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Abstract 

As adhesive bonding continues to become more prevalent in automotive structures, the need for 

high fidelity characterization and modelling of adhesive joints has gained in importance. In this 

thesis, new specimen geometry and analysis techniques are presented to characterize the properties 

necessary to model the traction-separation response in Mode I, Mode II, and mixed mode (MM) 

loading of adhesive joints using cohesive zone modelling (CZM) techniques. First, the Rigid 

Double Cantilever Beam (RDCB) geometry and analysis technique was developed to measure the 

full traction-separation response of a structural adhesive under Mode I loading. This test approach 

represents a substantial improvement over current test methodologies, where additional tests are 

required to extract the parameters necessary to construct the full traction-separation response. 

Next, the Bonded Shear Specimen (BSS) sample geometry was developed to measure the Mode II 

traction-separation response, using optical methods to measure separation. The BSS test was then 

adapted to allow for measurement of MM loading, providing the full traction-separation response 

for a range of mode mixity (ratio of shear to normal separation) and bond line thickness 

combinations. Statistically significant differences between the parameters necessary to construct 

the traction-separation response were found for different bond line thicknesses, identifying that 

bond line thickness should be accounted for in a generalizable CZM definition. With the full 

traction-separation response characterized for Mode I, Mode II and MM loading of nominal bond 

line thicknesses ranging from 0.18 mm to 0.64 mm, several deficiencies in current CZM 

implementations were identified. Critically, the MM traction-separation response is poorly 

predicted using conventional CZM implementations and the hardening response exhibited by the 

adhesive during Mode II and MM loading is not represented in current implementations. 

Validation testing was undertaken using more traditional Tapered Double Cantilever Beam 
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(TDCB) and Single Lap Shear (SLS) test specimens to provide independent test data with which 

to assess CZM models integrating the characterization data from the RDCB, BSS and MM 

specimens. These validation tests were selected due to the well controlled nature of the Mode I 

(TDCB) and MM (SLS) loading. One limitation of these tests, however, is the large levels of elastic 

and plastic deformation of the adherends, making the measured force and displacement highly 

dependant on the adherend properties.  

To address the deficiencies identified in current CZMs, a new CZM modelling approach was 

developed, termed the Enhanced Mixed Mode Cohesive Zone Model (EMC). The benefit of the 

proposed ECM model was the integration of mode mixity and bond line thickness based on the 

measured experimental data. Using these data, the EMC model could predict the traction-

separation response for any arbitrary mode mixity and bond line thickness combination rather than 

be inferred from relationships based on mixed mode energy release rates. Using this approach, in 

conjunction with the inclusion of the hardening behaviour observed experimentally, the MM 

traction-separation response was significantly improved relative to contemporary CZM 

implementations. Second, a single set of material parameters could be used to model bond line 

thickness and mode mixity effects, which is not possibly in current CZM approaches. Models of 

the RDCB, BSS and MM characterization tests using the EMC were shown to reduce the difference 

between the model predictions and measured traction and separation responses by more than half 

compared to a conventional CZM formulation. Unlike models of the characterization tests, the 

EMC models of the TDCB and SLS validation tests provided similar levels of fit to the test force, 

displacement and rotation data compared to a traditional CZM implementation, associated with 

large deflections and plastic deformation of the adherends, highlighting that important aspects of 

a CZM predictions can be masked depending on the load case for which the model is used. The 
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EMC model provided the greatest benefit in load cases where less adherend deformation was 

present, which is important in cases where high strength materials are to be bonded, such as modern 

ultra high-strength steel automotive bodies-in-white. 

The traction-separation characterization methodology developed in this work led to the 

development of an improved CZM formulation, which demonstrated significant improvements in 

the ability to model the mechanical response of adhesive joints of various bond line thicknesses 

under Mode I, Mode II and mixed modes of loading.  
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L  Distance from the edge of the specimen to the point of loading for RDCB specimen 

Sinit  Initial slope of bulk adhesive tensile stress-strain response for RDCB specimen 

t(x), t(δ) Arbitrary traction-displacement and traction-separation functions 

tc  Compression traction 

T, S  Peak (plateau), undamaged traction in pure Mode I and Mode II loading 

Tmax, Smax Peak (plateau) traction in pure Mode I and Mode II loading, when damage is  
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v  Length on axis perpendicular to bond line with origin at center of bond line for  

RDCB specimen 

x  Length on axis parallel to bond line with origin at μ = 0 for RDCB specimen 

α  Rigidity ratio for RDCB specimen, mode mixity parameter for power law failure  

δ  Crack opening (separation) 

δ3  Mode I direction separation in the element coordinate system 

δI  Mode I separation 

δII  Mode II separation 

δc  Closing separation at the edge of the specimen due to the compression of the bond 

   line for RDCB specimen 

δm  Mixed mode separation 

δI
0, δII

0  Separation-to-plateau response in pure Mode I and Mode II loading 

δ0  Mixed mode separation-to-plateau response 

δI
d, δII

d  Separation-to-damage initiation in pure Mode I and Mode II loading 

δd   Mixed mode separation-to-damage initiation  

δI
f, δII

f  Separation-to-failure in pure Mode I and Mode II loading 

δf   Mixed mode separation-to-failure 

ΔδI, ΔδII Separation increment in Mode I and Mode II 

Δ  Load point opening displacement for RDCB specimen 

β,Θ  Mode mixity parameter 

θm  Mode mixity angle 

θs  Nominal specimen angle 

σRes  Resultant traction in direction of loading 

σ1, σ2  Shear stress in the 1 and 2 element direction 

σ3   Mode I stress in the element coordinate system 
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Chapter 1 Introduction 

Adhesives have been used for millennia to create and repair useful objects, with some adhesively 

bonded objects dating from as far back as 3000 BC [Thrall & Shannon, 1985]. The use of structural 

adhesives, which are “a bonding agent used for transferring required loads between adherends 

exposed to service environments typical for the structure involved” [ASTM D907, 2012], is a 

much more recent phenomenon. In particular, the development of multi-material bodies-in-white 

(BIW) in automotive design, including high-strength steel, aluminum, carbon fiber reinforced 

polymers, all joined using adhesives, has been an increasing focus for vehicle manufacturers 

[Banea et al., 2018]. A modern automotive BIW generally consists of components formed from 

sheet metal (historically steel), which is spot welded together to create the primary load-bearing 

structure of the vehicle. The increase in multi-material BIW design has been driven by the need to 

reduce vehicle mass in order to improve fuel efficiency [US Federal Register, 2012; Natural 

Resources Canada, 2015], electric vehicle range, and ultimately to reduce greenhouse gas 

emissions [EU Parliament, 2014]. The BIW is also critical during crash loading to absorb kinetic 

energy and maintain the integrity of the occupant compartment. Vehicle crash testing is in a 

constant state of evolution, with new, more stringent test protocols being introduced [NHTSA, 

2015] to reduce occupant injury risk in vehicle crash scenarios. The need to reduce vehicle mass 

to improve fuel economy and reduce CO2 emissions while simultaneously improving vehicle 

crashworthiness are two competing design constraints, with larger, heavier vehicles tending to be 

safer in vehicle-to-vehicle impacts, all else being equal [IIHS, 2009]. Such competing design 

constraints drive the need to optimize multi-material structures, which requires advanced material 
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joining (including adhesive bonding), for structural and crash loading scenarios [Avalle et al., 

2010]. 

To ensure the safety of vehicle occupants, it is critical to understand the mechanical behavior of 

multi-material structures under crash loading. The behavior of traditional materials (e.g. steel and 

aluminum) and joining techniques (e.g. resistance spot welding) that have been used in energy 

absorbing crash structures have been studied extensively [Palmonella et al., 2005], although there 

has more recently been an increase in use of adhesives to join multi-material structures [Pujol, 

2010]. Adhesive bonding and hybrid joining, using adhesives in addition to more conventional 

joining techniques, have been shown to be a useful approach to join multi-material structures 

[Meschke et al., 2017]. The need for high-fidelity characterization is important in modern vehicle 

design in which finite element modeling is used extensively during the design phase to virtually 

crash test the vehicle prior to the development of expensive prototypes [Becker et al., 2005]. Thus, 

the current study is focused on the development of new methods to characterize the traction-

separation response of adhesives in complex loading conditions and using this characterization 

data to build accurate and efficient finite element models for use in full-scale vehicle 

crashworthiness simulation.  

 

1.1 Motivation for Research 

The primary motivation for the current research was driven by the need to join multi-material BIW. 

To utilize the hybrid joining techniques necessary in multi material BIW construction, adhesive-

only joints need to be understood, characterized, and modeled with a high degree of fidelity. A 

study investigating hybrid joining of AZ61 magnesium using laser seam welding found that with 

12 mm overlap, the adhesively-only joined shear specimens failed at 6.6 kN compared to 3 kN in 
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specimens joined only by laser welding [Ren et al., 2012]. When these two joining techniques 

were combined to create a hybrid joint, the shear force to failure increased to 7.4 kN. This study 

found that under Mode I loading there was little difference in peel strength between the hybrid 

joint (327 N) compared to the laser welded joint (320 N), while the adhesive only joint was 

significantly lower in strength (210 N). In another investigation of joining dissimilar metals, 45 

mm wide specimens of 2 mm thick 6016-T6 aluminum were joined to 1.5 mm thick press-hardened 

high-strength boron steel using clinching, self-piercing rivets, a proprietary self-tapping screw 

design, resistance element welding and friction element welding. The average shear failure force 

for these technologies was 5.86 kN (maximum 7.99 kN). When hybrid joints were created with 

the aforementioned joining techniques in conjunction with an adhesive using a 16 mm overlap, the 

average shear failure force increased to 17.7 kN (maximum 18.2 kN). However, when only 

adhesive was used the failure force increased still further to 19.6 kN [Meschut et al., 2014] 

demonstrating the superior performance of adhesive joints in certain loading conditions 

(particularity under shear loading).  

Conklin et al. [2015] discuss a project aimed at reducing vehicle mass beginning with a typical 

modern vehicle (2013 Ford Fusion) weighing 3431 lb (1556 kg) and having a BIW weighing 695 

lb (315 kg), accounting for over 20% of the total vehicle mass. Through a number of techniques, 

including extensive use of structural adhesives, Conklin et al. were able to reduce the BIW weight 

to 509 lb (231 kg), a savings of 27% while maintaining acceptable vehicle crash performance in a 

40% overlap frontal barrier test [IIHS, 2014]. In the BIW built in the Conklin et al. study, 

aluminum and steel were joined using structural adhesives and self-piercing rivets. The authors 

noted that the use of adhesives prevented direct contact between the two dissimilar metals, thus 

preventing galvanic corrosion, and kept moisture from contacting any non-coated metallic 
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surfaces. In similar work [Goded, 2009], the mass of the BIW of a Volkswagen Golf Mk V was 

reduced from 281 kg to 180 kg (a 35% reduction) through extensive use of high strength steel, 

magnesium, aluminum, and fiber reinforced polymers. Advanced joining, including adhesive 

bonding, was described as “the key for cost-efficient high-volume assembling of multi-material 

structures” [Goded, 2009] with 98 m of adhesively bonded joints being used to create a prototype 

BIW, along with various welding and mechanical fastening techniques.  

