Mode I fracture Mode ILIII fracture Exponent
toughness [N/mm] toughness [N/mm]
Gi G, n
2.5 13 0.4*

Table 4.4: Tuned Traction-Separation Properties of Epoxy for the element-based approach

4.2. Adherend Material Properties

The adherends used in this research were carbon fibre reinforced polymer (CFRP)
composites. Carbon fibre is widely used in aerospace and automotive applications because of
its very high strength-to-weight ratio, its resistance to fatigue, and the fact that the layup
configuration can be customized. The mechanical behaviour of CFRP is influenced by fibre
orientation and matrix properties, as well as interlayer interaction. (Table 4.5)

Orthotropic elastic materials were used to simulate the CFRP adherends in the finite
element models, which enabled accurate prediction of directional stiffness and stress

distribution. One of such key parameters defined in the model is orthotropic elastic



properties: Elastic modulus, shear modulus, and Poisson’s ratios are defined in three principal

directions.
Property Mean Value Standard Deviation
Density [kg/m®] 1450 -
Poisson’s Ratio 0.12 -
Longitudinal modulus [MPa] 58000 340
Longitudinal tensile strength 440 16
[MPa]
Longitudinal tensile ultimate 0.0072 -
strain
Longitudinal compressive 453 36
strength [MPa]
Longitudinal compressive 0.096 -
ultimate strain
Transverse tensile strength 440 16
[Mpa]
Transverse compressive 453 36
strength [Mpa]
In-plane shear modulus 3900 -
[MPa]
In-plane shear strength 72 -
[MPa]

Table 4.5: Material Properties of Adherends [11]
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S. BOUNDARY CONDITIONS

Next to constitutive relations, boundary conditions are a core element of finite element
modelling, as they describe how loads and constraints are applied to the system and have a
direct influence on the simulation results. For adhesively bonded single-lap joints, boundary
conditions must be correctly specified to accurately represent experimental conditions,
represent load transfer at the bonded interface and accurately capture damage mechanisms

such as Zero Strain Point detection.

For the numerical models developed in this study, boundary conditions were applied
to simulate experimental tensile tests on SLJs [06, 09]. Specific constraints were applied at
one end of the adherend while displacement-driven loading was applied at the opposite end.
The simulation of actual joint behaviour was achieved through the implementation of
boundary conditions between the 2D and 3D models that considered potential relative

translation and rotation.

5.1. Boundary Conditions for 2D Models

5.1.1. Fixed End (Left Side)

All degrees of freedom (DOFs) at the left end of the joint were fully constrained to
mimic the clamped boundary condition seen experimentally [06, 09]. The displacements Uy,
Uy and the rotation 6, were set to remain fixed, which inhibited motion or rotation in the
longitudinal, transverse and rotational direction of the structure. This arrangement kept the

left edge of the adherend fixed where tensile machine grips located while applying the load.

5.1.2. Loaded End (Right Side)

A ramped displacement function applied a displacement-controlled load to the right

end of the adherend in the longitudinal direction (x-axis). This gradual displacement of the
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model is helpful the smooth application of tensile loading which did not cause numerical
instability. Only Ux was defined as displacement, so it accurately reflected the tensile

deformation, while other rotational and lateral discharges were forbidden.

5.1.3. Symmetries for 2D Models

Plane strain conditions were assumed due to the large width-to-thickness ratio of the
adherends. The out-of-plane displacement, U, was set to zero to simulate the infinite width
assumption and prevent any unintended displacement in the z axis (see Fig. 5.1). This

assumption guarantees uniform stress and strain fields in the width direction.

5.2. Boundary Conditions for 3D Models

5.2.1. Fixed End (Left Side)

Like the 2D models, the left side of the adherend was restrained by the same
constraint set (Ux=Uy=U,=0 and 6,=0,=0,=0 (encastre boundary condition [10])). The set-up
avoids any motion translation and rotation, mimicking the experimental clamped conditions.

(see Fig. 5.2)

5.2.2. Loaded End (Right Side)

A ramp function was defined in the x-direction and a displacement-controlled load was
applied incrementally. The amount of the imposed displacement was defined so that the
loading rate was comparable to the experimental one, thus producing a gradual tensile loading
of the joint. The displacements Uy and U, and the rotations 0x , 6y and 0, were constrained in

order to keep the load in x direction of the test specimen. (see Fig. 5.2)



42

5.2.3. Off-Plane Boundary Conditions

Additional constraints were applied to prevent unexpected out-of-plane displacements
and movements along the specimen width. All these conditions helped maintain the loading
conditions in the 3D models in close resemblance with the experimental scene and hindered
deformation along parasitic axes (see Fig. 5.2). This configuration effectively acted the

deformation of the adhesive layer subjected to tensile loading without compromising

computational stability.

: Left End Constraint Name: Right End Constraint Name:  Load

Symmetry/Antisymmetry/Encastre Type:  Displacement/Rotation Type:  Displacement/Rotation

Step:  Step-1 (Static, General)
Region: Set-30 [3

Initial Step:  Step-1 (Static, General)
: Set-27 [y Region: Set-28

CSYs: (Global)

Distribution: | Uniform

CSYS: (Global) [3 L CSYS: (Global) [y L

D XSYMM (U1 = UR2 = UR3 = 0)

Distribution: | Uniform N

O YSYMM (U2 = URT = UR3 = 0) O @ U 13
ZSYMM (U3 = UR1 = UR2 = 0) Uz ) Ouz
) XASYMM (U2 = U3 = URT = 0; Abaqus/Standard only) Bur: o racians [l — ol
YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only) -
Amplitude: | (Ramp) § Po Amplitude: | (Ramp) § Ao

2 ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
D PINNED (U1=U2=U3=0)
® ENCASTRE (U1=U2=U3=URI=UR2=UR3=0)

Figure 5.1: Boundary Condition for 2D Model
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Name:

Rignt End
Type:  Displacement/Rotation
Step:  Step-1 (Static, General)

Region: Set-20

CSV&: (Global)
Distribution: Uniform
O
Fuz

= Name Load2
B Type:  Displacement/Rotation
M uRr1:

Step:  Step-1 (Static, General)
i uR2: Region: Set-26 [y
b URS:

Amplitude: y

€svs {Global) f3 A

LeftEnd

Distribution: | Uniform N i

WUt 2

Type  Symmetry/Antisymmetry/Encastre
Step:  Initial

Region: Ser-18 [y Ou

CSYS (Global) [¢ L Ous:

) XSYMM (U1 = URZ = UR3 = 0} [ urx: radians

2l YSYMM (U2 = UR1 = URZ = 0) Curz radians
ZSYMM (U3 = URT = UR2 = 0) ] uR3: e

XASYMM (U2 = U3 = URI = 0; Abaqus/Standard only)
YASYMM (U1 = U3 = UR2 = G; Abequs/Standard only)
ZASYMM (U1 = U2 = UR3 = & Abaqus/Standard only)
PINNED (U1 = U2=U3=0)

® ENCASTRE (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0)

Amplitude:  (Ramp)

Figure 5.2: Boundary Condition for 3D Model
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6. THEORETICAL BACKGROUND

An essential aspect of investigating adhesively bonded joints, especially in composite
materials, is familiarity with the fundamental principles governing damage initiation, damage
propagation, and the mechanics of bilinear traction-separation relationships [40, 41].
Adhesives are essential in defining the structural strength of the bonded joints, so modelling
the adhesive mechanism under different types of loads is also very important. This part will
formulate the main theoretical terms required to numerically simulate the mechanical
response of such systems (e.g. via the finite element method) including damage initiation and
damage propagation, which details how damage grows once it starts. An overview of the
bilinear traction-separation law, a commonly employed technique for modelling the cohesive
response of adhesives, is presented as well to highlight its role in simulations. A
comprehensive understanding of these principles is key to predicting failure mechanisms and

optimizing the design of bonded components.

6.1. Bilinear Traction-Separation Laws and Their Role in Simulations

The bilinear traction-separation law forms a key part of cohesive zone models for
simulating damage initiation and propagation in adhesively bonded joints. This law describes
the link between the cohesive tractions at the interface of the bonded materials and the
respective separations, delivering a realistic insight of adhesive behaviour under different
loading scenarios. The bilinear traction-separation law may not represent detailed constitutive
behaviour in fracture processes. Its simplicity and its ability to capture at least the gross
natural features of fracture processes have made it a widely used representation in finite
element simulations [42, 43]. The theoretical foundation of the bilinear traction-separation
law is discussed, its mathematical formulation, and its practical applications, as well as its

limitations and potential enhancements.
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In this case, the bonded joint usually fails in a mixed failure mode, combining both
adhesive and cohesive failure mechanisms due to the progressive degradation of the adhesive
layer [44]. The cohesive zone models govern the relationship between the stresses (tractions)
present at the adhesive interface and the corresponding displacements (separation) to

adequately capture this behaviour [42].

Some models, such as the bilinear traction-separation law, assume a critically
damaging elastic separation of the adhesive interface which, beyond a maximum stress level,
will start to fail and continue to degrade until failure [07, 42]. There are three distinct areas

of the law:

1. Elastic Region: The first linear region with traction proportional to
separation. In this region, the adhesive acts elastically, and the relationship between

traction and separation is linear [07, 42, 46, 47,49]:
t=K6

The slope of this region is given by the cohesive stiffness, K. The point §,
represents the onset of damage, determined by the damage initiation criterion (e.g.,

quadratic stress criterion) [07, 42, 46, 47, 49].

2. Softening Region: A linear degradation of the traction as the separation
6 increases beyond the damage initiation point §,. Beyond this point, the traction
decreases linearly as the separation increases, representing the gradual degradation of
the adhesive [07, 42, 46, 47, 49]:

£ =Kk, (1—2—0
o 8 — 8o
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The energy dissipated during this phase corresponds to the fracture toughness

of the adhesive and is equal to the area under the traction-separation curve [07, 42, 46,

47].

3. Failure Region: The point where the separation 6 reaches & the

cohesive traction, t reaches zero, indicating complete failure. At this point, the
cohesive traction reaches zero, indicating complete failure and separation of the

adhesive interface [42, 46, 47].

The bilinear traction-separation relationship can be described mathematically as

follows [07, 42, 46, 47, 49]:

( Ké for 0 <6 <6,
6 - 60
t = K(So 1-— f0T60S6S6f
8 — &
0 foré =6
Where:
. t is the cohesive traction.
. d is the separation displacement.
. d 1s the separation at damage initiation.
. 8¢ is the separation at complete failure.
. K is the cohesive stiffness.

One of the key parameters in the bilinear traction-separation law is the fracture energy
G, which represents the total energy required to propagate a crack through the adhesive. This
energy is related to the area under the traction-separation curve and is given by [07, 42, 46,

47]:
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For the bilinear law, this integral simplifies to [07, 42, 46, 47]:

1
G = E tmax6f

tmax»> Where is the maximum traction corresponding to the onset of damage. The
fracture energy is typically divided into its mode-specific components (Mode I, Mode II, and

Mode III) for mixed-mode loading conditions [07, 42, 46, 47]:

Giotat = Gr + G+ Gy

Initiation Mode I
P

Normal

Mode II

Shear

Propagation

Figure 6.1: Mixed-mode failure envelope illustrating the interaction between Mode I and

Mode II loading conditions [48].
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Figure 6.2: Bilinear traction-separation law depicting Mode I, Mode II, and mixed-mode
fracture behaviours in cohesive zone models [48].
In finite element simulations, cohesive elements or cohesive interactions based on
surfaces implement the bilinear traction-separation law. In both methods, the adhesive layer
is modelled as a thin interface. Its mechanical response is described by a traction-separation

relation [10].

In element-based cohesive method, these elements are located in between the
adherends and defined through a bilinear traction-separation law. It guarantees that the
softening/hardening of the adhesive is properly represented as the element stiffness matrix is

updated at each step according to the current separation [10, 50].

Surface-based cohesive method is typically applied in thin adhesive layers, in which
the definition of cohesive elements may be infeasible. The bilinear law is enforced through
the contact interface between the adherend and adhesive, where the traction and separation

are monitored at all integration points [10].

In simulations, the software checks the separation at every interface point and
calculates the traction following the bilinear law. When the normal separation of elements
exceeds, damage begins to develop, and the cohesive stiffness in the softening region of the

law 1s progressively reduced [10, 42].
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Under mixed-mode loading, the traction-separation law couples with damage
initiation and damage propagation criteria including, but not limited to, theoretical quadratic
stress criteria for initiation and theoretical propagation criteria such as a power law. The
bilinear law gives the mapping from elastic behaviour to damage evolution, and the damage

criteria determine when this transition happens and in which mode [07, 39, 47].

For instance, the quadratic criterion could initiate damage in a single lap joint when
subjected to both tensile and shear, as it uses the combination of normal and shear stresses
[08]. When damage is initiated, the bilinear traction-separation law defines the degradation of

adhesive and the power law criterion controls the rate of damage progression [10].

Although this bilinear traction-separation law works well for many applications, it has
some limitations, mainly when simulating adhesives that exhibit complex nonlinear
behaviour. For ductile adhesives or adhesives with rate—dependent behaviour, the gradual

damage process can be better described with other shaped softening curves [51, 52].

Bilinear traction-separation law is widely used for the simulation of mechanical
response of adhesive bonded joint. The application of this phenomenological model is very
easy and captures the main characteristics of an adhesive very well, which is the reason for its
motivations to be used widely in cohesive zone models. As mentioned, by improving upon its
shortcomings and introducing prominent material models, the predictive power of bilinear law
could be considerably improved aiding towards design and optimization of robust bonded

structures.

6.2. Damage Initiation: Quadratic Criteria

Damage initiation in adhesives bonded joints is an important phase of the structural

integrity analysis, including fiber-reinforced polymers and adhesive. This damage initiation is
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considered the transition point from elastic behaviour to damage and possibly ultimate
failure. In cohesive zone modelling studies, accurate prediction of the initiation point is
critical for creating meaningful results and depends heavily on criteria such as the quadratic
stress criterion, being defined a priori. In this part, the background theory, mathematical
formulations and numerical aspects associated with damage initiation in adhesively bonded

joints are described using quadratic criteria [03, 10, 53].

The quadratic criterion depends on the incorporation of the various traction
components that interact at the interface of the bonded materials. It confirms that either
normal or shear stress can initiate damage when combined. This criterion can be written

mathematically as [10, 45, 54]:

2 2 2
CRCRC
tno ts0 tto
Where:

e (t,): Macaulay bracket for normal traction stress (t, > 0); compressive stresses (t, < 0)
are ignored.

e t.: Shear traction stress in the first tangential direction.

e t: Shear traction stress in the second tangential direction.

® th,0, ts0, t,0: Peak (damage initiation) tractions for normal and shear directions.

The equation above can be interpreted as considering the interaction between normal
and shear components in the context of mixed-mode loading conditions, which is essential
for edge cracks. If any individual term > 1, or their collective impact satisfies the equality,

damage initiation occurs [10, 54].
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The formulation of the quadratic criterion takes into account the synergistic interaction
of normal and shear stresses in an adhesive layer. An example of this is a single lap joint
experiencing both tensile and shear forces, which causes the adhesive to have normal stress
and shear stress applied to it, neither of which on their own would cause the adhesive to fail.
Rather, the contribution of each of these stresses, as described by the quadratic criterion

collectively, is a realistic predictor of where and when damage initiates [54, 55, 56].

What this means in practice is that normal stress below the threshold could still lead to
damage initiation if the shear stresses are high enough (and vice versa). Behaviour that
varies in different directions can lead to complex stress profiles, especially in composite

structures [54, 55, 56].

The quadratic criterion is usually embedded in cohesive elements or surface-based
cohesive formulations in finite element simulations with cohesive zone models [10, 58, 59].
The cohesive zone model describes the adhesive layer using a traction-separation curve, and
its linear range corresponds to the elastic response, while the damage initiation criterion leads

to an evolution of the softening region [42, 59, 60].

The traction components at each cohesive element are monitored throughout the
course of a finite element simulation (e.g., in Abaqus) [10]. It is declared that a damage
initiation occurs when the quadratic criterion is satisfied and the cohesive stiffness

degradation starts according to the chosen damage evolution law [57].

In most application cases, bonded joints are subjected to mixed-mode loads consisting
of Mode I (opening), Mode II (in-plane shear), and Mode III (out-of-plane shear). The
quadratic criterion is particularly appropriate since it implicitly incorporates the interaction

between normal and shear stresses [61, 62].
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The cohesive parameters in the model, including, in particular, the peak tractions and
the cohesive stiffness, need to be properly calibrated to provide an accurate prediction of
damage initiation. Usually, these parameters are defined by experimental test, such as lap-

shear tests or peel tests and then, numerical fitting to experimental results is performed [63].

For many simulation models, a sensitivity analysis is carried out to assess how
changes of these parameters impact the simulation outcome [64]. For example, increasing the
cohesive stiffness can make for a stiffer adhesive response, as well as a delayed initiation of
damage, and vice versa, which may lead to premature initiation and over-prediction of failure

[65].

Here, the case of normal and shear stress interaction of quadratic type is considered
which is valid only for isotropic adhesive - the one that has the same properties in all
directions. Conversely, actual adhesion elements, especially from complex adhesive
microstructures, display anisotropic or nonlinear stress interactions. Moreover, the quadratic
criterion does not include the rate-dependent behaviour and the effects of external
environmental variables such as temperature and humidity explicitly. The predictive
capabilities of the damage initiation criterion could potentially be improved by the inclusion

of viscoelastic or environmental models [66].

For the single lap joint model, which is introduced in this work, quadratic criterion is
used for polyurethane (ADEKIT A 236/H 6236) and epoxy (SIKAPOWER-1277) adhesives.
The peak tractions were determined through the calibration of experimental tensile tests, and
the value of the cohesive stiffness was tuned to get reasonably close to numerical and

experimental force-displacement curves.

The performance of well-known damage initiation criteria, such as the quadratic

criterion, has been realized to predict damage initiation in these joints under mixed-mode
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loading conditions. Additionally, coupling this method with cohesive zone models and
traction-separation laws allows for precise modelling of adhesive failure processes. The
predictive accuracy of the criterion can be improved to some extent when it is addressed to its
limits and introduce complementary models, which can support the design and optimization

approaches for reliable bonded structures [42].

6.3. Damage Propagation: Power Law Criterion

The power law function criteria is essentially an energy-based function (whereas
stress-based like quadratic criteria, are only meant for initiation of damage). When damage
initiation is detected, the energy release rates are continuously monitored. These rates
indicate the energy available to drive crack propagation under each loading mode. Damage

propagation initiates after satisfying the power law criterion for energy release rates [10, 67].

The total energy dissipated in damage propagation is represented by the area under
the traction-separation curve in cohesive zone models. (Fig. 6.1) A bilinear or trapezoidal
traction-separation law is often used, and the softening segment represents the gradual decay

of cohesive forces [42, 68].

The accumulation of damage in an adhesively bonded joint is a function of several
factors, including joint design, the structure of the adhesive and interface zones,
environmental effects, and substrate material properties [69, 70]. Once damage initiation
occurs in an adhesively bonded joint, the subsequent propagation of damage becomes a vital
consideration in the overall structural failure. Damage propagation refers to the propagation of
damage from the location where the damage initiates through the adhesive layer until total

failure or interfacial separation occurs. One method that is widely used to model this
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damaging phase of evolution is the power law criterion. The power law criterion is discussed

in detail, theoretically and mathematically, in cohesive zone models in the following sections.

The power law criterion controls the development of damage corresponding to energy
release rates for different failure scenarios. The power law criterion is employed for the
prediction of damage under mixed-mode loading, as the energy release rates associated with
normal (Mode I) and shear (Mode II) loading cooperate in contributing to the damage process

[07, 42, 46, 47].

& -
Gy, Gy, G,
Where:

e Gy, Gi, Gur: Energy release rates for Modes I, II, and III.
¢  Gic, Gire, Gme: Critical energy release rates for each mode.

e p: Power law exponent (material-dependent).

The power law exponents determine the relative contributions of the different modes
to the damage evolution. For adhesives with higher shear strength, values of and may be
larger, highlighting the contribution of Modes II and III. This is for brittle adhesives whose

failure is mainly tensile but now may dominate [71, 72, 73].

In fact, cohesive zone models are key hardware used in finite element simulations,
which aim to capture the strain-softening behaviour of adhesive interfaces. The energy lost in
the damage propagation phase is controlled by the softening of the cohesive stiffness when
the damage variable o increases. The damage variable goes from 0 (no damage) to 1 (ultimate

failure) and develops according to the power law criterion [74].
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The traction-separation law is amended to include damage influence in the following

form:
t=01-a).t,
Where:
. t is the current traction.
. to is the initial traction before the damage.
. a is the damage variable.