The ability to implement adhesive joints in full-scale vehicle models is dependant on the ability to 

characterize these joints. A typical approach to characterizing an adhesive for implementation in 

CAE [May et al., 2015] required compiling data from a number of tests to extract some of the 

parameters necessary to describe the adhesive in the model. Important parameters include peak 

traction, initial stiffness and critical energy release rate in the tensile opening, in-plane shear 

loading mode and mixed mode, along with a description of the shape of the traction-separation 

response. Additional inverse modelling was also required to fully characterize the model 

parameters of the adhesive, using tests that may or may not be sensitive to these same parameters, 

particularity those describing the shape of the traction-separation response, depending on the 

adhesive used [Rocha & Campilho, 2018]. This approach has several limitations. First, many tests 

are required to fully characterize an adhesive, with each test often providing only a single 

parameter for the model. Aside from the inefficiency of such testing, variability that may occur 

with respect to surface preparation, curing characteristics and experimental methodologies is more 

likely to occur with a higher number of independent tests. The number of tests can easily become 

unwieldly, especially if effects such as loading rate, bond line thickness or temperature are 

investigated. For example, in the study by May et al. [2015], four tests were required to extract the 

peak traction and critical energy release rate in each mode of loading for each loading rate tested. 
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Additionally, while inverse modeling can provide good correlation to a known set of experiments, 

there is always uncertainty as to the ability of models relying on this approach to predict other 

loading scenarios. Therefore, there is a need to develop a testing approach to fully characterize the 

traction-separation response of adhesive joints under a range of loading modes and implement the 

test data into advanced adhesive joint models for finite element modeling purposes. By extracting 

the full traction-separation response, ideally with low variability tests, the number of tests required 

to fully characterize an adhesive joint can be greatly reduced and inverse modeling is not needed. 

 

1.2  Objectives and Scope of Research 

The overall goal of this study is to develop a methodology to characterize structural adhesives 

commonly used in an automobile BIW and to develop models with this characterization data for 

use in full-scale finite element crash models.  

The first objective was to develop of a set of novel experimental specimen geometries and analysis 

techniques to measure the traction-separation response of a typical structural adhesive (3M Impact 

Resistant Structural Adhesive 7333, 3M Canada Company). These specimens were designed to 

measure the adhesive response for Mode I, Mode II and mixed mode loading conditions while also 

assessing the effect of bond line thickness on the traction-separation response.  

The second objective was to fit the measured experimental test data to contemporary cohesive 

zone model (CZM) implementations used in commercial finite element software. The main 

intention with this objective was to critically evaluate the ability of CZM implementations to 

capture the full traction-separation response of the adhesive under all modes of loading tested. 
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Once the fit was completed, the results were used to identify potential areas for improvement in 

the representation of the test data within a CZM model. 

To address the shortcomings identified in contemporary CZMs, particularity with regards to the 

mixed mode traction-separation response and bond line thickness effects, an improved CZM was 

developed as a third objective. The new CZM utilized the full traction-separation responses 

available from the newly proposed test methods to describe the adhesive joint. The new CZM was 

verified by modelling the characterization tests and a new validation test methodology was 

developed using the single lap shear (SLS) test specimen to measure both global (force, 

displacement) and local (joint rotation) response. The response of the new CZM was compared to 

a current baseline model to quantitatively assess the ability of the new approach to capture the 

mechanical behaviour of adhesive joints. 

 

1.3 Organization of Thesis 

This thesis is organized into six chapters, including this introductory chapter. Chapter 2 provides 

background information on the characterization of adhesives and their implementation in finite 

element models for structural applications. The discussion in Chapter 2 includes the testing of bulk 

material properties, test techniques for bonded specimens and the implementation of measured 

adhesive material properties into FE models using the cohesive zone modelling (CZM) approach.  

Chapter 3 discusses the experimental techniques developed in the present work that were used to 

characterize a typical crash-toughened epoxy structural adhesive used in automobile BIW 

applications. The test specimen geometry, specimen preparation, test protocol and analysis 

techniques use to extract data for use in finite element modeling are discussed in detail. 
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Additionally, the test methodology of SLS testing, which was used to validate the material 

characterization development, is presented. 

In Chapter 4, the experimental results of the characterization are presented. The measured data 

was fit to current CZM implementations and the shortcomings of these implementations to 

accurately describe the measured traction-separation response are discussed. Additionally, the 

experimental results of validation testing are presented.  

Chapter 5 discusses the development of a new CZM, the Enhanced Mixed Mode Cohesive Zone 

Model (EMC), which incorporates improvements to the mixed mode traction-separation response 

and the incorporation of bond line thickness. The characterization work presented in Chapters 3 

and 4 was implemented in the EMC approach to develop a numerical representation of the tested 

epoxy adhesive. A validation study was carried out using the new EMC to model a series of SLS 

experiments with steel and aluminum adherends.  

The results of the EMC model are presented in Chapter 6, along with a comparison of the pertinent 

test data from Chapter 4. A baseline model, using a traditional CZM approach, is also presented in 

order to demonstrate the improvement provided by the EMC in both the output of the traction-

separation response of the characterization tests and the force, displacement and rotation response 

of the validation tests. 

Conclusions of this thesis and recommended future work are presented in Chapter 7. 

Some of the work presented in this thesis has been published in peer reviewed journals. Watson et 

al. [2020a] outlines the development and verification of the Rigid Double Cantilever Beam 

(RDCB) test specimen and modeling used to measure the Mode I traction-separation response of 

a toughened structural adhesive. The development of the specimens to measure Mode II and mixed 
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mode traction-separation, along with a discussion of the fit of the test data to modelling approaches 

common in the literature was presented in Watson et al. [2020b]. Finally, Watson et al. [2019b] 

presents the SLS test and modeling methodologies used for model assessment in the present work, 

with a variety of adherend materials. In addition to these peer reviewed articles, some aspects of 

the bulk material testing (primarily the shear stress-strain response) were presented at the 2018 

Society of Experimental Mechanics Annual Conference [Watson et al., 2019a]. 
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Chapter 2 Background 

An adhesive is any substance used to bond adherends (parts being bonded) together by surface 

attachment [DeLollis, 1970]. Present commercial structural adhesives are generally one of three 

broad chemistry types: Epoxy, Acrylic or Urethane [3M, 2014]. Epoxy-based adhesives account 

for 95% of current automotive metal bonding applications owing to their high strength, durability, 

and relative insensitivity to temperature effects [Dupont, 2019]. Because the adhesives used 

throughout the work presented here was epoxy-based, epoxy-based adhesives will be the primary 

focus of this literature review. 

Epoxies are polymers containing epoxide groups, which, when cured, are highly cross-linked 

[Kinloch, 2003]. A curing agent is added to an epoxy resin, which is activated by elevated 

temperatures by an exothermic reaction over a longer time span. Two-part epoxies can often be 

cured at room temperature or at elevated temperatures for increased cross-linking.  

 

2.1 Mechanical Response of Bulk Epoxy Adhesives 

Epoxy based adhesives tend to have relatively high elastic modulus, high failure strength, and 

reasonable performance at higher temperatures when compared to other structural adhesives 

[Dupont, 2019]. Their major drawback is that epoxy adhesives generally have a low resistance to 

crack growth, causing them to be quite brittle [Kinloch, 2003]. To improve the toughness of epoxy 

adhesives, the addition of rubbery particles to the epoxy polymer has been found to increase 

fracture toughness without affecting other material properties. An early study on the effect of the 

addition of rubber particles (carboxyl-terminated butadiane-acrylonitrile rubber) to an epoxy on 

the fracture toughness of the material [Yee & Pearson, 1986] found that there was an order of 
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magnitude increase in the fracture toughness of rubber toughened epoxies when compared to 

untoughened epoxies. This dramatic increase in fracture toughness was attributed to changes in 

the stress state of the matrix near the rubber particles, which caused a stress concentration in the 

matrix under loading. These stress concentrations promoted the initiation and growth of shear yield 

deformation, which tended to terminate at an adjacent particle, leading to localization of this 

deformation in bands of material, known as shear bands. Shear bands are highly localized zones 

of shear yielding, which create a cross-hatched appearance in the bulk material due to localized 

shear softening [Young & Lovell, 1991]. Additionally, the localized deformation around the rubber 

particle causes dilation of the matrix, leading to void formation and cavitation of the rubber 

particle, dissipating energy, and promoting further shear yielding [Kinloch et al., 1983].  

Despite the constants imposed by stiff metal adherends having a strong effect on the mechanical 

response of bonded joints, testing of bulk adhesive has been carried out by a number of researchers 

[e.g. Trimino & Cronin, 2016]. While some authors claim that the response of bonded joints can 

be well predicted using bulk material data [Dolev & Ishai, 1981], others suggest bulk material data 

is most useful in providing context to the bonded joint testing [Adams & Coppendale, 1979]. 

Material properties measured using bulk material represent the lower bound for strength relative 

to a bonded joint, due to the lack of adherend constraint, which alters the stress state from plane 

stress, at the surface of an adhesive joint, to plane strain towards the center of the of the joint 

[Kinloch & Shaw, 1981]. Bulk material tests may also provide lower variability and are generally 

easier to perform compared to bonded joint tests [da Silva et al., 2012]. 

Tensile testing of bulk polymers is usually performed with a dog bone shaped specimen, such as 

that outlined in ASTM D638 type V [2014]. The tensile stress-strain response (Figure 1) of 

toughened epoxy systems is highly dependent on the presence and amount of toughening agent. 
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For example, Bucknall and Yoshii [1978], demonstrated that when no toughening agent was 

present (0.0 vol. %) the stress-strain curve showed the material was brittle and essentially elastic 

up to the ultimate failure strain (0.038 mm/mm) with a relatively high Young’s modulus (1.6 GPa). 

As rubber particles were added to the epoxy, the material stiffness decreased and the strain to 

failure increased due to a small amount of plastic deformation. At 20.5 vol. %, the Young’s 

modulus decreased to 1.3 GPa, while the strain to failure increased to 0.150 mm/mm, with a yield 

point at 0.07 mm/mm. Interestingly, the peak stress was similar between the 0.0 vol % (55.8 MPa) 

and the 20.5 vol % (61.2 MPa) specimens, which was attributed to brittle failure of the 

untoughened epoxy. Most importantly for impact resistant applications, the toughness (area under 

the stress-strain curve) of the toughened epoxy system was 500% larger than that of the 

untoughened system, indicating a significant increase in the ability of the material to absorb energy 

prior to failure. 