The damage variable evolves driven by the energy release rates and the critical
fracture energies. In this way, damage propagates gradually while being consistent with the

loading conditions and adhesive material properties [74].

Mixed-mode fracture is common in adhesively bonded joints and even more so in the
case of aerospace or automotive applications where complex loading occurs. The combined
effect of multiple mode failures can be coordinated using the available (power law criteria in
issue) thus, the power law criterion is an ideal criterion for modelling of mixed-mode fracture

[10, 75].

The coupling of Modes I and II can be illustrated by means of a failure envelope
given in the Gi-Gy plane, where the boundary corresponds to the combinations of energy
release rates that fulfill the power law condition. The equivalent work of breaking per joint
area reflects the sensitivity of the adhesive to load alignments and allows for an optimal joint

design [7, 46].

On the other hand, for making accurate predictions on the numerical damage

propagation, the power law exponent [79] and the critical fracture energies Gic, Guc, Guic
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have to be well tuned. These parameters are usually determined from experimental tests

(e.g., mode-mixed fracture toughness tests) [75] and then adjusted.

The prediction of damage propagation has been demonstrated as sensitive to both
mesh size and element type in finite element simulations. Cohesive elements need to be fine
enough to model gradual damage accumulation, but not so small as to lead to computational
cost. Surface-based cohesive interactions are often considered in thin adhesive layers to

overcome mesh dependency issues [65, 76].

Although the power law criterion is a sound principle for modelling damage
propagation, it has limitations. It assumes that the release rates of energy are independent on
the growing direction of the crack and that the adhesive behaves isotropically, for instance.
However, adhesives are typically anisotropic or rate-dependent which can cause prediction

errors [77].

To overcome these restrictions, some advanced models which consider directional
dependency and rate effects have been developed recently. Cohesive zone models can also be
used in accordance with viscoelastic model to more accurately characterize time-dependent

behaviours. [78]

The power law criterion has been widely used in many industrial applications, for
example, for the design of adhesively bonded joints for aerospace and automotive
applications. [80] For the polyurethane adhesive (ADEKIT A 236/H 6236), the power law
exponents were determined to stress the ductile behaviour of the adhesive in the mixed-mode
loading. Due to the relatively brittle nature of epoxy adhesive (SIKAPOWER-1277), the
exponent has been modified as well. This is, together with the progressive area of damage
propagation and the progressive loss in load-bearing capacity, captured quite well by cohesive

zone models.
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This proved to be an effective parameter under mixed-mode loading as well [79], and
has been used extensively for damage propagation modelling in adhesively bonded joints. By
enabling a coupled approach with cohesive zone formulations, it can accurately simulate the
progressive degradation in adhesive films and assist with the design and optimization of
strong bonded systems. The predictive accuracy of the power law criterion [79] can be further

improved by addressing its shortcomings and developing advanced material models.
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7. RESULTS

The numerical models presented in this study are built to mimic the experimental
conditions and findings described in [6] and [9], where Abbasi, Ciardiello, and Goglio
investigated damage initiation in adhesively bonded joints with the use of backface strain
techniques. Material properties, boundary conditions, and loading configurations were
modified from their work, so that the simulations had geometries that closely match those
used in experiments. Specifically, the adhesive types and joint dimensions mentioned in
backface strain as an index to detect damage initiation were instrumental in defining the
adhesive properties and overlap geometry in the models. Knowing and/or understanding if
the present model is adequate for specific situations is critical so numerical analysis can be
obtained. Using finite element methods in computer models like Abaqus, they can simulate
damage initiation and propagation as well as failure mechanisms. In this study, a numerical
investigation aims to compare the two most widely used modelling approaches in cohesive
zone modelling, namely, surface-based cohesive models and element-based cohesive models.
The implementation of these models varies significantly in terms of computational efficiency
and their capacity to accurately capture adhesive behaviour. Moreover, a mesh convergence
study is conducted for ensuring that the numerical results are accurate and do not depend on

mesh size, which is an important step in obtaining reliable simulations.

7.1. Design of Experiments for Single-Lap Joint Specimens

The design of the experimental test setup of single lap joints is the basis for numerical
simulations performed in this thesis. Current work experimental configurations were adopted
from [9], "A novel approach for damage assessment in adhesively bonded composite joints
using backface strain technique" and [6], "Backface strain as index to detect damage initiation

in composite single-lap bonded joints: Effects of adhesive type and joint dimensions" by
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Abbasi, Ciardiello and Goglio. The joint geometry and adhesive properties were shown to

affect mechanical performance and zero-strain point, used for detecting damage [6], [9].

Figure 7.1 shows the geometric parameters for the single-lap joint specimens in the
experiments. The basic overall dimensions of SLJ configuration are defined by overlap length
L, adherends’ thickness T, and joint width W. The thickness t of adhesive is assumed to be 1.1
mm for polyurethane and 0.35 mm for epoxy, according to experimental designs in Abbasi et

al. ’s studies [06, 09]. It establishes the foundation for the assessment of strain distributions,

zero-strain point responses and dynamic initiation of damage due to tensile loading.

2

t=1.1 for Polyurethane
t= 0.35 for Epoxy

&5 0

\
Figure 7.1: Geometric Configuration of the Single-Lap Joint Specimen (Based on Abbasi et
al., A novel approach for damage assessment in adhesively bonded composite joints using

backface strain technique [09] and Backface strain as index to damage initiation in composite

single-lap bonded joints: Effects of adhesive type and joint dimensions [06])
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T1 (1.76 mm) T2 (3.52 mm)
L1 (10 mm) W1 (10 mm) LIWITI LIWIT2
L1 (10 mm) W2 (20 mm) LIW2TI L1W2T2
L1 (10 mm) W3 (30 mm) LIW3TI L1IW3T2
L2 (20 mm) W1 (10 mm) L2WITI L2WI1T2
L2 (20 mm) W2 (20 mm) L2W2T1 L2W2T2
L2 (20 mm) W3 (30 mm) L2W3TI L2W3T2

Table 7.1: Single-Lap Joint Design of Experiments (Based on [6], "Backface Strain as an

Index to Detect Damage Initiation in Composite Single-Lap Bonded Joints: Effects of

Adhesive Type and Joint Dimensions,")

T1(0.88mm) | T2 (1.76mm) | T3 (3.52 mm)
L1 (10 mm) W1 (10 mm) LIWITI LIWIT2 LIWIT3
L1 (10 mm) W2 (20 mm) LIW2TI LIW2T2 L1W2T3
L1 (10 mm) W3 (30 mm) LIW3TI LIW3T2 L1IW3T3
L2 (20 mm) W1 (10 mm) L2WITI L2WIT?2 L2WIT3
L2 (20 mm) W2 (20 mm) L2W2T1 L2W2T2 L2W2T3
L2 (20 mm) W3 (30 mm) L2W3TI L2W3T2 L2W3T3

Table 7.2: Single-Lap Joint Design of Experiments (Based on [9], "A Novel Approach for

Damage Assessment in Adhesively Bonded Composite Joints Using Backface Strain

Technique,")

Increasing the adhesive layer thickness would have a relevant influence directly

related to its mechanical strategies. Table 7.1 shows the configurations from the first
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experimental study, with emphasis on two levels of thickness (T1 and T2) while Table 7.2
shows configurations that add another thickness level in order to extend the scope of the
analysis.

In the first test setup, the adhesives were ADEKIT A 236/H 6236 (polyurethane) and
SIKAPOWER-1277 (epoxy) (Table 7.1), while in the second test setup, only ADEKIT A
236/H 6236 (polyurethane) was used. (Table 7.2). The adherend thickness varied from 1.76
mm to 3.52 mm in the first test setup, while in the second test setup the adherend thickness
varied from 0.88 mm to 3.52 mm. That difference in adherend thickness and different type of
adhesives analyses how stiffness, or elongation, or ductility governs the overall joint
performance (initiation and propagation of cracks).

The strain in both joints was monitored with high spatial resolutions along the overlap
length using digital image correlation (DIC) techniques in both experimental works [06, 09].
The ZSP was determined by the shifted evaluation of the change from tensile to compressive
strain at the backface of the adherend. Configurations were designed to investigate how width
and length of the adhesive and width, length and thickness of the adherend affect the location
of the ZSP as well as the mechanisms of failure.

By reproducing these experimental conditions in the finite element models, this thesis
aims to catch those important mechanical phenomena occurring in the fracture process, such
as stress field distribution, strain localization or damage propagation, are accurately
reproduced. The mechanical response at tensile load conditions used the properties of the
materials, including the Young's modulus, Poisson's rate, and fracture energy of the adhesive

and adherends in the numerical models.
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These experimental design approaches not only facilitate the validation of cohesive
zone models but also offer valuable information about optimal adhesive joint configurations

for enhanced structural performance.

7.2. The Force-Displacement Analysis of Pu-L2W2T2

Tuning material properties is an important part of confirming that numerical
simulations accurately represent force-displacement behaviour in the experiments on
adhesively bonded SLJs. The configuration of specimen for tuning was selected as L2ZW2T2
(L=20mm, W=20mm and T=1.76mm) bonded with polyurethane adhesive. This
configuration was chosen because it is representative of moderate geometric dimensions and
material properties, which makes it suitable to calibration.

Table 7.3 lists the values of the area under the force-displacement curve of the
experimental results in comparison with the numerical results obtained during this study for
the L2ZW2T2 specimen under tensile loading and the percentage error, which indicates how
much they deviate from each other. Figure 7.2 shows the comparison of the experimental and
numerical force-displacement curves. The experimental data are shown in the form of three
different force-displacement curves (Experimental 1, 2, and 3), which account for small
differences due to experimental inaccuracies and material inhomogeneity. The numerical
simulations are divided into two-dimensional and three-dimensional models using both the
triangular traction-separation laws and coherent element and cohesive surface approach.

The areas under the force-displacement curves (representing the total energy absorbed
up to failure), to allow comparison in quantitative terms, were calculated for each
experimental and numerical case. This metric is vital in determining the energy dissipation

ability of the adhesive joint and its performance state with respect to mechanical loading.
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Figure 7.2: Comparison of Force-Displacement curve of Pu-L2W2T2 specimen with different
techniques
The calculated results of the energy absorption are presented in Table 7.3. The
average experimental energy absorption was 3324.27 N-mm based on three experimental
tests. The corresponding energy values from the numerical simulations differ with varying

errors, dependent on the modelling approach taken.

Energy [N-mm] Error (%)
Experimental 1 3126.90 -
Experimental 2 3351.05 -
Experimental 3 3494.86 -
Experimental Average 3324.27 -
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Numerical (2D) Cohesive Element 3114.36 6.3
Numerical (3D) Cohesive Element 4111.59 23.7
Numerical (2D) Cohesive Surface 3568.44 7.34
Numerical (3D) Cohesive Surface 3502.91 53

Table 7.3: Energy Absorption and Error Comparison for L2ZW2T2 Specimen

With the minimum 5.3% error compared to the experimental average, the most
accurate results were obtained with the cohesive surface method, where the 3D cohesive
surface model was developed. The 2D cohesive surface model also performed fairly well,
with an approximately 7.34% error, which is tolerable for numerical simulations. On the other
hand, the element-based models with a bonded contact between the elements showed much
larger errors, especially in the 3D case, resulting in a deviation of 23.7%. This difference
arises from the greater sensitivity of cohesive element models to mesh refinement and the
additional degrees of freedom that the cohesive element models require to accurately describe
through-thickness adhesive behaviour. In the 2D cohesive element model, this deviation is

6.3%.

The tuned material properties provided a good correlation between experimental and
numerical force-displacement responses using the cohesive surface method on L2W2T2
specimen. The error analysis also corroborates the tunning behind the procedure, as the 3D
cohesive surface model produced the most accurate energy absorption estimation. These tuned
characteristics will be used to the broader population of specimens considered in this thesis to

ensure consistency across configurations.

7.3. The Zero Strain Point Analysis of Pu-L2W2T2

The ZSP helps in gaining insight into the strain distribution and load transfer

mechanisms in the overlap length of the adhesively bonded SLJs. For this work, a specimen
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L2W2T2 (L=20mm, W=20mm and T=1.76mm) was selected for ZSP analysis using both
experimental and numerical approaches. ZSP is the point that marks the transition between
tensile and compressive strains, which is critical during damage initiation and propagation

stages.

Figure 7.3. Position of the Zero Strain Point Measurement: (a) and (b) are for the 3D model,

(c) for the 2D model.

Figure 7.3 shows the numerical setup for measuring ZSP on the backface of the
bonded joint for 2D and 3D models. The strain was measured along the x-axis and was
distributed over the entire length of the overlap, which was 20 mm, where 0 mm (x=0 mm)
corresponded to the start of the overlap in the specimen L2W2T2, while 20 mm (x=20 mm)
indicated its end. The backface surface, indicated for strain evaluation (as shown in section 3),

is used as a reference position for ZSP monitoring under varying loading conditions.
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Figure 7.4: Experimental Strain Distribution along the Overlap Length of L2ZW2T2 Specimen
under Various Load Levels (Adapted from "A novel approach for damage assessment in

adhesively bonded composite joints using backface strain technique") [09]

Experimental results from [9], "A novel approach for damage assessment of
adhesively bonded composite joints using backface strain technique", are shown in Figure
7.4. This shows the progressive nature of damage initiation and as evidence the ZSP location,
as seen in the experimental data, shifts with increased load. Since initially the ZSP lies near to
the free end of the overlap under low loading conditions, along with the increase of load, it

transfers to the middle of the overlap.

Figure 7.5 shows the predicted strain contour in the adhesive using 2D cohesive
surface approach. The strain distribution is shown for the cohesive surface-based model which
is calibrated against the L2ZW2T2 specimen. The results show a close agreement with the
experimental trends and they also suggest an accurate prediction of the ZSP. The numerical

findings reveal an early ZSP close to the free end of the overlap, while progressive
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displacement towards the centre occurs with increasing load, in accordance with experimental

observations.
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Figure 7.5: Strain Distribution over the Overall Length along the Adhesive to detect ZSP for

Pu-L2W2T2, Numerical result

The ZSP location was identified from the numerical model at approximately 14 mm
of the overlap length, which validated the ZSP testing of the L2ZW2T2 specimen. This
position is consistent with the experimental readings described in [9], "A novel approach for
damage assessment in adhesively bonded composite joints using backface strain technique”.

The correct identification of the ZSP confirms the model’s ability to represent the critical load
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transfer point within the adhesive joint, a fundamental parameter of interest for damage

initiation predictions.

The relationship between strain and load-displacement for L2ZW2T2 bonded with
polyurethane is shown in Figure 7.6, indicating the main mechanical behaviours in function of
tensile load increase. An important aspect to keep in mind is the behaviour of the ZSP to
maintain zero strain up to peak load during experimental test. However, in numerical results,
although the strain value approaches zero strain up to peak load, it is seen that it is non-linear

due to the complexity of modelling the ductile nature of polyurethane.
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Figure 7.6: Strain distribution of the Zero Strain Point (ZSP) at different load levels for

L2W2T2, Numerical result

The change in strain distribution through the overlap length is shown at different load
levels (F=364 N - F=4800 N) in Figure 7.7. The ZSP for both the experimental measurements

and previous numerical predictions occurs at approximately 14 mm during initial loading (F
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=364 N). Together with the observation that the resultant ZSP progressively migrates farther
into the negative strain region as the applied load varies, a qualitative picture of the initiation

and development of large plastic deformation emerges through the overlap length.

At elevated loads, specifically F = 2788 N and onwards, ZSP exhibits exacerbated
negative strain, linking with the greater damage propagation in the adhesive and composite
interface. This numerical model successfully captures such behaviour, which explains its

capability of indicating a ZSP deformation with the general trends.

F=4500 N

Figure 7.7: Evolution of Zero Strain Point (ZSP) Under Different Load Conditions for Pu-

L2W2T2

7.4. Zero Strain Point Analysis for All Specimens

The systematic methodology followed for numerical modelling of different types of
adhesive materials (polyurethane and epoxy) using cohesive element and cohesive surface
methods has been summarized in an organized frame in Table 7.4. It covers three-dimensional
(3D) and two-dimensional (2D) geometrical representations, bilinear traction-separation laws

(TSL), and damage modelling criteria.
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The adhesive layer is modelled with a bilinear traction-separation law for both

polyurethane and epoxy adhesives, which well captures the adhesive layer’s linear elastic,

damage initiation, and progressive softening response.

Damage Initiation and Growth Criteria

Damage Start: The onset of damage is based on the quadratic stress criterion. This
criterion takes into account the combined effect of tensile and shear stresses to predict
failure.

Damage Evolution: An energy-based type of power law criterion governs the
evolution of damage, allowing for the proper tracking of crack propagation under

mixed-mode loading conditions.

Geometries Considered

Two-dimensional Analysis: 2D models are sequentially investigated following
cohesive element and cohesive surface techniques. This allows for fast and
computationally inexpensive simulations that are accurate enough for first-order
analysis.

3D Analyses: Although 3D simulation provides a more accurate prediction of the
joint's performance, the cohesive surface model was implemented for both materials.
As previously mentioned in the section comparing experimental and numerical energy
absorption and error margins (Table 7.3), the least satisfactory results were obtained in
the 3D element-based method and also because this method is time-consuming, this

method was not analysed for the remaining samples.
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P ot Damage
Adhesive ) "
Material TSL Model Damt::grtiatg:;:atlon Evolution Geometry Approach Analysis Done
Criteria
- Cohesive Element v
L Quadratic Stress Power Criterion Cohesive Surface v
Polyurethane Bilinear - -
Criterion (Energy Type) . Cohesive Element -
Cohesive Surface v
Cohesive Element v
2D "
- Quadratic Stress | Power Criterion Cohesive Surface v
Epoxy Bilinear Criteri -
riterion (Energy Type) Cohesive Element =
3D
Cohesive Surface

Table 7.4: Summary of Approaches in this Study

7.4.1. The Results of 2D Surface-Based Approach

The numerical and experimental analyses were performed on the Pu-LIWIT1
specimen with 2D surface-based cohesive model and bilinear TSL modelled with its
properties for a polyurethane adhesive. The adhesive had a length of 10 mm, a width of 10
mm, a thickness of 1.1 mm, and the adherend had a thickness of 0.88 mm. This comparison
was developed to track the detection of the Zero Strain Point and investigate the behaviour of
strains under different loads. The strain distribution along the overlap length for both
experimental (Figure 7.8a) and numerical (Figure 7.8b & Figure 7.9) analyses confirms that
the prediction for the ZSP location is correct. The numerically calculated ZSP position agrees
reasonably with that determined experimentally with an acceptable relative deviation of
~10%. (Table 7.5)

The peak strain value has been underestimated in the numerical analysis as well,
which happens -2.7 x 107 whereas the experimental value is -5 x 1073, The relative error in
this case 1s 46%, which indicates that the strain amplitudes differ. This is successfully
captured in the numerical simulation (Table 7.5). The model simplifies material behaviour,

which causes strain values to be underestimated.
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Figure 7.8: Strain Distribution on the Backface of Pu-L1WI1T1 through Overlap Length under

Different Loads for (a) Experimental [09] and (b) Numerical Results
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Figure 7.9: Strain-displacement and force-displacement curves for numerical result of Pu-

LIWITI1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Pu-L1W2T]1 specimen. The adhesive had a

length of 10 mm, a width of 20 mm, a thickness 1.1 mm, and the adherend had a thickness of
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0.88 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Both experimental (Figure 7.10a) and numerical (Figure 7.10b & Figure 7.11)
analyses reveal strain distribution along the overlap length respectively and confirm accurate
prediction of the ZSP location. The ZSP position obtained numerically closely matches the
experimental value, and the relative error is acceptable (of the order of ~10%) in the absence
of any nonlinear Effect to be considered. (Table 7.5)

The maximum strain value is underestimated by numerical analysis up to 2.7 x 103
in comparison to the experimental value up to —7 x 1073, This corresponds to a relative error

of 61%, pointing out the differences in strain amplitude. (Table 7.5)
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Figure 7.10: Strain Distribution on the Backface of Pu-L1W2T]1 through Overlap Length

under Different Loads for (a) Experimental [09] and (b) Numerical Results
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Figure 7.11: Strain-displacement and force-displacement curves for the numerical result of