 

Figure 1: Quasi-static stress-strain response of epoxy with 0.0%, 9.8% and 20.5% rubber 

toughening particles by volume [adapted from Bucknall & Yoshii, 1978] 
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When testing in compression, the geometry is typically a right-prism with a rectangular or round 

cross-section. For quasi-static testing, the ASTM standard governing compressive testing of rigid 

plastics [ASTM D695, 2010] suggests a geometry of 12.7 mm x 12.7 mm x 25.4 mm or 12.7 mm 

diameter by 24.4 mm long or other convenient dimensions with the test gauge twice the principal 

width or diameter. Some researchers have identified compression-tension asymmetry [Goglio et 

al., 2008], while others have reported symmetric compression-tension moduli [Morin et al., 2010], 

indicating this property may be adhesive-specific and should be investigated with both 

compression and tension testing. 

For testing in shear, several different geometries have been investigated using toughened epoxy 

(Figure 2). For example, the torsion test of toughened epoxy conducted by Garcia et al. [2011], 

shows a spiral fracture indicative of tensile fracture and the Iosipescu specimen of toughened 

epoxy tested by Morin et al. [2010], fractured at the root of the specimen notch along the direction 

of maximum 1st principal stress. This behaviour confirms the findings of the study by Liu and 

Piggot [1998], which found that most thermoset plastics loaded in shear fail due to scission of 

polymer chains resulting from tensile stresses at particular locations within the test sample. When 

measuring the shear stress-strain response of a bulk polymer, care must be taken to only use data 

that represents a state of actual shear loading. The data after damage begins to localize or cracks 

begin to form due to local tensile stress should be disregarded [Morin et al., 2010]. 
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Figure 2: Comparison of failure of torsion [Garcia et al., 2011 used with permission from 

Elsevier] (a), and Iosipescu [Morin et al., 2010 used with permission from Elsevier] (b) 

shear specimen geometries using toughened epoxies 

 

2.2 Mechanical Response of Bonded Joints 

The loading of bonded joints can be described by one of three modes (Figure 3). Mode I loading 

occurs when the adherend is loaded normal to the joint surface. Mode II loading occurs when the 

load is applied such that the joint is sheared along the length of the bond line (perpendicular to the 

crack front). Finally, Mode III deformation is associated with shear across the bond line (parallel 

to the crack front). In real-world loading scenarios, loading is generally some combination of the 

three modes; termed mixed mode (MM) loading. 

a b
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Figure 3: Modes of loading of an adhesive joint 

 

Adhesive joints can fail in one of three ways: interfacial (or adhesion) failure, cohesive (or 

cohesion) failure, or adhered failure (Figure 4). Interfacial failure is said to have occurred due to a 

failure at the interface of the adhesive and adhered, cohesive failure occurs when failure is 

observed within the adhesive [ASTM D907, 2005], and adherend failure has occurred when the 

adherend fails while the adhesive joint itself is still intact. Generally, well designed and well 

bonded joints should fail cohesively or in the adherend (if the adherend material is lower strength 

than the adhesive) [Choupani, 2008]. Interfacial failure is generally caused by poor surface 

preparation and is undesirable because the full strength of the joint is not realized [Spaggiari & 

Dragoni; 2013] 

 

Figure 4: Adhesive joint failure modes 
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The interface between adherends and the adhesive is critical to mitigate interfacial failure and 

achieve maximum joint strength. The adhesive-adherend interface is generally understood to be 

due to van der Waal’s forces between the metal and polymeric adhesive. Stronger covalent bonds 

may occur and can be promoted with an intermediary treatment, such as organosilane solutions, 

which react with hydroxyl groups on the surface of a metallic component to form a covalent bond 

[Plueddemann, 1991].  Even when the interaction between the adhesive and adherend is primarily 

due to van der Waal’s forces, the energy associated with this interaction can be an order of 

magnitude larger than than the energy associated with joint failure. The total energy can be further 

increased by roughening the surface of the adherend, thus increasing the surface area available for 

interaction between the adhesive and adherend [Packham, 2018]. 

 

2.2.1 Mode I Loading of Adhesive Joints 

When adhesive joints are tested under Mode I loading, the geometry tends to be some variation on 

the butt joint test configuration, such as that outlined in ASTM D2095 [2015] (Figure 5). For 

example, Ikegami et al. [1996] used the butt joint configuration to carry out a round-robin 

assessment of epoxy adhesives at several labs, in order to assess the strength and scatter inherent 

in this type of testing. Additionally, May et al. [2015] used butt joint testing to measure the peak 

Mode I traction of a toughened epoxy adhesive for implementation into a finite element model. In 

the butt joint test proposed by Yokoyama [2003], aluminum and steel adherends were bonded with 

cyanoacrylate adhesive in butt joint configurations. Yokoyama found that the maximum failure 

stress occurred with a bond line thickness of roughly 0.035 mm and that the aluminum adherend 

joints failed at lower failure stresses than the steel adherend joints. Yokoyama attributed the lower 
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strength of the aluminum adherend samples to interfacial failure of the joint as a result of the oxide 

layer typically present on aluminum surfaces. 

 

Figure 5: Typical butt joint specimen for axial testing [ASTM D2095, 2015] 

 

There are several important aspects of the butt joint geometry that should by accounted for when 

using this test specimen. First, the stress-strain response of the bonded joint is often different than 

that of the bulk adhesive [Neumayer et al., 2016], due to the adherend being considerably stiffer 

than the adhesive (for metallic adherends). For example, the apparent Young’s modulus of a thin 

film adhesive butt joint should be higher than that measured from bulk adhesive material testing 

due to the circumferential and radial stresses induced in the joint from the transverse restraint 

imposed on the adhesive by the adherend [Adams & Coppendale, 1976]. Additionally, the failure 

stress can be affected by high stress concentrations at the edge of the specimen in the bonded joint, 

particularly with brittle adhesives [Yokoyama, 2003]. 

In general, adhesive joints are essentially linear elastic in compression compared to the more 

complicated tension response, as shown in the stress-strain curve showing results of testing a thin-

film butt joint specimen (Figure 6) [Adams & Coppendale, 1979]. This nearly linear compressive 

response leads to infrequent testing in compression.  

Adherend Bonded Specimen
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Figure 6: Stress-strain response of a thin-film adhesive butt joint tested in tension and 

compression [Adams & Coppendale, 1979] 

 

2.2.2 Mode II Loading of Adhesive Joints 

A number of different geometries have been proposed to assess the shear strength of adhesive 

bonds (Figure 7, with the location of the adhesive being tested highlighted in red for each 

geometry) due to challenges associated with obtaining pure shear loading.  
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Figure 7: Various test specimen geometries to assess shear loading of adhesively bonded 

joints (adhesive shown in red) 

 

Perhaps the most common specimen used to test adhesive joints is the single lap shear test, which 

is used to evaluate the combined properties of the adhesive, adherend and surface preparation 

[Guess et al., 1977]. The application of force to the single lap shear specimen geometry typified 

by ASTM D1002 [2005] is not along the centerline of the adhesive bond. The ASTM D3165 

[2007] type specimen geometry addresses this eccentricity of loading by the inclusion of backing 

adherends (Figure 7) to move the center of force to the middle of the bond line. Despite the addition 

of this backing plate, both specimens often show a propensity to induce joint rotation during 

testing, leading to bending of the specimen prior to failure (Figure 8). This bending complicates 

the analysis by introducing both tensile and shear stresses in the adhesive, leading to MM loading, 

but also potentially introducing plasticity into the adherend response. The double lap shear test 

also moves the center of force to the middle of the bonded joint; however, the need for a high level 

of control of the bond thickness and length at four locations makes it very difficult to create 

properly balanced specimens. This unbalanced geometry and variability in the specimen 
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manufacture then leads to failure initiating in a single bond, leading to difficulty in quantifying the 

failure strength of the adhesive-adherend-surface preparation combination. 

 

Figure 8: Bending induced during single lap shear test with thin adherends (ASTM D3165 

specimen) 

 

To counteract the issues arising from the adherend bending in single lap shear tests, thicker 

adherends have been used in the Thick Adherend Lap Shear Test (TALS). The adherends in this 

test are significantly thicker, with 9.53 mm thick adherends suggested in ASTM D5656 [2010], 

compared to typical thicknesses of 1.62 mm in ASTM D1002. By increasing the thickness of the 

adherend (and thus the 2nd moment of area), the bending deformation is significantly reduced or 

eliminated. In an early study by Guess et al. [1977], the ASTM D1002 and a geometry similar to 

that which would later be incorporated into ASTM D5656 were compared (using a single adherend 

per side with the ends milled thinner to accommodate the lap joint). They found that the MM 

loading led to significantly lower calculated failure stresses for the thin geometry than the TALS 

specimen (21.6 MPa vs. 59.0 MPa for one adhesive and 32.0 MPa vs. 41 MPa for another). These 

values also led to questions regarding the assumption that the single lap shear test with thin 

adherends is truly representative of the comparative strengths between adhesives, suggesting that 

different adhesives may respond to mixed-mode loading differently. The obvious limitation to the 

use of this thicker geometry is the need for more complicated adherends, with high precision 

Start of Test

Prior to Failure



 

 

20 

 

machining being necessary to ensure a consistent bond-line thickness between specimens and 

added mass of the adherends leading to potentially strong inertial effects at elevated testing rates.  

In a manner similar to the use of stiff adherends in TALS geometries, Weissberg and Arcan [1988], 

made use of a modified version of the test geometry originally developed by Arcan et al. [1978] 

to study fiber reinforced polymers in plane shear stress. With the adaptation of the geometry to 

study adhesive joints, Weissberg and Arcan used FE analysis to predict that the new specimen 

produced a more uniform stress state than a 6 mm long TALS specimen. Experimentally, the more 

uniform stress state was borne out by measuring a higher shear failure stress with the Arcan-style 

specimen, due to the lack of normal stresses. The authors were also able to use pre-cracked 

specimens to measure the energy release rate in Mode II, which they found to be insensitive to the 

initial crack length. Weissberg and Arcan noted an added benefit with this geometry was that the 

specimen could be mounted to assess pure shear, pure tension or any intermediate loading 

combination by rotating the specimen in a high-stiffness fixture and loading in different 

orientations. More recently, Cognard et al. [2008] have used this type of geometry to compare the 

shear stress response to TALS specimens. In their work, they modified the adherends to include a 

‘beak’ near the surface of the adhesive and were able to show higher displacement to failure and 

more repeatability when this feature was added to the geometry due to a reduction in the effect of 

stress concentrations near the edge of the adhesive-adherend interface. Cognard et al. were also 

able to show that the Arcan geometry provided more homogeneous stress state within the adhesive. 