Pu-L1W2T1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Pu-L1W2T2 specimen. The adhesive had a
length of 10 mm, a width of 20 mm, a thickness 1.1 mm, and the adherend had a thickness of
1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

The strain distribution along the overlap length from both experimental (Figure 7.12a)
and numerical (Figure 7.12b & Figure 7.13) analyses shows complexities in investigating the
precise ZSP position, leading to differences between experimental and numerical results.
Despite this complex behaviour of the specimen, ZSP was detected in numerical analysis,
albeit with difficulty. The strain results are a relatively good match and are still providing
useful insights. From the numerical analysis, the maximum strain to be -2.7 x 1073 is
estimated, which is in close agreement with the -3 x 107* value observed experimentally.
Relative error is 10% and this suggests a good performance of the analytical model in

capturing strain amplitudes. (Table 7.5)
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Figure 7.13: Strain-displacement and force-displacement curves for the numerical result of

Pu-L1W2T2

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Pu-L1W2T3 specimen. The adhesive had a
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length of 10 mm, a width of 20 mm, a thickness 1.1 mm, and the adherend had a thickness of
3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Both experimental (a) and numerical (b) strain distributions along the overlap length
are shown in Figure 7.14 & Figure 7.15. Some difficulties in determining the precise location
of the ZSP are indicated, with a difference between experimental and numerical results.
Nevertheless, the strain values do match fairly well, and the quantities of interest are reflected
well in the comparison. The maximum value of the strain is estimated to be -1.6 x 107 for the
numerical analysis (compared to -2 x 107 in the experimental observation) (Table 7.5). The
corresponding relative error is 17%, showing an acceptable behaviour of the model when

reproducing strain amplitudes. (Table 7.5)
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Figure 7.14: Strain Distribution on the Backface of Pu-L1W2T3 through Overlap Length

under Different Loads for (a) Experimental [09] and (b) Numerical Results

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Pu-L1W3T1 specimen. The adhesive had a
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length of 10 mm, a width of 30 mm, a thickness 1.1 mm, and the adherend had a thickness of
0.77 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

The strain evolutions along overlap length from both experimental (Figure 7.15a) and
numerical (Figure 7.15b & Figure 7.16) determinations confirmed the identification of the
ZSP position whereby numerical predictions closely matched with experimental
measurements. This is where the ZSP location falls with a ~16% relative error, but it is still
not a significant difference. (Table 7.5)

The maximum strain value has a value of -2.5 x 1073, while the experimental value
was observed at —7 x 1073, which shows that numerical analysis would underestimate the
strain value. This results in a 65% relative error. Despite this significant underestimation, the
trend and strain evolution of the ZSP are predicted well in the numerical model, confirming

that the numerical simulations are valid for predictive purposes.
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Figure 7.16: Strain-displacement and force-displacement curves for numerical result of Pu-

L1W3T1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Pu-L2W2T3 specimen. The adhesive had a
length of 20 mm, a width of 20 mm, a thickness 1.1 mm, and the adherend had a thickness of
3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

It is observed from the strain distribution along the overlap length obtained from
experimental (Figure 7.17a) and the numerical analysis (Figures 7.17b & 7.18). The
numerical model accurately determines the ZSP position with minor deviation according to
the results.

The maximum of strain value calculated with numerical analysis is close to the
experiment result which is -2.1 x 1073 versus - 2.6 x 1073. The related relative error is 19%,

indicating that strain estimation is accurate. (Table 7.5)
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The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Pu-L2W1T1 specimen. The adhesive had a
length of 20 mm, a width of 10 mm, a thickness 1.1 mm, and the adherend had a thickness of
0.77 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Figures 7.19(a) and (b) provided strain distribution around the entire overlap length of
the adhesive joint from experimental and numerical results, respectively, which proved that
the prediction of ZSP position is successful. The ZSP position calculated numerically agrees
with the value found experimentally up to an acceptable relative error of ~10%. (Table 7.5)

Numerical results show a maximum strain value of -1.7 x 1073, while experimental
results yield value of -3.2 x 1072. The relative error corresponds to 46%, inferring inaccuracy
in strain amplitude. Although the ZSP position is predicted well, when looking at the
experimental data, it is seen that the ZSP position shifts to the left at high loads, while in the
numerical analysis this behaviour first shifts to the right and then to the left. Therefore, the

model has some limitations in accurately capturing non-linear adhesive behaviour.
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Figure 7.19: Strain Distribution on the Backface of Pu-L2W1T]1 through Overlap Length

under Different Loads for (a) Experimental [09] and (b) Numerical Results
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In addition, when Figure 7.20 is examined, traces of this anomalous behaviour can be
seen. Normally, the strain value should be linear and horizontal on the zero value until the

peak load, but here it deviates from the zero value earlier.
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Figure 7.20: Strain-displacement and force-displacement curves for numerical result of Pu-

L2WITI1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Pu-L2W2T1 specimen. The adhesive had a
length of 20 mm, a width of 20 mm, a thickness 1.1 mm, and the adherend had a thickness of
0.77 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

The strain distribution results from experimental (Figure 7.21a) and numerical (Figure
7.21b & Figure 7.22) analyses along the overlap length show successful prediction of ZSP.
The numerically calculated ZSP position is in very good correspondence with an experimental

value with a sufficiently low relative error of ~6%. (Table 7.5)
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Comparing with the experimental results, the maximum strain value of the numerical
calculation is also underestimated, which is -1.7 x 1073, while the experimental test is -3.5 %
1073. The corresponding relative error in strain amplitude is 50%. (Table 7.5) Although ZSP
trend is accurately captured, the attenuation of strain response at high loads in the numerical
model has limitations in accurately capturing any non-linear adhesive behaviour. (Figure

7.21b) The strain path in Figure 7.22 also confirms this behaviour.
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Figure 7.21: Strain Distribution on the Backface of Pu-L2W2T1 through Overlap Length

under Different Loads for (a) Experimental [09] and (b) Numerical Results
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Figure 7.22: Strain-displacement and force-displacement curves for numerical result of Pu-

L2W2T1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Pu-L2W3T1 specimen. The adhesive had a
length of 20 mm, a width of 30 mm, a thickness 1.1 mm, and the adherend had a thickness of
0.77 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Both experimental (Figure 7.23a) and numerical (Figure 7.23b & Figure 7.24)
analyses on the strain distribution along the overlap length are presented for successful
prediction of both ZSP. The numerically obtained ZSP position is very close to the value
observed experimentally, ~11% relative error. (Table 7.5)

The maximum value of strain reached is underestimated in the numerical analysis at
—1.7 x 1073 while the experimental value is —3.9 x 1072, The relative error, in this case, is 56%
giving rise to some amplitude discrepancies in strain. Although the ZSP position is predicted
well, when looking at the experimental data, it is seen that the ZSP position shifts to the left at

high loads, while in the numerical analysis this behaviour first shifts to the right and then to
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the left. Therefore, the model has some limitations in accurately capturing non-linear adhesive

behaviour. The strain path in Figure 7.24 also confirms this behaviour.
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Figure 7.23: Strain Distribution on the Backface of Pu-L2W3T]1 through Overlap Length

under Different Loads for (a) Experimental [09] and (b) Numerical Results
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Figure 7.24: Strain-displacement and force-displacement curves for numerical result of Pu-

L2W3TI

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L1W1T1 specimen. The adhesive had a
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length of 10 mm, a width of 10 mm, a thickness 0.35 mm, and the adherend had a thickness
of 1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

The ZSP prediction is also evidenced by the strain distribution along the same overlap
length from the experimental (Figure 7.25a) and the numerical (Figure 7.25b & Figure 7.26)
analyses. The predicted ZSP position is in good agreement with the observed ZSP position,
with a relative error of ~16%. (Table 7.5)

The maximum strain value is slightly overestimated in the numerical analysis: -3.2 x
1073 versus the experimental value of -3 x 1073. The relative error corresponding to it is 6%,
which suggests a slight shift in strain amplitude. (Table 7.5) The model accurately captures

ZSP trends and reflects strain behaviour.
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Figure 7.25: Strain Distribution on the Backface of Ep-LIWI1T]1 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.26: Strain-displacement and force-displacement curves for numerical result of Ep-

LIWITI1

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L1W2T1 specimen. The adhesive had a

length of 10 mm, a width of 20 mm, a thickness 0.35 mm, and the adherend had a thickness

of 1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as

well as the strain behaviour under applied loads.

Successful ZSP prediction has been confirmed in terms of the strain distribution across

the overlap length in both experimental (Figure 7.27a) and numerical (Figure 7.27b & Figure

7.28) analyses. The position of the ZSP obtained numerically agrees with the experimental

value with relative error of ~16%. (Table 7.5)

The maximum value of the strain predicted by the numerical analysis is slightly

higher than the experimental value which is —3 x 1072. The relative error is 6%, showing that

the error in determining strain amplitude is small. Clearly, the model presented accurately

describes ZSP trends explaining strain behaviour (Table 7.5).
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Figure 7.27: Strain Distribution on the Backface of Ep-L1W2T1 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.28: Strain-displacement and force-displacement curves for numerical result of Ep-

LIW2T1

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L1W3T1 specimen. The adhesive had a

length of 10 mm, a width of 30 mm, a thickness 0.35 mm, and the adherend had a thickness

of 1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as

well as the strain behaviour under applied loads.
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The ZSP was predicted accurately for the Ep-L1W3T1 specimen (Figure 7.29 &
Figure 7.30). The numerically obtained ZSP position closely agrees with the value found
experimentally with a relative error of ~16%. (Table 7.5)

The maximum strain obtained from the numerical analysis is slightly higher than the
experimental value (—3.2 x 107 against —3 x 1073). The relative error is 6%, which is a small

difference in strain amplitude. (Table 7.5) It accurately reflects strain behaviour and captures

the observed ZSP trends.
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Figure 7.29: Strain Distribution on the Backface of Ep-L1W3T1 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.30: Strain-displacement and force-displacement curves for numerical result of Ep-

LIW3T1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Ep-L2W1T1 specimen. The adhesive had a
length of 20 mm, a width of 10 mm, a thickness 0.35 mm, and the adherend had a thickness
of 1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

The distribution of strain on the overlap length from experimental tests (Figure 7.31a)
and numerical models (Figure 7.31b & Figure 7.32) indicates significant agreement in the
prediction of the position of the ZSP. The numerically ZSP position is nearly equal to the
experimental value, and a relative error of ~1% is realized. (Table 7.5)

-2.1 x 1072 is obtained for both cases in close agreement between numerical analysis
and experimental maximum strain values. The corresponding relative error is 0%,
demonstrating great agreement. This means that the model predicts both ZSP trends and strain
amplitudes with good accuracy (Table 7.5), confirming its capability to adequately model the

behaviour of epoxy adhesive for this specimen.
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Figure 7.31: Strain Distribution on the Backface of Ep-L2W1T1 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.32: Strain-displacement and force-displacement curves for numerical result of Ep-

L2WIT1

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L2W2T1 specimen. The adhesive had a

length of 20 mm, a width of 20 mm, a thickness 0.35 mm, and the adherend had a thickness



91

of 1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Both experimental (Figure 7.33a) and numerical analysis (Figure 7.33b & Figure
7.34) of the strain distribution along the overlap length shows a remarkably good prediction of
the ZSP position. Numerically, the ZSP position is nearly identical to the experimental value
with a relative error of ~1%. (Table 7.5)

The discrepancy between numerical analysis and the experimental value of strain has a
perfect agreement with -2.1 x 107 for both cases. The relative error is 0%, demonstrating

that the agreement between the two curves is rather good. (Table 7.5)
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Figure 7.33: Strain Distribution on the Backface of Ep-L2W2T1 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.34: Strain-displacement and force-displacement curves for numerical result of Ep-

L2W2T1

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Ep-L2W3T1 specimen. The adhesive had a
length of 20 mm, a width of 30 mm, a thickness 0.35 mm, and the adherend had a thickness
of 1.76 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

The strain distribution across the overlap length for both experimental (Fig. 7.35a) and
numerical (Fig. 7.35b & Fig. 7.36) analyses shows very close prediction of the ZSP position.
The numerically obtained ZSP position is very close to the experimental one, with ~1% of
relative error. (Table 7.5)

These values match perfectly with the experimental ones for strain in the numerical
analysis, which is -2.1 x 1073, consecutively. The relative error is 0% which corresponds to
excellent agreement. This outcome illustrates the model's ability to consistently reflect ZSP

trends and the corresponding strain amplitudes for various configurations (Table 7.5).
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Figure 7.35: Strain Distribution on the Backface of Ep-L2W3T1 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.36: Strain-displacement and force-displacement curves for numerical result of Ep-

L2W3T1

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L2W1T2 specimen. The adhesive had a
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length of 20 mm, a width of 10 mm, a thickness 0.35 mm, and the adherend had a thickness
of 3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Both experimental (Figure 7.37a) and numerical (Figure 7.37b & Figure 7.38)
analyses confirm the validity of the ZSP prediction in the strain distribution along the overlap
length. The ZSP value numerically obtained is quite close to the experimental value, with
~4% relative error. (Table 7.5)

The maximum strain value obtained via numerical analysis is slightly higher than the
experimental value which is -2.5 x 1072 compared with the experimental value of -2.2 x 1073,

The relative error is 13%, meaning the strain prediction is reasonably accounted. (Table 7.5)

g 10 . , . ; , : . 0.0005
0 “eor 0B 10 N \m
=zl =%
-0.0005 NN
\
= \
-0.001 LI Y
£ ot o
2 LY
1 .
“ -0.0015 %
\\ Yy
Y b
'\ i
-0.002 o
AR NPVAL N T
2+ EP_L2W1T2 00025
-25 I 1 L 1 1 I 1 1 _C.O.:JS
] 2 4 6 8 10 12 14 16 18 20 Overlap Length [mm]
Overlap length (mm)
(a) (b)

Figure 7.37: Strain Distribution on the Backface of Ep-L2W1T2 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.38: Strain-displacement and force-displacement curves for numerical result of Ep-

L2WIT2

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Ep-L2W2T2 specimen. The adhesive had a
length of 20 mm, a width of 20 mm, a thickness 0.35 mm, and the adherend had a thickness
of 3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Figure 7.39b & Figure 7.40 shows that prediction of the ZSP position is very closely
assigned to the ZSP position from the experimental value (Figure 7.39a). The numerically
obtained ZSP position is close to the experimental value with a relative error of ~4% (Table
7.5).

The maximum strain value predicted by numerical analysis is slightly higher than the

experimental data, which is -2.4 X 1072. The relative error is 4%. (Table 7.5)
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Figure 7.39: Strain Distribution on the Backface of Ep-L2W2T2 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.40: Strain-displacement and force-displacement curves for numerical result of Ep-

L2W2T2

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L2W3T2 specimen. The adhesive had a

length of 20 mm, a width of 30 mm, a thickness 0.35 mm, and the adherend had a thickness
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of 3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.
The strain distribution along the overlap length is predicted accurately to detect the
ZSP position. (Figure 7.41a, Figure 7.41b and Figure 7.42) The numerically computed ZSP
position closely matches the experimental value, having a relative error of ~8% (Table 7.5).
Numerical analysis accurately matches the maximum value of strain, which is -2.5 x
107 equivalent to the value derived by the experiment. (Table 7.5) This confirms excellent

agreement and the model’s ability to reproduce the mechanical behaviour of the adhesive.
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Figure 7.41: Strain Distribution on the Backface of Ep-L2W3T2 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results
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Figure 7.42: Strain-displacement and force-displacement curves for numerical result of Ep-

L2W3T2

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Ep-LIW1T2 specimen. The adhesive had a
length of 10 mm, a width of 10 mm, a thickness 0.35 mm, and the adherend had a thickness
of 3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Figure 7.43a and Figure 7.43b show the strain distribution along the overlap length
from experimental and numerical analyses, respectively. They both present difficulties in
accurately determining the ZSP location. From the current results, a reliable ZSP position
could not be obtained.

In spite of this, reasonable prediction of the maximum strain value is obtained by the
numerical analysis. The relative error is 12 % with respect to the experimental maximum
strain, which is -2.5 x 1073, This shows that the numerical model makes reasonably accurate

prediction.
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Figure 7.43: Strain Distribution on the Backface of Ep-L1W1T2 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results

The 2D surface-based cohesive model with a bilinear traction-separation law was
employed to describe the adhesive bonds of the Ep-L1W2T2 specimen. The adhesive had a
length of 10 mm, a width of 20 mm, a thickness 0.35 mm, and the adherend had a thickness
of 3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as
well as the strain behaviour under applied loads.

Indeed, the strain distribution along the overlap length obtained from both
experimental (Figure 7.44a) and numerical (Figure 7.44b) analyses does not allow for a
precise identification of the ZSP location.

The maximum strain value is —2.1 X 107 of numerical analysis, while —2.5 x 103
represents the experimental value. The relative error is 12%, indicating discrepancies in
amplitude of strain. The results are generally satisfactory for strain values, although the lack

of ZSP data suggests that strain capture requires more attention with respect to conditions.
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Figure 7.44: Strain Distribution on the Backface of Ep-L1W2T2 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results

The 2D surface-based cohesive model with a bilinear traction-separation law was

employed to describe the adhesive bonds of the Ep-L1W3T2 specimen. The adhesive had a

length of 10 mm, a width of 30 mm, a thickness 0.35 mm, and the adherend had a thickness

of 3.52 mm. This comparison was performed in order to assess Zero Strain Point detection as

well as the strain behaviour under applied loads.

Both experimental (Figure 7.45a) and numerical (Figure 7.45b) strain distribution

along the overlap length through strains suggest the difficulties of using ZSP location in

practice. The current comparison resulted in no ZSP data being reported.

In both the experimental and the numerical cases, the maximum strain is obtained as -

2 x 1072, It means that the agreement between theoretical and experimental strain amplitude is

very good.
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Figure 7.45: Strain Distribution on the Backface of Ep-L1W3T2 through Overlap Length

under Different Loads for (a) Experimental [06] and (b) Numerical Results

Specimen ZSP Position | ZSP ZSP Max Strain Max Strain | Max Strain
(mm) Position Relative Experimental | Numerical Relative
Experimental | (mm) Error (%) (x1073) (x1073) Error (%)
Numerical
Pu-LIWIT1 | 7+8 6+7 ~10 -5 -2.7 46
Pu-L1W2T1 | 7+8 6+7 ~10 -7 -2.7 61
Pu-L1W2T2 | 5+6 5 ~10 -3 -2.7 10
Pu-L1W2T3 | 3+4 - - -2 -1.6 17
Pu-L1W3T1 | 7 6+7 0+16 -7 -2.5 65
Pu-L2W2T3 | 9+10 12 - -2.6 -2.1 19
Pu-L2WIT1 | 17+18 15+16 ~10 -3.2 -1.7 46
Pu-L2W2T1 | 16 15 ~6 -3.5 -1.7 50
Pu-L2W3T1 | 17 15 ~11 -3.9 -1.7 56
Pu-L2W2T2 | 15 14 7 -4 -2 50
Ep-L1WIT1 | 6 5 ~16 -3 -3.2 6
Ep-L1W2T1 | 6.2 5.2 ~16 -3 -3.2 6
Ep-L1W3T1 | 6.2 5.2 ~16 -3 -3.2 6
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Ep-L2WI1T1 | 16+17 16.2 ~1 -2.1 -2.1 0
Ep-L2W2T1 | 16+17 16.2 ~1 2.1 2.1 0
Ep-L2W3T1 | 16+17 16.2 ~1 -2.1 2.1 0
Ep-L2WIT2 | 13 12.4 ~4 -2.2 -2.5 4
Ep-L2W2T2 | 13 12.4 ~4 -2.4 -2.5 4
Ep-L2W3T2 | 14 12.8 ~8 -2.5 -2.5 0
Ep-L1WIT2 | - - - -2.5 -2.1 12
Ep-L1W2T2 | - - - -2.5 -2.1 12
Ep-L1W3T2 | - - - -2 -2 0

Table 7.5: Relative Error for ZSP Position and Max. Strain for All Specimens

7.4.2. The Results for 3D Surface-Based Cohesive Approach

The strain distribution and ZSP location through the entire overlap length across all

the PU specimens using the 3D surface-based cohesive method are displayed in Figure 7.45.