The limitation of the Arcan test geometry was the complexity of the apparatus needed to perform 

this testing, which is highly sensitive to alignment issues generating off-axis loading of the 

specimen [Cognard et al., 2005].  
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One early test used to measure the shear stress response of adhesive joints involved testing tubular 

specimens under torsion. This type of geometry has been called the ‘napkin ring’ specimen. Thin-

walled tubing was used in an attempt to produce a near constant shear stress field through the 

adhesive, with the underlying assumption being made that a constant stress field is present when 

the thickness of the tube is much less than the mean radius of the tube [Bryant & Dukes, 1964]. 

While this specimen is attractive due to a lack of sharp corners, which can cause stress 

concentrations, the need for specialized torsional test equipment and high sensitivity to specimen 

manufacture make this type of testing less widely used.  

Another proposed shear test uses a pin and collar geometry, with a solid cylindrical pin bonded 

within a tubular collar and loaded axially in compression to measure the shear stress response of 

the adhesive. One of the main attractions with this type of specimen geometry is that, unlike the 

other shear specimens requiring the specimen to be loaded in tension or torsion, this specimen is 

tested in compression, which lends itself to high deformation rate testing using an apparatus such 

as the compressive SPHB. In a study by Yokoyama and Shimizu [1998] steel and aluminum 

adherends were bonded with a cyanoacrylate adhesive and tested at both low strain rates in a 

typical universal testing machine and high rates in a compression SHPB. They found that at higher 

rates, the shear strength of the joint increased with the applied stress rate, with failure stress 

increasing from 12 MPa (at 15 MPa/s) to 25 MPa (at 10 x 106 MPa/s) for aluminum adherends; 

and from 25 MPa (at 50 MPa/s) to roughly 45 MPa (at 20 x 106 MPa/s) for steel adherends.  

One common challenge with exiting shear test methods is the difficulty to accurately measure the 

very small displacements associated with shear testing of thin bond line adhesives (0.1 mm to 1.0 

mm). One approach to capture this small displacement is to use a linear variable differential 

transformer (LVDT) mounted close to the specimen joint. For example, ASTM D5656 suggests 



 

 

22 

 

using an LVDT with a sensitivity sufficient to capture 1/1000 of the expected full-scale 

measurement. The use of such a fine-scale LVDT requires mounting holes to be drilled relatively 

close to the bond-line. Additionally, the extra inertia associated with the LVDT could be 

problematic at higher rates. To address some of these issues, da Silva et al. [2008] tested TALS 

specimens using a simple clip gauge mounted at some distance from the adhesive joint while 

simultaneously capturing video with a 200x zoom lens (Figure 9a) focused on the center of the 

bond line (Figure 9b). When comparing the stress-strain responses (Figure 9c), the shear strain 

measured using clip gauge signal, which accounts for displacement due to deformation of the 

adhesive and adherend, was larger than that calculated locally using optical displacement field 

measurements for cases where the adhesive was stiff (G = 1559 MPa, τFailure = 30.2 MPa). Thus, 

the measurement of displacement in shear tests is an identified limitation of many existing test 

methods, with the use of optical methods gaining widespread adoption in more recent testing. 

 

Figure 9: Comparison of mechanical and optical displacement measurement setup and 

results [da Silva et al., 2008] 

 

In contrast, tests with lower stiffness and lower strength adhesives (G = 159 MPa, τFailure = 8.4 

MPa) demonstrated nearly identical stress-strain response for the local (optical) and remote 

(LVDT) measurement methods. Da Silva et al. noted that for stiffer and higher strength adhesives, 

in the elastic region, a single scale factor could be used to relate the two deformation 

a) b) c)
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measurements, but after the yield point this relationship began to break down. For thick adherends, 

it was reasonable to assume that the adherend (if metal) would remain in the linear region of its 

stress-strain relationship, simplifying the analysis somewhat. The authors summarized their 

findings by suggesting that optical measurement should be used when the shear strain was less 

than 100% (at strains above this level the material needed for the reference frame in the image left 

the field of view). For compliant and lower strength adhesives, conventional methods such as a 

clip gauge worked well due to the low strain in the adherends compared to the adhesive. Optical 

techniques have also been used to measure the traction-separation response of high-rate Mode I, 

Mode II and 45o MM specimens by Lißner et al. [2019].  They used ultra-high-speed photography 

to measure the unloading response, although difficulty in synchronization between cameras at 

different frame rates could lead to missing the unloading portion of the response completely.  

 

2.2.3 Fracture Mechanics Approach to Adhesive Bond Failure Analysis 

The bonded specimens discussed above provide useful data to characterize the strength of adhesive 

bonds; however, it is often useful to consider a fracture mechanics framework to describe the 

failure of adhesively bonded joints. When polymers are tested below their glass transition 

temperature they tend to fail in a brittle manner, fracturing at low strain values with little to no 

plastic deformation. Early work in fracture mechanics was carried out on glass by Griffith [1921] 

who showed that materials had a much lower strength than would be theoretically calculated in a 

perfect crystalline material. The difference between the theoretical and observed results was due 

to the presence of defects and flaws in the material acting as stress concentrators and thus lowering 

the overall stress needed to fracture the material. 
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One approach to understanding the resistance of a material to fracture is to consider the energy 

required to extend a crack, which can be thought of as the creation of a new surface [Griffith, 

1921]. In the most basic sense this can be expressed as  

𝜕

𝜕𝑎
(𝐹 − 𝑈) ≥ 𝛾

𝜕𝐴

𝜕𝑎
 , (1) 

where F is the external work added to extend the crack, U is the internal energy in the material 

surrounding the crack, ∂a is the incremental increase in crack length, ∂A is the incremental increase 

in area and γ is the free surface energy [Irwin, 1956]. 

For a body with thickness b this can be written as 

1

𝑏

𝜕

𝜕𝑎
(𝐹 − 𝑈) ≥ 𝐺𝐼𝐶 , (2) 

where GIC is energy needed to fracture a unit area of the material under Mode I loading, known as 

the critical energy release rate. GIC encompasses the energy lost in the surrounding material due to 

plasticity, rate effects and temperature increase. 

In general, Linear Elastic Fracture Mechanics (LEFM) is only applicable to linear elastic solids 

with no plasticity; however, LEFM has been applied to situations where there are nonlinearities in 

the immediate vicinity of the crack tip, but where the bulk material still remains linear. If one 

assumes a linear material response, Equation (2) can be expressed as 

𝜕𝐹 − 𝜕𝑈 =
1

2
(𝑃 𝜕∆ −  ∆ 𝜕𝑃) , (3) 

where P is the applied force to extend the crack and Δ is the extension of the crack. If the specimen 

compliance C is defined as C = Δ/P the critical energy release rate needed to extend a crack can be 

expressed as 
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𝐺𝐼𝐶 =
𝑃𝑐

2

2𝑏

𝜕𝐶

𝜕𝑎
 . (4) 

A more detailed derivation can be found in Kinloch and Young [1983]. For materials in which the 

plastic region is large, advanced analysis techniques, such as the use of the J-Integral as described 

in ASTM E1820 [2015], are more appropriate. For situations where the plastic material behaviour 

is somewhat localized (such as within an adhesive between high strength adherends), another 

approach to describing the plastic response surrounding a crack tip is the strip yield model, 

originally developed by Dugdale [1960] and Barenblatt [1962]. The strip yield model assumes a 

long slender plastic zone exists in front of the crack tip (Figure 10Error! Reference source not 

found.a). A closing stress, which is equal to the yield strength of the material and is a function of 

the crack opening (Figure 10Error! Reference source not found.b) acts to represent the reduced 

resistance of the plastically deformed material to resist the crack growth [Anderson, 2017]. This 

approach has been shown to adequately represent the crack propagation in an aluminum-epoxy 

adhesive joint [Chow et al., 1979]. 

 

Figure 10: Schematic of the strip yield model showing plastic zone (a), and numerical 

representation with compressive stresses at the crack tip (b) 
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To measure the energy release rates of adhesively bonded joints, the double cantilever beam test 

(Mode I) and end notch flexural test (Mode II) are the most common tests used (Figure 11).  

 

Figure 11: Common test geometries to measure adhesive joint critical energy release rate in 

Mode I and Mode II (adhesive in red) 

 

To assess the Mode I fracture toughness of adhesive joints, the double cantilever beam (DCB) test 

is often used. During this test, originally developed by Rippling et al. [1964], two bonded beams 

are loaded near their ends, to create a cleavage load at the bond line. As with the bulk specimen, 

the energy release rate has the form 

𝐺𝐼𝐶 =
𝑃𝑐

2

2𝑏

𝜕𝐶

𝜕𝑎
 . (5) 

It is generally assumed that the deformation energy in the system is primarily elastic and stored in 

the adherends, and this energy is released during fracture to create free surfaces in the adhesive. 

This assumption relies on the fact that the energy in the adhesive is low relative to the energy in 

the adherend, which is often reasonable due to the relatively small volume of adhesive in a typical 

Double Cantilever Beam (DCB)

End Notch Flexural (ENF)

Tapered Double Cantilever Beam (TDCB)

Tapered End Notch Flexural (TEFN)

Mode I

Mode II
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thin bond-line. Additionally, any plastic zone that is present in the adhesive, which is assumed to 

have a considerably smaller yield strength than the metal adherend, is contained in a small volume 

of material due to constraint effects of the adherend. Following these assumptions, the energy 

release rate as measured by a DCB test can be expressed as 

𝐺𝐼𝐶 =
4𝑃𝑐

2

𝐸𝑏2 (
3𝑎2

ℎ3 +
1

ℎ
) , (6) 

where Pc is the critical load at fracture, E is the Young’s modulus of the adherend, h is the height 

of the adherend perpendicular to the bonded surface, b is the width of the adherend along the crack 

front, and a is the distance from the crack tip to the point at which the load is applied. The limitation 

of using the DCB stems from the energy release rates being a function of both the applied load and 

the crack length (Pc and a). By using the tapered double cantilever beam (TDCB) geometry, the 

bracketed term in the previous equation (6) can be set to a constant value (suggested to be 90 in-1 

in ASTM D3433 [2012]) by tapering the beam such that the height of the beam increases along its 

length in the appropriate ratio. While this method simplifies the analysis of DCB testing, one study 

showed that the energy release rate measured from TDCB testing was significantly lower (30.1 %) 

for a toughened epoxy compared to several analyses using standard DCB geometry [Lopes et al., 

2016]. Other issues associated with the TDCB geometry include non-constant compliance in the 

portion of the beam between the pin loading location and the start of the tapered section and a 

rotation of the adherends during testing, leading to ‘beam root rotation’, which can increase the 

complexity of the analysis required to obtain a correct GIC value [Blackman et al., 2003a].   

A different geometry has been suggested by Dastjerdi et al. [2013], which is much stiffer in the 

bending direction (Figure 12), leading the authors to term the specimen the rigid double cantilever 

beam (RDCB). With this geometry the underlying assumption is that the adherends are so stiff that 

they may be considered rigid when compared to the adhesive. Using this assumption, not only can 
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the energy release rate be measured, but the traction-separation law can be extracted from a 

relatively simple test setup. One particularly attractive aspect of this geometry is its small size, 

making this geometry conducive to high deformation rate testing. 