Overall, all configurations yield reasonable ZSP positions and strain distributions that align

with experimental data. However, the deviation of ZSP behaviour is bigger in the Pu-L2WT]1

configuration, as the ZSP position moves toward the positive rather than the negative region

that is expected. Such discrepancy, which was also found in the 2D surface-based cohesive

model, shows the influence of modelling assumptions and boundary conditions on this

configuration.
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Figure 7.45: Strain Distribution and Zero Strain Point (ZSP) Locations Across Overlap
Length for Various PU Specimens Using 3D Surface-Based Cohesive Approach: (a) Pu-
L1WITI, (b) Pu-L2W3T1, (c¢) Pu-L1W2T]1, (d) Pu-L1W2T2, (e) Pu-L1W3T1, (f) Pu-

L2W2T2, (g) Pu-L2WI1T1, (h) Pu-L1W2T3, (i) Pu-L2W2T1, (j) Pu-L2W2T3

Figure 7.46 shows strain profiles and ZSP locations for different EP specimens at the
overlap length based on a 3D surface-based cohesive model. The EP configurations exhibit a
more constant and predictable ZSP behaviour with respect to the PU specimens. This
observation suggests that the PU errors observed are not as frequent in the EP cases. For the
EP specimens, the ZSP positioning maintains its stability where only small deviations can be

observed. Therefore, it is possible to affirm that the ZSP positioning achieved a very high

degree of accuracy.
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Figure 7.46: Strain Distribution and Zero Strain Point (ZSP) Locations Across Overlap

Length for Various EP Specimens Using 3D Surface-Based Cohesive Approach: (a) Ep-

LIWITL, (b) Ep-LIWIT2, (c) Ep-L1W2T1, (d) Ep-LIW2T2, (e) Ep-LIW3T1, (f) Ep-

L1W3T2, (g) Ep-L2WITI, (h) Ep-L2W1T2, (i) Ep-L2W2T1, (j) Ep-L2W2T2, (k) Ep-

L2W3TI, (1) Ep-L2W3T2

7.4.3. The Results for 2D Cohesive Element Approach

The strain distribution and ZSP locations along the overlap length for the different PU

specimens using a 2D cohesive element approach are shown in Figure 7.47. The troublesome

behaviour that was noticed in the 2D and 3D surface-based cohesive models persists in the

ZSP location of this model, but it is exacerbated for the L2ZWT1 configuration. Moreover, the



ZSP movement further along the positive strain direction goes even more in the wrong

direction, away from what is expected, indicating a growing error.
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Figure 7.47: Strain Distribution and Zero Strain Point (ZSP) Locations Across Overlap

Length for Various PU Specimens Using 2D Cohesive Element Approach: (a) Pu-L1WI1T]I,

(b) Pu-L2W3T1, (c) Pu-L1W2T1, (d) Pu-L1W2T2, (e) Pu-L1W3T]1, (f) Pu-L2W2T2, (g) Pu-

The outputs shown for the EP specimens with the 2D cohesive element method

(Figure 7.48) demonstrate that the behaviour of the ZSP did not change with the different

L2WIT1, (h) Pu-L1W2T3, (i) Pu-L2W2T1, (j) Pu-L2W2T3

configurations. Unlike the PU ones, it is not observed any of the big anomalies or shifts for

those, especially for the key configurations such as LZWT1. The ZSP exhibits trends that are

consistent with expectations, and the strain evolution along the overlap length is in good

agreement with the experimental and the numerical data.
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Figure 7.48: Strain Distribution and Zero Strain Point (ZSP) Locations Across Overlap
Length for Various EP Specimens Using 2D Cohesive Element Approach: (a) Ep-LIWI1T1,
(b) Ep-L1WI1T2, (c) Ep-L1W2T]1, (d) Ep-L1W2T2, (e) Ep-L1W3T1, (f) Ep-L1W3T2, (g) Ep-
L2WITI, (h) Ep-L2W1T2, (i) Ep-L2W2T1, (j) Ep-L2W2T2, (k) Ep-L2W3T]1, (1) Ep-

L2W3T2

Figure 7.49 presents the ZSP position for the polyurethane adhesive, showing small
deviations between numerical and experimental data across all the specimens. While it is seen
that there is an overestimation of the location of ZSP with the 3D surface-based method, the
2D surface-based method seems to present closer predictions in few cases but still slightly
deviates in some instances from the expected locations. On the other hand, 3D surface-based

and 2D element-based cohesive methods are not able to catch the ZSP for the specimens
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L1IW2T2 and L2W2T3, while 2D surface-based model is successful. For the L1W2T3, none
of these numerical models capture the ZSP. However, the ZSP is not clearly revealed

experimentally for this sample.

Referring to epoxy adhesive, it can be seen in Figure 7.50 that numerical models are
better at predicting experimental ZSP positions. These deviations are more moderate than the
specimens with polyurethane adhesive. The experimental curve for both 2D and 3D cohesive

models are able to capture the trend well.

1 2 3 4 5 6 7 8 9 10

Specimen No

- A A A AN
0 O N B~ O WO

ZSP Position [mm

oON B~ O

Bm Experimental | 2D Surface-based approach
m 3D Surface-based approach H2D Element-based approach
Figure 7.49: Comparison of ZSP Position Across Specimens with Polyurethane Adhesive
(1:Pu-L1WITI, 2:Pu-L2W3T1, 3:Pu-L1W2T1, 4:Pu-L1W2T2, 5:Pu-L1W3TI, 6:Pu-

L2W2T2, 7:Pu-L2WIT1, 8:Pu-L1W2T3, 9:Pu-L2W2T1, 10:Pu-L2W2T3)
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Figure 7.50: Comparison of ZSP Position Across Specimens with Epoxy Adhesive (1:Ep-
LIWITI, 2:Ep-L1WI1T2, 3:Ep-L1W2T1, 4:Ep-L1W2T2, 5:Ep-L1W3T1, 6:Ep-L1W3T2,
7:Ep-L2W1TI1, 8:Ep-L2W1T2, 9:Ep-L2W2T1,

10:Ep-L2W2T2, 11:Ep-L2W3T]1, 12:Ep-L2W3T2)

7.5. Force-Displacement Analysis for All Specimens

7.5.1. The Results of 2D Surface-Based Approach for Polyurethane Adhesive

Figure 7.49 shows the experimental force-displacement graph of samples with
polyurethane adhesive. As evident from the force-displacement relationship of the
polyurethane specimens shown in Figure 7.51, the 2D surface-based cohesive approach
exhibits fairly good overall agreement with experimental data in terms of peak force
magnitudes. Compared to experimental results, the numerical predictions often display earlier

peak displacements.
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Figure 7.51: Experimental Load-Displacement curve for Polyurethane adhesive specimens [9]
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Figure 7.51: 2D Surface-Based Cohesive Method in Load-displacement curves of

Polyurethane different specimens
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7.5.2. The Results of 3D Surface-Based Approach for Polyurethane Adhesive

The force-displacement curve of polyurethane specimens obtained through the 3D
surface-based cohesive model are shown in Figure 7.52. The predictions show a reasonable
level of accuracy to capture overall force trends and peak force magnitudes. Compared to

experimental results, the numerical predictions often display earlier peak displacements.

------ PU-LIW2T2 -4~ Pu-L1W2T3 ——Pu-L1W1T1 ~x- Pu-L1W2T1 - Pu-L1W3T1
——PU-L2W2T2 ——Pu-L2W2T3 ——Pu-L2W1T1 —%—Pu-L2W2T1 ——Pu-L2W3T1
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Figure 7.52: 3D Surface-Based Cohesive Method in Load-displacement curves of
Polyurethane different specimens
7.5.3. The Results of 2D Cohesive Element Approach for Polyurethane Adhesive

The force-displacement curves of the polyurethane specimens obtained from 2D

cohesive element (Fig. 7.53) were also compared to that of the experimental data in Figure
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7.51. The numerical results show good agreement with the are with experimental data
including the overall force response and maximum force levels. Compared to experimental

results, the numerical predictions often display earlier peak displacements.
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Figure 7.53: 2D Cohesive Element Method in Load-displacement curves of Polyurethane

different specimens

7.5.4. The Results of 2D Surface-Based Cohesive Approach for Epoxy Adhesive

Figure 7.54 shows the experimental force-displacement graph of samples with epoxy
adhesive. Figure 7.55 shows the force-displacement curves of epoxy specimens employing
the 2D surface-based cohesive. The numerical results match well with the experimental
curves, both in the maximal force and the shape of the response. Most of the configurations

show a good fit of numerical curves based on the experimental data.



116

10 wiTt oWt o : '
9 |[EP-LIW2T1 ===~ EP-LIW2T2 ---%- —
EP-LIW3T1 @+~ EP-LIW3T2 -
EP-L2W1T1 —O—EP-L2W1T2 —6—
8 [EP-L2W2T1 —— EP-L2W2T2 —>— |
EP-L2W3T1 —O— EP-L2W3T2 —o—
7 i -
Zz 6 |
—
g s |
S 2 _
3 -
2 !
1 |

0 0.1 0.2 0.3 0.4 0.5 0.6
displacement (mm)

Figure 7.54: Experimental Load-Displacement curve for Epoxy adhesive specimens [6]
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Figure 7.55: 2D Surface-Based Cohesive Method in Load-displacement curves of Epoxy

different specimens
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7.5.5. The Results of 3D Surface-Based Cohesive Approach for Epoxy Adhesive

In Figure 7.56 shows numerical force-displacement curves of epoxy specimens using
3D surface-based cohesive approach. Deviations are particularly pronounced in some
specimens.

seweEp-LIW2T] % Ep-LIW2T2 -—#--Ep-L1W1T1 e Ep-LIWI1T2
e Ep-LIW3T1 ——Ep-L2W1T2 ——Ep-L2W2T1 - Ep-LIW3T2
—e—Ep-L2W1T1 ——Ep-L2W3T1 ——Ep-L2W2T2 ——Ep-L2W3T2
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Figure 7.56: 3D Surface-Based Cohesive Method in Load-displacement curves of Epoxy

different specimens

7.5.6. The Results of 2D Cohesive Element Approach for Epoxy Adhesive

The force-displacement curves of the specimens with epoxy specimens by using 2D
cohesive element approach is presented in Figure 7.57. Numerical results show a fair
agreement with the experimental data, especially regarding the maximum force and

displacement at maximum force values.
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Figure 7.57: 2D Cohesive Element Method in Load-displacement curves of Epoxy different

specimens

Load and displacement at peak load for polyurethane and epoxy adhesives have been
compared between numerical and experimental results. As shown in the peak load comparison
for polyurethane adhesive in Figure 7.58, the 2D surface-based approach generally
overestimates the experimental values, especially in specimens 4, 8 and 10. Likewise for
polyurethane adhesive, as seen in Figure 7.59, the displacement at peak load values are
consistently underestimated by all numerical models with again a significant difference,
particularly for specimens 4, 8 and 10.