 

Figure 12: Ridged double cantilever beam test geometry [Dastjerdi et al., 2013] 

 

To assess the fracture response of adhesive joints in Mode II loading, the end notch flexural test 

was originally developed by Barrett and Foschi [1977]. This Mode II test was extended to adhesive 

joints by Chai [1988]. Unlike the DCB and TDCB tests, in which simple beam theory is assumed 

to provide adequate analysis of the test specimens, using beam theory in the data reduction of ENF 

testing leads to an underestimate of GIIC due to the absence of a correction to account for shear 

deformation [da Silva et al., 2012]. A number of methods have been proposed to address this 

shortcoming, but no consensus seems to have been reached as to the optimal method. The most 

basic analysis of this test, known as the direct beam method, can yield an estimation of the Mode 

II energy release rate expressed as 

25 mm
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𝐺𝐼𝐼𝐶 =
9𝑎2𝑃2

16𝑏2𝐸ℎ3 , 
(7) 

where a is the distance between the crack tip and the lower support of the 3-point bending 

apparatus, P is the applied force, b is the specimen width, E is the adherend Young’s modulus, and 

h is the height of the adherend [Chaves et al., 2014]. In a manner similar to that used for the double 

cantilever beam tests, a tapered version of the ENF test has been proposed by Marzi [2012] in 

which the compliance of the specimen remains constant as a function of crack length, removing 

the need to track the position of the crack during testing. This testing involved relatively long (725 

mm), thin (6 mm) maraged steel adherends to minimize the effect of the compressive stress 

transferred to the adhesive at the neutral axis of the beam and avoid the plastic deformation that 

has been shown to occur with shorter specimen lengths.  

While various test geometries have been proposed to measure Mode I and Mode II fracture 

response, MM loading is also of importance for practical applications such as vehicle structures. 

One approach to assess the MM loading of adhesive bonds used by several researchers 

[Benzeggagh & Kenane, 1996; Liu et al., 2002; Högberg & Stigh, 2006] is essentially to use a 

mechanism to combine the DCB and ENF tests simultaneously (Figure 13). The mixed mode beam 

(MMB) test was originally developed to assess the delamination of composite materials, making 

the applicability of this test with stiff adherends somewhat questionable due to the large differences 

in stiffness between the metal adherends and adhesive. [Chaves et al., 2014].  
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Figure 13: Example of mixed mode testing mechanism [Liu et al., 2002] 

 

Using the MMB test, the components of the energy release rates in Mode I and Mode II can be 

summarized as 

𝐺𝐼 =
3𝑎2𝑃2

4𝑏2𝐸ℎ3𝐿2
(3𝑐 − 𝐿)2  

(8) 

and 

𝐺𝐼𝐼 =
9𝑎2𝑃2

16𝑏2𝐸ℎ3𝐿2
(𝑐 + 𝐿)2 , (9) 

where a is the crack length from the point of tensile loading, P is the applied force, b is the 

specimen width, E is the adherend Young’s modulus, h is the height of the adherend, L is the 

distance between the bending support and the center of the beam, and c is the distance between the 

Double Cantilever Beam (Mode I)

End Notch Flexural (Mode II)

+

=

Mixed Mode Bending
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point of loading and the center loading point for the 3-point bending loading mode [Chaves et al., 

2014]. These GI and GII vales are not equal to the critical energy release rate values, GIC and GIIC, 

described previously, which are defined for pure Mode I and Mode II loading. The derivation of 

Equation (8) and Equation (9) relied on simple beam theory, although as with the DCB and ENF 

tests, application of different beam theories can lead to other, generally more complicated, energy 

release rate calculations, such as those presented by Liu et al. [2002]. 

 

2.2.4 Effect of Bond Line Thickness on Joint Response 

One common question that arises when characterizing adhesives is whether the behaviour of the 

bonded joint can be readily related to the behaviour of the bulk material. To address this question, 

Kinloch and Shaw [1981] investigated the fracture toughness of a rubber toughened epoxy in the 

bulk form using the compact tension specimen and in the bonded form using TDCB specimens. 

They studied the effect of the bond-line thickness and compared the results to the bulk specimen, 

with the energy release rate of the bonded specimen being larger than that of the bulk specimen 

for a variety of test conditions, unless the bond-line was very thin (0.15 mm). Kinloch and Shaw 

also found that the curve describing the energy release rate as a function of bond thickness was 

low for very thin bond-lines, increased to some maximum value (tm) and finally decreased until 

the value was roughly the same as the energy release rate measured in the bulk material (Figure 

14a). The authors cite Bascom and Cottington [1976] who employed an elastic-plastic model to 

calculate the radius of the plastic-deformation zone of a sharp crack (rIy); 

𝑟𝐼𝑦 =
1

2𝜋

𝐸𝑎𝐺𝐼𝑐

(𝜎𝑌𝑖𝑒𝑙𝑑,𝑇𝑒𝑛𝑠𝑖𝑜𝑛)
2 . (10) 



 

 

32 

 

Using this logic, Kinloch and Shaw [1981] were able to show that the maximum energy release 

rate occurred when the bond line was approximately equal to 2rIy. When the bond-line thickness 

is below this value the full plastic zone may not develop and since fracture toughness in toughened 

epoxy systems is caused by energy dissipation in the plastic zone of the material, the fracture 

toughness would decrease as the bond-line becomes thinner. 

At the same time, it has been shown that the constraints of stiff substrates on an adhesive can 

increase the length to which the stress concentration extends in front of the crack tip. Thinner 

bonds have higher stresses further in front of the crack tip (represented graphically by the ‘Plastic 

Zone Shape’ column in Figure 14b). Despite extending further along the bond-line, the volume of 

the plastic zone (represented by the hatched area in the image) is, in total, smaller than the case 

when t > 2 rIy. For cases when the bond line is thicker still, the plastic zone contracts until it is 

circular (in 2D) as in the bulk material and the energy release rate of the adhesive joint equals that 

of the bulk material. 

 

Figure 14: Summary of constraint effect in bonded joints [Kinloch & Shaw, 1981] 

 

Bond Thickness (t)
Constraint due to 

bond thickness
Plastic Zone Shape GIc (Joint)

ta ( < 2rIy ) High Low

tm ( = 2rIy ) Moderate Maximum

tb ( > 2rIy ) Low Below GIc,max

tc ( >> 2rIy ) Almost Nil Approx. GIc,bulk
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2.3 Finite Element Modeling of Adhesive Joints 

A number of techniques for computational modeling of adhesive joints have been investigated 

including the use of the finite difference method, the boundary element method and the finite 

element method. For automotive structural applications, finite element modeling is the most 

common of these approaches and includes the use of the fully defined continuum mechanics, the 

CZM approach, tiebreak constraints, or more recently the extended finite element method [da Silva 

& Campilho, 2012].  

An example of using solid continuum elements with bulk material properties used for the adhesive 

was used in a study by Goncalves et al. [2002] to investigate the three-dimensional stress response 

of a single lap shear test. Goncalves et al. showed that the shear stress near the edges of the bond 

line were twice the average stress (calculated by dividing the loading force by the bond area). 

Furthermore, tensile stresses developed at the same location due to bending of the adherends. 

Unfortunately, to resolve the stress gradient at these locations, a very fine mesh (<0.1 mm 

elements) was needed, making this approach somewhat limited in large scale applications. 

Tiebreak constraints, while computationally efficient, provide less detail in capturing the response 

of adhesive joints, due to the simplified approach in their implementation in commercial FE codes 

[Trimino, 2012]. Using XFEM to model adhesives has been shown to provide unphysical results 

(cracks propagating from the adhesive through the adherend or not propagating along the material 

interface) in a common FE code (Abaqus) [Campilho et al., 2011]. The CZM approach can be seen 

to provide a middle ground between computational efficiency, a high level of detail in capturing 

the joint response and ease of implementation in current commercial codes. Consequently, the 

CZM approach was selected for the modeling work in the current thesis. 
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2.3.1 Cohesive Zone Modeling for Adhesive 

To avoid the very fine mesh density required to use the continuum-based approach to modeling, 

the cohesive zone modelling approach, which is able to use a coarser mesh (> 1 mm mesh in-plane 

and a single element through thickness), is often used to implement adhesive joints in large-scale 

finite element models. The CZM approach was originally presented by Hillerborg et al. [1976] 

and was used to model the development and growth of cracks in concrete. Cohesive zone modeling 

relies on the strip yield model of plasticity at a crack tip. Using the CZM approach to model failure 

in adhesive joints rests on the assumption that a zone ahead of the crack tip is deformed at the same 

time as the joint. This deformation then leads to damage and, ultimately, the creation of a new 

surface once a critical amount of energy has been introduced to the joint [LS-DYNA Aerospace 

Working Group, 2012]. The approach is particularly attractive for modeling adhesives since the 

path of the crack propagation (i.e. along the bond line) is obvious beforehand and a single row of 

cohesive elements can be used to model the adhesive joint. While the constitutive models applied 

to typical finite element models define the relationship between stress and strain, the behavior of 

cohesive elements is governed primarily by traction (stress between the bonded surfaces) and 

separation (relative displacement) between a top and bottom surface of the element [Hallquist, 

2017b]. Cohesive elements are typically defined by a strict node numbering scheme where, for 

example, nodes 1-4 define the bottom surface and nodes 5-8 define the top surface (Figure 15). At 

each corner (node pair), the relationship between the top and bottom node can be treated in an 

analogous manner as an integration point in a typical finite element. The separation of each node 

pair is calculated by tracking the change in displacement between the nodes. 
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Figure 15: Typical node numbering of cohesive element defining top and bottom surface 

 

The element can then be considered as a set of four trios of springs connecting upper and lower 

node pairs at each corner of the element. One of these ‘springs’ controls the traction response in 

the normal direction (Mode I, direction 3 in LS-DYNA and many other codes [e.g. Dassault 

Systèmes, 2008; ESI Group, 2016; Siemens AG, 2016]). The other two ‘springs’ independently 

control the response in the two tangential directions (Mode II, directions 1 and 2 in LS-DYNA), 

although often (and, importantly, in the work that follows here) these tangential responses are 

resolved and treated as a single shear response. In the LS-DYNA solver, the ‘1’ and ‘2’ directions 

are assigned based on the nodal numbering given in the input deck to the bottom surface in the 
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manner typical to orthotropic element definitions. The ‘3’ direction is defined by the cross product 

of the vectors used to define directions ‘1’ and ‘2’. 

Typically, a traction-separation relationship is defined independently for Mode I (tension, 

compression) and Mode II (shear) behavior. While brittle behaviour can be represented by a purely 

elastic CZM, other shapes are often implemented in which the traction grows from zero to some 

peak traction and back to zero as damage is accumulated, at which point the element no longer 

supports any load and is removed from the calculation. The most basic form of this traction-

separation response is a simple triangular (bilinear) response where both the initial loading and 

softening response are linear [Alfano & Crisfield, 2001]. For example, in the simplest form, 

cohesive elements can be described by 

[

𝜎1

𝜎2

𝜎3

] = (1 − 𝐷) [
𝐸𝐼𝐼 0 0
0 𝐸𝐼𝐼 0
0 0 𝐸𝐼

] [

𝛿1

𝛿2

𝛿3

] , 

(11) 

where σ1 and σ2 are the tractions in the Mode II directions, σ3 is the traction in the Mode I direction, 

EII is the Mode II initial stiffness, EI is the initial Mode I stiffness, δ1 and δ2 are the separations in 

the Mode II directions, δ3 is the separation in the normal direction, and D is a damage parameter 

between zero and one [Hallquist, 2017b]. It is clear from Equation (11) that Poisson’s effects are 

not considered directly in the CZM formulation. However, it can be argued that, because Poisson’s 

ratio plays a role in the confinement effects present in thin bond lines, Poission’s effects are 

embedded in the model when using parameters extracted from tests with the same bond line 

thickness as that being modeled.  

Other shapes of the traction-separation response have been proposed, such as an exponential 

softening response [Chandra et al., 2002], or fully generalized CZM shapes, which start and end 

at zero traction with the remainder of the CZM law being governed by an arbitrarily defined curve. 
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Materials that exhibit some ductility are often represented by a trapezoidal CZM (Figure 16) 

originally proposed by Tvergaard and Hutchinson [1992].  

 

Figure 16: Typical trapezoidal traction-separation cohesive zone model used for ductile 

failure [adapted from Tvergaard & Hutchinson, 1992] 

 

In one example of this type of CZM [Marzi et al., 2009], Mode I and Mode II are defined 

independently, using the following parameters: the initial stiffness in the Mode I (EI) and Mode II 

(EII), the peak traction in Mode I (T) and Mode II (S), and the critical energy release rate (area 

under the traction-separation response) in Mode I (GIC) and Mode II (GIIC). Finally, the ratio of the 

area under the plastic portion of the traction-separation response to the total critical energy release 

rate (termed ‘area ratio’, for brevity) in Mode I (fGI) and Mode II (fGII) define the length of the 

plateau. These parameters implicitly define three important separation values for both Mode I and 
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Mode II; the separation-to-plateau in Mode I (δI
0) and Mode II (δII

0) loading, the separation-to-

softening in Mode I (δI
s) and Mode II (δII

s) loading, and the separation-to-failure in Mode I (δI
f) 

and Mode II (δII
f) loading. These separations can be defined by the Mode I and Mode II parameters 

using the following expressions: 

𝛿𝐼
0 =

𝑇

𝐸𝐼
 , (12) 

𝛿𝐼
𝑑 = 𝛿𝐼

0 +
𝑓𝐺𝐼∙𝐺𝐼𝐶

𝑇
 , (13) 

𝛿𝐼
𝑓 =

2∙𝐺𝐼𝐶

𝑇
+ 𝛿𝐼

0 − 𝛿𝐼
𝑑

 , (14) 

𝛿𝐼𝐼
0 =

𝑆

𝐸𝐼𝐼
, (15) 

𝛿𝐼𝐼
𝑑 = 𝛿𝐼𝐼

0 +
𝑓𝐺𝐼𝐼∙𝐺𝐼𝐼𝐶

𝑆
 , (16) 

and  

𝛿𝐼𝐼
𝑓 =

2∙𝐺𝐼𝐼𝐶

𝑆
+ 𝛿𝐼𝐼

0 − 𝛿𝐼𝐼
𝑑

 . (17) 

To this point, the definition of the CZM traction-separation response is only applicable for pure 

Mode I or Pure Mode II loading. In most situations, the loading of a cohesive element will not be 

purely Mode I or Mode II, but will exhibit some degree of mode mixity (Figure 17).  
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Figure 17: Mode I, Mode II and Mixed mode response of a trapezoidal traction-separation 

response [adapted from May et al., 2015] 

 

It is generally most convenient to consider the MM separation-to-yield (δ0), separation-to-damage 

initiation (δs) and separation-to-failure (δf) when working with MM loading. A convenient measure 

of mode mixity is defined by 

𝛽 =
𝛿𝐼𝐼

〈𝛿𝐼〉
 , (18) 

where 

𝛿𝐼 = 𝛿3 (19) 

and 
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𝛿𝐼𝐼 = √𝛿1
2 + 𝛿2

2
 . 

(20) 

Note the use of a Macaulay function in the definition of β, which stems from the assumption that 

compressive stresses can be ignored when considering mixed mode loading. The MM separation 

can then be described as 

𝛿𝑚 = √𝛿𝐼
2 + 𝛿𝐼𝐼

2
. 

(21) 

The MM relationship leads to the following definitions; 

𝛿𝐼 =
𝛿𝑚

√1+𝛽2
 , (22) 

𝛿𝐼𝐼 =
𝛽∙𝛿𝑚

√1+𝛽2
 , (23) 

𝑇 = 𝛿𝐼
0 ∙ 𝐸𝐼 =

𝛿0∙𝐸𝐼

√1+𝛽2
 , (24) 

and  

𝑆 = 𝛿𝐼𝐼
0 ∙ 𝐸𝐼𝐼 =

𝛽∙𝛿0∙𝐸𝐼𝐼

√1+𝛽2
 . (25) 

The separation-to-plateau (δ0) criterion as a function of mode mixity is often defined as [Hallquist, 

2017a] 

(
𝛿𝐼

𝛿𝐼
0)

2

+ (
𝛿𝐼𝐼

𝛿𝐼𝐼
0)

2

= 1 . 
(26) 

Equation (26) can be rewritten to solve for the mixed-mode yield separation; 

𝛿0 = 𝛿𝐼
0 ∙ 𝛿𝐼𝐼

0
√

1+𝛽2

(𝛿𝐼𝐼
0)

2
+(𝛽𝛿𝐼

0)
2 . 

(27) 

The separation-to-softening initiation can be treated similarly so that 
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(
𝛿𝐼

𝛿𝐼
𝑑)

2

+ (
𝛿𝐼𝐼

𝛿𝐼𝐼
𝑑)

2

= 1 , 
(28) 

which leads to 

𝛿𝑑 = 𝛿𝐼
𝑑 ∙ 𝛿𝐼𝐼

𝑑
√

1+𝛽2

(𝛿𝐼𝐼
𝑑)

2
+(𝛽∙𝛿𝐼

𝑑)
2 . 

(29) 

Several relationships have been proposed to define the failure separation when using CZMs, which 

are based on relationships involving energy release rates. One common example being a power 

law relationship [Camanho et al., 2003]; 

(
𝐺𝐼

𝐺𝐼𝐶
)

𝛼

+ (
𝐺𝐼𝐼

𝐺𝐼𝐼𝐶
)

𝛼

= 1 , 
(30) 

where α is a constant that must be measured experimentally. The Mode I and Mode II energy 

release rates at failure for a given β mixity ratio can be defined by 

𝐺𝐼 =
𝛿0 ∙ 𝐸𝐼

2(1 + 𝛽2)
(𝛿𝑓 + 𝛿𝑑 − 𝛿0) 

(31) 

and  

𝐺𝐼𝐼 =
𝛽2∙𝛿0∙𝐸𝐼𝐼

2(1+𝛽2)
(𝛿𝑓 + 𝛿𝑑 − 𝛿0) . (32) 

Note that GI and GII are not, in general, the same as the critical values (GIC, GIIC), which are 

descriptions of the energy release rate in pure Mode I or Mode II loading.  Using the expressions 

for the energy release rates in Mode I and Mode II for general MM loading, the final failure 

separation can be expressed as 

𝛿𝑓 =
2(1+𝛽2)

𝛿0
[(

𝐸𝐼

𝐺𝐼𝐶
)

𝛼

+ (
𝛽2∙𝐸𝐼𝐼

𝐺𝐼𝐼𝐶
)

𝛼

]

−1

𝛼

+ 𝛿0 − 𝛿𝑑 . 
(33) 

This failure description has been used with a trapezoidal traction law, implemented in LS-DYNA 

(*MAT_240) [May et al., 2015] with α fixed at a value of unity. 
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Other ultimate failure descriptions have been proposed, including that originally proposed by Gong 

and Benzeggagh [1995], who were attempting to experimentally fit the summation of the Mode I 

and Mode II energy release rates to a single critical energy release rate parameter (Gc) for fiber 

reinforced composites and proposed that 

𝐺𝑐 = 𝐺𝐼 + 𝐺𝐼𝐼 = 𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 − 𝐺𝐼𝐶) (
𝐺𝐼𝐼

𝐺𝐼𝐼𝐶
)

𝜂

 , 
(34) 

where η is an experimentally measured value. Sometime later, Benzeggagh and Kenane [1996] 

updated this to the more commonly used form 

𝐺𝑐 = 𝐺𝐼 + 𝐺𝐼𝐼 = 𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 − 𝐺𝐼𝐶) (
𝐺𝐼𝐼

𝐺𝐼+𝐺𝐼𝐼
)

𝜂

 , 
(35) 

which, using the expressions for Mode I and Mode II energy release rates at failure as a function 

of mode mixity, can be expressed as 

𝐺𝑐 = 𝐺𝐼 + 𝐺𝐼𝐼 = 𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 − 𝐺𝐼𝐶) (
𝛽2∙𝐸𝐼𝐼

𝐸𝐼+𝛽2∙𝐸𝐼𝐼
)

𝜂

 . 
(36) 

If one considers the Mode I and Mode II energy release rates as scalar values, the summation leads 

to 

𝐺𝐼 + 𝐺𝐼𝐼 =
𝛿0(𝛿𝑓 + 𝛿𝑑 − 𝛿0)

2
(

𝐸𝐼 + 𝛽2 ∙ 𝐸𝐼𝐼

(1 + 𝛽2)
) 

(37) 

and the final separation to failure of 

𝛿𝑓 =
2[𝐺𝐼𝐶+(𝐺𝐼𝐼𝐶−𝐺𝐼𝐶)(

𝛽2∙𝐸𝐼𝐼
𝐸𝐼+𝛽2∙𝐸𝐼𝐼

)
𝜂

]

𝛿0(
𝐸𝐼+𝛽2∙𝐸𝐼𝐼

1+𝛽2 )
+ 𝛿0 − 𝛿𝑑 . 

(38) 

The damage of a CZM is a critical aspect to the overall response of the model. The implementation 

of damage is required to define the traction response between the end of the plateau and zero 

traction, when load is no longer supported by the element and can be removed from the calculation. 
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The softening response is most commonly assumed to be linear, although exponential responses 

are also somewhat common [da Silva & Campilho, 2012]. The tractions in the softening portion 

of the Mode I and Mode II traction-separation responses can be described as 

𝑇𝑚𝑎𝑥 =
𝛿0 ∙ 𝐸𝐼

√1 + 𝛽2
(1 − 𝐷) 

(39) 

and  

𝑆𝑚𝑎𝑥 =
𝛽∙𝛿0∙𝐸𝐼𝐼

√1+𝛽2
(1 − 𝐷). (40) 

where D is the damage parameter, which ranges from zero prior to softening (δs) and one when the 

element no longer supports a load (δf). 