In the case of epoxy adhesive, the numerical predictions fit better with the
experimental results than the polyurethane in Figures 7.60 and 7.61. More importantly, the
differences are smaller, and force-displacement trends are more consistent among diverse

modelling approaches.
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Figure 7.58: Peak Load Comparison Across Specimens with Polyurethane Adhesive (1:Pu-
L1IWITI, 2:Pu-L2W3T1, 3:Pu-L1W2T1, 4:Pu-L1W2T2, 5:Pu-L1W3T1, 6:Pu-L2W2T2,

7:Pu-L2W1TI, 8:Pu-L1W2T3, 9:Pu-L2W2T1, 10:Pu-L2W2T3)
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Figure 7.59: Displacement at Peak Load for Different Approaches Across Specimens with
Polyurethane Adhesive (1:Pu-L1WI1TI, 2:Pu-L2W3T1, 3:Pu-L1W2T1, 4:Pu-L1W2T2, 5:Pu-

L1W3TI1, 6:Pu-L2W2T2, 7:Pu-L2WI1TI, 8:Pu-L1W2T3, 9:Pu-L2W2T1, 10:Pu-L2W2T3)
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Figure 7.60: Peak Load Comparison Across Specimens with Epoxy Adhesive (1:Ep-LIW1T1,
2:Ep-L1WI1T2, 3:Ep-L1W2T1, 4:Ep-L1W2T2, 5:Ep-LIW3TI, 6:Ep-L1W3T2, 7:Ep-
L2WITI, 8:Ep-L2W1T2, 9:Ep-L2W2T]1,

10:Ep-L2W2T2, 11:Ep-L2W3T]1, 12:Ep-L2W3T2)
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Figure 7.61: Displacement at Peak Load for Different Approaches Across Specimens with
Epoxy Adhesive (1:Ep-L1WI1T1, 2:Ep-L1WIT2, 3:Ep-LIW2T1, 4:Ep-L1W2T2, 5:Ep-
L1IW3TI, 6:Ep-L1W3T2, 7:Ep-L2WITI, 8:Ep-L2W1T2, 9:Ep-L2W2T1,

10:Ep-L2W2T2, 11:Ep-L2W3T]1, 12:Ep-L2W3T2)
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8. DISCUSSION

The accuracy of the cohesive zone models was attributed to the effective interface
modelling without the computational complexity of the cohesive elements [82]. Although the
cohesive surface method cannot explicitly capture the thickness deformation, it was able to
replicate the global force-displacement trend with high accuracy through the adjusted material
properties. This highlights the need to appropriately calibrate these models, especially for
critical parameters, such as interface stiffness, shear strength, and fracture energy. (Table 4.1,

42,43,4.4)

As in Figure 7.5, the ZSP in the numerical model moves in negative strain zones as the
applied load increases. This trend is well captured by the numerical model, which is
consistent with the actual behaviour of the joint, where the strain distribution over the
backface is shifted more towards the negative values reflecting the role of adhesive
deformation mechanism, and load redistribution. This agreement between experimental data
and numerical predictions underscores the capability of the model to robustly reproduce

strain evolution for diverse levels of loading.

But one important difference concerns the scale of strain values. The numerical model
widely underestimates strain values from the experimental measurements (Figure 7.5 & Table
7.5). The underestimation could result from several reasons such as assumed material
properties, possible simplifications in the cohesive zone model, and mesh sensitivity. Even
with this limitation as demonstrated its ability to follow the overall trend and detect the ZSP is

practically reliable.

Another significant difference identified from the experimental and numerical results
is the fluctuations of strain distribution on the overlap length identified in the experimental

graph (Figure 7.4). These variations stem from the warp and weft structure intrinsic to the
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composite adherends, [09] which lead to localized differences in stiffness and strain response.
Unsurprisingly, the numerical model does not reproduce the structural dynamics and all
fluctuations associated with it (Figure 7.5). The orthotropic elastic properties specified in the
model provide an averaged, homogenized stiffness factor that suppresses some of the local

phenomena seen with the experimental measurements.

In the Figure 7.6 & Figure 7.7, the non-linear behaviour can be explained by the linear
viscoelasticity of polyurethane [81]. Linear viscoelasticity explains that there is an elastic
deformation, as well as time-dependent recoverable strain [83, 84]. This results in a gradual
increase of strain even for measurements which remain in the nominally linear region of the

material, and therefore accounts for the non-linear drift of the ZSP in the initial loading stage.

When the applied force approaches the maximum load, the strain grows rapidly,
indicating that the majority of the viscoelastic deformation and the bond interface damage
have occurred at that moment. (Fig. 7.6) This is seen as the force reaches a peak value after
which the force and the strain both drop rapidly, which is representative of adhesive failure
and debonding [85].

Furthermore, this discrepancy illustrates one of the modelling issues on accurately
reflecting the behaviour of polyurethanes. Since a linear traction-separation relation is used in
this study as cohesive zone model, this fails to reflect the progressive strain accumulation
associated with the viscoelastic or plastic nature of polyurethane [28]. Future model
improvements may include implementing a nonlinear viscoelastic or viscoplastic constitutive
law [81] to enable the numerical predictions to more closely replicate the experimental ZSP
behaviour for differing strain treatments during loading.

In the Figure 7.19, Figure 7.21, Figure 7.23, Figure 7.45b or Figure 7.47b, the
similarity of the errors made by 2D and 3D model indicates that this issue is potentially not

related to geometrical dimensionality of a model and rather towards localization of material
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stress concentrations, numeric or properties related errors due to the linear TSL model.
Overall, most specimens show good agreement. However, the uncertainty observed in the ZSP
behaviour at high loads for Pu-L2WT1. This represents from the perfect agreement with the
experimental data would necessitate further investigation.

However, unlike the PU specimens, in Figure 7.46, as a result of the lower sensitivity
of EP specimens to modelling, the EP specimens tend to much better simulate the physical
adhesive behaviour against elevated loads.

Previously, some interactions and material definition leaded to further error
accumulation and led to inconsistences as those portrayed in case L2ZWT1, in the Figure 7.47
at cohesive element model. It emphasizes the underlying corresponding inaccuracies with
previous configurations. The worsening of ZSP positioning means that adhesive layer
modelling approach has important consequences on the range of accuracy for PU specimens
and may be more susceptible to mistakes under certain conditions.

As a final note, the relative constancy of the results presented in Figure 7.48 may
indicate that the cohesive element approach is more accurate for the EP specimens than the
PU specimens.

In most of the numerical simulations in this study, the displacement corresponding to
peak force occurred earlier than corresponding experimental results. This early event may
suggest minor discrepancies in the stiffness representation or failure initiation criteria of the
numerical model. Although the numerical force response curves match each other well, the
differences in maximum force data may be responsible for some of the discrepancies in strain
localization.

Figure 7.59 also shows discrepancies for the displacement at which the peak force is
reached for the specimens with polyurethane. In almost all numerical models, the models

generally over-predict peak force at lower displacements compared to experimental data. This
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early peak displacement indicates that failure initiation in the cohesive interface may
influence this parameter. Analogously, the mismatch observed in Figure 7.59 may imply that
the cohesive element approach still triggers failure too early.

The accuracy of the predicted values is adhesive dependent. It can be concluded from
Figure 7.58 and Figure 7.59 that polyurethane adhesive is more difficult to model numerically
due to its ductile and viscoelastic nature. Analysis shows the force predictions in the 2D
surface-based approach are more challenging whereas displacement predictions are usually
underestimated. This highlights the limitation of cohesive modelling of polyurethane.

Conversely, Figs. 7.60 and 7.61 show that numerically, epoxy adhesive, due to its
higher stiffness and brittle nature, has more accurate results. Both the 2D and 3D surface-
based cohesive methods improved results from the element-based approach, with the largest
difference obtained in displacements at the maximum load. Although the 3D surface-based
method showed a small increase in accuracy, its high computational cost may not be
warranted in every case.

The differences indicate that some material modelling, especially for the polyurethane,
may require further refinement, including mixed-mode damage parameters and rate-

dependent effects.
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9. CONCLUSIONS

The quantitative determination of the Zero Strain Point position across different
arrangements is consistently accomplished by both adhesives. The detection of ZSP was
consistent with experimental results even for LZW1T1, which exhibited significant numerical
defects in ZSP trend at elevated loads. Such a trend reinforces the reliability of numerical
models in monitoring strain distribution, as there are no notable deviations in the
identification of the ZSP. Overall, both the surface-based cohesive and cohesive element
approaches accurately capture ZSP locations for both the epoxy and polyurethane adhesives.

For polyurethane specimens, strain distribution and trends with force-displacement
showed some anomalies at elevated loads for configurations like LZWT1. But for the other
specimens, general trend is accurate. Element-based model suffers from larger inaccuracies
compared to surface-based models, resulting in polyurethane remaining a challenging
material to represent under load. While this behaviour was seen in polyurethane, epoxy
specimens did not experience major deviation in ZSP detection, strain distribution, or force-
displacement behaviour. Numerical predictions are consistent with low variability, attributed
to the lower ductility and predictable damage growth of epoxy for 2D and 3D models.

Another implication is related to mesh densities in 2D and 3D cohesive element
approaches and in particular, significant inaccuracies arise when simulating the evolution of
gradual damage due to the higher computational costs of 3D models. The better performance
of the surface-based cohesive approach can largely be attributed to the physical basis behind
the failure modes. In practical scenarios for these specimens, failure typically is leaded along
the adhesive-adherend interface (adhesive failure) [85] and such a phenomenon can be
accurately replicated by employing shear response only at the surface-based cohesive method.

Moreover, this method is less mesh-dependent and more accurately represents the actual
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failure mechanism than cohesive elements, which model the through-thickness behaviour and
can easily deviate from physical reality for these specimens.

Future improvements in optimization of material properties using experimental
calibration, 3D mesh refinement and development of different shape traction-separation laws
or nonlinear cohesive models for materials that exhibit viscoelastic behaviour may further

reduce the inconsistencies and contribute to more reliable FEM simulations.
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