The damage model also has some effect on the unloading/reloading response of the CZM. In the 

undamaged state (i.e. when the element has only been loaded within the initial linear elastic loading 

portion of the traction-separation response or in compression), unloading and subsequent reloading 

will only occur along the path of the initial stiffness. After the accumulation of damage, this 

unloading/reloading stiffness will be modified to reduce the stiffness. Two approaches to this 

unloading have been suggested, termed the ‘elastic-plastic’ response (Figure 18a) and the ‘elastic-

damage’ response (Figure 18b) by Biel & Stigh [2010]. Note that for loading in compression, 

CZMs are usually defined such that no damage is initiated and the response is purely linear 

following the EI stiffness. 



 

 

44 

 

 

Figure 18: Typical elastic-plastic (a), and elastic-damage (b) softening damage applied to 

trapezoidal traction-separation responses, showing unloading/reloading responses from the 

plateau and softening portions of the response 

 

In the context of a trapezoidal traction-separation response, the elastic-plastic damage for a given 

time step i can be defined as [Marzi et al., 2009b] 

𝐷𝑖 = 𝑚𝑎𝑥 (
𝛿𝑚,𝑖−𝛿𝑠

𝛿𝑓−𝛿𝑠 , 𝐷𝑖−1, 0) , (41) 

where Di-1 is the damage from the previous time step and δm.i is the MM displacement for the 

current time step. The elastic-damage response is usually defined by [de Moura et al., 2008] 

𝐷𝑖 = 𝑚𝑎𝑥 (1 −
𝛿0

𝛿𝑚,𝑖
, 1 −

𝛿0

𝛿𝑚,𝑖
∙

𝛿𝑓−𝛿𝑚,𝑖

𝛿𝑓−𝛿𝑠 , 𝐷𝑖−1, 0) . 
(42) 

The important distinction between these two approaches is the presence of residual displacement 

when the model is fully unloaded with the elastic-plastic approach, while the elastic-damage 

approach causes the element displacement to return to zero when unloaded. The initiation of 

damage in the elastic-plastic approach defined by Equation (41) occurs when the MM separation 

reaches the separation-to-softening, while for the elastic-damage response given by Equation (42), 

damage is initiated when the MM separation reaches the separation-to-plateau. This behaviour can 

be seen by the unloading/reloading slope being parallel to the initial stiffness for scenarios when 

a
b
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an elastic-plastic model is unloaded from the plateau portion of the traction-separation (Figure 

18a). 

While both approaches have been applied to CZMs in the literature, experimental data to guide the 

choice of damage model has been relatively scarce. Biel & Stigh [2010] investigated the 

load/unload response of adhesive joints by loading and unloading DCB specimens to a number of 

predefined load states, which did not allow the crack tip to advance. Subsequent, reloading cycles 

were then carried out with the damaged specimens and models of these damaged specimens were 

developed using both approaches. The elastic-damage approach tended to slightly underpredict the 

energy release rate – pin opening response while the elastic-plastic approach tended to significantly 

overpredict the response, suggesting that the true response was somewhat between the two 

approaches, but tending to be similar to the elastic-damage response. A similar study was carried 

out by Blackman et al. [2003b], who loaded and unloaded DCB specimens beyond crack opening 

displacements, making the outcome somewhat harder to isolate. Nevertheless, Blackman et al. 

found <5% offset displacement (roughly 0.05 mm) and suggested this was primarily due to the 

rough facture surface of the adhesive propping the crack open slightly when unloaded. This finding 

provides further evidence suggesting the elastic-damage approach provides a response in 

agreement with the limited data. 

 

2.4 Summary 

Adhesive bonding is becoming widely adopted in the automotive industry as a structural joining 

method; however, advanced characterization and modeling techniques are critical to provide 

detailed information to improve BIW design. The use of cohesive zone modeling is an attractive 

modeling methodology due to its computational efficiency, although specialized testing is required 
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to extract the parameters required to fully characterize the joint. These specialized tests typically 

do not provide the full traction-separation response required to implement a CZM, necessitating 

multiple tests for each mode of loading. For example, a double cantilever beam test is needed to 

extract energy release rate in conjunction with butt-joint testing to measure initial stiffness and 

peak stress in Mode I.  Thick adherend lap shear or pin on collar and ENF are typically carried out 

to measure the Mode II properties. The results of these characterization tests are then combined, 

often with inverse modelling, to provide the response necessary to define the CZM. For both the 

TDCB and ENF tests, the choice of beam theory used in the analysis of the tests can have a strong 

effect on the measured response and additional correction factors are commonly used to ensure 

consistency between test results and model responses of the tests. Furthermore, current test 

approaches to measure the fracture properties of bonded joints use linear elastic fracture mechanics 

assumptions, which may not be appropriate for more modern ductile toughened structural 

adhesives. Experimental techniques that can more directly measure adhesive joint Mode I and 

Mode II traction-separation response thus enabling a model response with better correlation with 

measured behavior remain a significant deficit within the current scientific literature. 

Significant aspects of the CZM approach are often defined for expedience and computational 

efficiency rather than using experimentally measured traction-separation responses to drive the 

model definition. This limitation is particularly true for mixed modes of loading. The mixed mode 

energy release rate is commonly measured using the MMB test, but the full traction-separation 

response is generally unknown. Thus, the development of experiments that directly measure the 

mixed mode traction-separation response represent a further deficit in the scientific literature and 

is a key focus of the current research. Furthermore, a model built using full traction-separation 

responses for several mixed mode loading cases would represent an improvement to the cohesive 
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zone modeling approach for adhesive joints, which is addressed by the model developed in this 

thesis. 

  



 

 

48 

 

Chapter 3 Experimental Methods and Data Analysis 

The experimental work carried out in this thesis can be broadly divided into two categories: 

characterization testing and validation testing. The first step in characterizing the adhesive was to 

undertake bulk specimen testing to establish the unconfined strength of the material and to  provide 

context in terms of the peak stresses that could be expected when testing bonded specimens. 

Following this, the Mode I characterization work was undertaken using the RDCB test specimen 

with an updated analysis, as detailed below. A new specimen geometry and analysis was then 

developed to characterize the adhesive under both Mode II and MM loading. Validation testing 

was subsequently carried out using TDCB testing to validate the RDCB test analysis and single 

lap shear testing was carried out to validate the shear and MM validation and material model 

development.  

The adhesive used throughout this thesis was a commercially available two-part toughened epoxy 

(3M Impact Resistant Structural Adhesive 7333, 3M Canada Company). This adhesive was 

designed specifically for automotive structural bonding applications [3M, 2016] and is primarily 

composed of epoxy with a small amount of acrylic copolymer along with aluminum and synthetic 

rubber for toughening and several other filler materials [3M, 2018]. For all specimens described 

in this section, curing was carried out in a convection oven (ED-53, Binder, Tuttlingen, Germany) 

for 30 min after the specimen (and associated fixturing) reached 80o C. 

 

3.1 Bulk Material Testing 

Bulk material testing was carried out in order to provide understanding of the adhesive material in 

the unconstrained condition. In particular, the peak stress in tension and shear, the degree of 
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symmetry in tension versus compression and and fracture behavior of the bulk adhesive were of 

interest. Due to the complex behavior of polymeric materials, bulk material testing was carried out 

under tension, compression and shear loading. 

 

3.1.1 Bulk Specimen Preparation 

The specimen geometries used for the bulk tension and bulk shear testing required adhesive to be 

cast into plaques, which were then machined to the appropriate geometry. To create these plaques, 

adhesive was carefully pooled onto a 304.8 mm x 304.8 mm (12” x 12”) plate of tempered glass 

(Figure 19a), taking care to avoid introducing air voids into the pool. A second glass plate was 

then placed on top of the pool and metal spacers of the desired final specimen thickness (3.175 

mm) were placed around the pooled adhesive. Binder clamps were then placed around the edges 

of the glass plates to provide a small amount of pressure to the assembly during curing (Figure 

19b). After the entire assembly was cured according to the manufacture’s recommendations the 

final plaque was ready for machining (Figure 19c). While every attempt was made to reduce the 

introduction of air into the plaques, when pores were found in the failed cross section of tested 

specimens, the results of that test were discarded. No special climate control system was used 

during the preparation or testing of any of the specimens used in this research in order to mimic 

typical production environments which would be expected for automotive applications of the 

adhesive. The experimental work was carried out in a room in which the temperature ranged from 

19 oC to 22 oC and humidity ranged from 33% RH to 52 % RH, based on measurements taken over 

several years whenever specimens were prepared. 
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Figure 19: Application of adhesive(a), and full assembly (b), to create bulk adhesive plaque 

(c) 

 

Tensile specimens were machined from the cured plaques to the geometry suggested in ASTM 

D638 type V [2014] (Figure 20a). The cross-sectional area of each specimen was measured using 

a micrometer prior to testing. After measurement, the gauge section of each specimen was painted 

using matte white spray paint followed by the application of a black speckle pattern to allow digital 

image correlation (DIC) to be used to measure the full strain field during testing. 

Unlike the tensile specimen, no agreed-upon standard test geometry exists to test the shear stress-

strain response of plastics. A small study was carried out using a variety of specimen geometries 

from the literature (Figure 20b) in an attempt to select a geometry that provided a good measure 

of the shear response of bulk structural adhesives. Five test geometries were selected based on a 

survey of appropriate candidates and were machined from bulk plaques: the ‘mini shear’ [Peirs et 

al., 2012]; a modification of the mini shear geometry termed the ‘micro shear’ [Rahmaan et al., 

2015]; the ‘block shear’ [Gardner, 2013]; the ASTM B831; and the alternate ASTM B831 [2014] 

test specimens. Note that the ‘block shear’ and alternate ASTM B831 specimens incorporate a 

thickness reduction in their gauge section while the other specimens had a consistent thickness 

across the entire specimen. As with the tensile specimens, a speckle pattern was applied to each 

specimen to allow strain measurement using DIC. 

a b c
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Figure 20: Tensile (a), and shear (b) bulk specimen geometries 

 

To assess the compression stress-strain response of the adhesive, a series of compression tests were 

carried out on 9.525 mm ø x 19.05 mm (3/8” ø x 3/4”) right cylindrical specimens. While these 

specimens conformed to the aspect ratio suggested in ASTM D695, they were slightly undersized 

to minimize the volume of adhesive used in the specimen, avoiding any potential fire safety 

hazards associated with the exothermic reaction occurring during curing in large volume 

specimens. The specimens were allowed to cool slowly from the curing temperature to room 

temperature before being removed from the fixture, in order to minimize any residual stresses [da 

Silva et al., 2012]. 

 

3.1.2 Bulk Material Test Procedure and Analysis 

Testing of the tensile and shear specimens was carried out using a hydraulic load frame (Figure 

21), termed the ‘2 kN capacity frame’ in the subsequent discussion of experimental tests carried 
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out in this thesis. This load frame was equipped with a 29.7 mm (1.1675") bore x 127 mm (5") 

stroke hydraulic cylinder (MTS Servoram 204.11; Eden Prairie, Minnesota, USA) controlled using 

an MTS Flex Test SE hydraulic controller (MTS; Eden Prairie, Minnesota, USA). A 2.2 kN (500 

lb) load cell (Omega LC412-500; St. Eustache, QC, Canada) was used to measure force and a 

cylinder mounted linear variable differential transformer (LVDT) was used to measure 

displacement of the cylinder. Data was acquired using two National Instruments USB-6211 data 

acquisition systems and Labview 7.1 software (National Instruments; Austin, TX, USA). For both 

shear and tension, the tests were carried out using a constant cross-head velocity of 0.0254 mm/s 

(0.001 in/s). Each test was also recorded at a resolution of 1920 x 1080 pixels and 30 fps using a 

single, digital single-lens reflex (DSLR) camera (Nikon D3200; Tokyo, Japan) fitted with a 105 

mm f2.8 macro lens (Sigma Corporation; Setagaya, Japan). A 2X teleconverter (Kenko TelePlus 

PRO 300 AF DGX 2x; Tokyo, Japan) was added for shear testing to improve the pixel density of 

the video. The load cell and video data were synchronized using an LED, which was illuminated 

at the start of data acquisition and placed in the frame of the video. 

 

Figure 21: 2kN capacity load frame 
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Two dimensional DIC analysis was carried out using Vic-2D 2009 (Correlated Solutions; Irmo, 

SC, USA) to measure the full-field strain of the specimen. For the tension tests, the DIC analysis 

was carried out using images acquired at 5 Hz with a pixel density in the area of interest of 83 

pixel/mm, DIC subset size of 41 pixels, a step size (the distance between subset centers) of 1 and 

a strain filter of 5 pixels. The average measurement of three parallel virtual extensometers along 

the gauge length of each specimen was used to determine the measured strain for each test. For the 

shear specimens, the DIC analysis was carried out at a frame rate of 5 fps with the resolution in 

the area of interest being 167 pixel/mm. A DIC subset size of 41 pixels, a step size of 1, and a 

strain filter of 15 pixels were used for each analysis. The shear strain for each specimen was 

reported from the central location of the gauge area as described in Rahmaan et al. [2015]. 

The compression specimens were tested using a custom-made hydraulic load frame (Figure 22), 

termed the ‘90 kN capacity frame’ in the following discussion of the experimental investigations. 

This load frame was equipped with a 101.6 mm (4") bore x 152.4 mm (6") stroke hydraulic cylinder 

(Parker Cylinder Division; Owen Sound, Ontario, Canada) controlled using an MTS 407 hydraulic 

controller (MTS 407; Eden Prairie, Minnesota, USA). The test force was measured using a 90 kN 

(20 000 lb) load cell (Transducer Techniques SWP 20k; Temecula, California, USA) and the 

cylinder displacement was measured with a cylinder mounted linear variable differential 

transformer (LVDT). The data was acquired using a National Instruments Daqpad-6015 data 

acquisition system and Labview 7.1 software (National Instruments, Austin, TX, USA). Optical 

tracking (Tracker; [Brown & Christian, 2011]) was used to measure the change in height (and thus 

the strain) of the specimen during loading in a hydraulic frame at a loading rate of 0.0254 mm/s 

(0.001 in/s). Several tests had petroleum jelly added to assess the effect of lubricant between the 
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specimen and platens, with no appreciable difference measured in cases with and without 

lubrication. 

 

Figure 22: 90 kN capacity load frame 

 

3.2 Mode I Characterization Testing 

As discussed in the literature review, a number of techniques have been used to extract the 

parameters necessary to construct the traction-separation response of adhesively bonded joints. 

The classical tests (cantilever beam tests, butt joint tests, etc.) do not generally provide sufficient 

information with which to independently characterize the joint, requiring multiple test types to be 

carried out and several independent measurements combined. Dastjerdi et al. [2013] originally 
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developed the RDCB specimen to provide a single test to extract the traction-separation response 

of a bonded joint under Mode I loading. The small size of the specimen also makes this test 

attractive to measure the high loading rate response of adhesives by avoiding potential inertial 

effects that may be present in standard double cantilever beam tests using high mass adherends. A 

slightly updated specimen geometry (Figure 23) as suggested by Liao et al. [2017] for structural 

adhesive application was used in this work. 

 

Figure 23: RDCB adherend dimensions 

 

3.2.1 RDCB Specimen Preparation 

To create the specimens to be tested, mild steel adherends were first machined to the proper 

dimensions (Figure 23). The adherends were grit blasted with 60 grit silicon carbide abrasive 

media for roughly 10 seconds per surface using a pressure of 350 kPa and cleaned with acetone 

immediately prior to bonding to remove any potential contamination from the adherend surfaces.  
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A bead of adhesive was applied to each adherend and spread to cover the entire surface. The 

adherends where then placed in a curing fixture (Figure 24a) with a steel shim of the desired bond 

line thickness inserted at the proper location in order to create a blunt crack tip. Three nominal 

bond line thicknesses were investigated; 0.18 mm (0.007”), 0.30 mm (0.012”) and 0.64 mm 

(0.025”). The edge of this shim was also used to provide a blunt notch at the leading edge of the 

bond line. The fixture was designed to ensure proper alignment of the specimens during curing 

and to allow excess adhesive to flow away from the bond area via channels machined into the 

bottom surface of pocket used to hold the specimen (Figure 24b). Once the specimens were aligned 

in the fixture, set screws on the perimeter of the fixture (Figure 24c) were tightened to hold the 

specimens firmly in place during the cure cycle.  

 

Figure 24: RDCB fixture (a), with excess adhesive channels (b), and set screws for specimen 

fixation during curing (c) 

 

The specimens and fixture were then placed in a forced convection oven (Binder ED-53) to be 

cured for 30 minutes after reaching 80 oC, as recommended by the manufacturer. After curing, the 

a b c
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specimens were cooled to room temperature, the shims removed, and excess adhesive was 

removed with a sharp blade to ensure the bond area was flush to the adherend surfaces. The 

specimens were imaged using an opto-digital microscope (Keyence VHX 5000; Osaka, Japan) to 

inspect each specimen for potential defects. Additionally, the dimensions necessary for analysis 

(b, L) (Figure 25a) and the bond line thickness (Figure 25b) were measured. The thickness of each 

specimen (B) was then measured using a micrometer centered over the crack tip. 

 

Figure 25: Measurement of RDCB specimen (a), and bond line thickness (b) 

 

3.2.2 RDCB Test Procedure 

The specimens were tested on the 2 kN capacity load frame at a crosshead velocity of 0.025 mm/s 

(0.001 in/s) as measured by the cylinder-mounted LVDT. To avoid machine compliance affecting 

the displacement measurement, which can be on the same order of magnitude as the displacement 

necessary to cause failure of a bonded joint, video of the loading pins was captured. The video was 

recorded at 30 fps using a DSLR camera mounted with 105 mm macro lens and a 2X teleconverter, 

which provided a pixel density of approximately 95 pixels/mm. 

To prevent damage to the load cell by ramming the clevises together while setting up the machine, 

a custom designed slack adaptor (Figure 26a) was designed to attach to the cylinder end of the 2 
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kN capacity load frame. The slack adaptor allowed roughly 18 mm of travel between the point of 

clevis contact and the point at which significant compressive force could be applied to the load 

cell by the hydraulic cylinder. A small study was carried out to assess the effect of this addition 

using bulk tension specimens, and no measurable effect was noticed. To provide a length scale for 

optical tracking, two dots were added to the clevis mounted to the load cell (Figure 26b), which 

were measured using an opto-digital microscope prior to mounting the clevis into the load frame. 

During initial testing, two points on the pins were tracked to measure the opening of the specimen. 

After further investigation, rotation of the pin was found to affect this displacement measurement. 

To ameliorate this issue, in the testing described in this work two dots applied directly to the 

clevises were tracked to provide the pin opening used in the data analysis. After testing, the images 

of the adherends were captured to investigate the facture surface of the adhesive. 

 

Figure 26: RDCB test setup including slack adaptor (a), with detailed view of loading clevis 

(b) 

a b
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3.2.3 RDCB Analysis Technique 

The RDCB specimen was originally developed by Dastjerdi et al. [2012] to measure the Mode I 

traction-separation response of proteinaceous bio adhesives and was later adapted to structural 

adhesives [Dastjerdi et al. 2012; Liao et al., 2017]. Unfortunately, early work in the current 

research demonstrated the inability of the method described by Dastjerdi et al. to produce a 

traction-separation response in which a model of the test was able to reproduce the force-

displacement response of that same test. For example, the traction-separation measured from a test 

performed by Liao et al. [2017] (Figure 27a) was used to create a finite element model of that same 

test in LS-DYNA. If the analysis was able to measure the traction-separation response, one should 

expect the mode and test force response to match. However, when the model force-displacement 

response was compared to the measured response (Figure 27b), the model underpredicted the peak 

force by 32%. 

 

Figure 27: Traction-separation response measured from measured force-displacement 

response using Dastjerdi et al. [2013] analysis (a), and force-displacement model response 

using extracted traction-separation response (b) 
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Further investigation showed a zone of compressive stress in the bond line opposite the location 

of the pin loading (Figure 28). The compression zone had not been accounted for in the original 

analysis, which assumed that the entire bond line was loaded under tension. This finding 

necessitated the development of a new analysis technique for this specimen geometry. 

 

Figure 28: Stress distribution along RDCB model bond line 

 

The first step in the updated analysis was to enhance the original free-body-diagram (Figure 29a) 

to include the region of compressive loading in the bond line (Figure 29b). 
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Figure 29: Free body diagram for analysis developed by Dastjerdi et al. [2013] (a), and 

updated analysis (b) [Watson et al., 2020a] 

 

L (the distance from the edge of the specimen to the point of loading of the specimen) and b (the 

distance from the edge of the specimen to the end of the bond line) were carried over from the 

initial analysis. The variable μ was introduced to denote the distance between the edge of the 

specimen and the transition from tension to compression in the bond line. Additionally, to 

represented an arbitrary traction. By assuming perfectly rigid adherends (due to the very high 

resistance of bending of the adherends in the loading direction), the kinematics of the adherend 

(Figure 29b) led to the compatibility equations at the pin loading location, the blunt crack and the 

end of the bond line furthest from the pin; 

∆

𝐿−µ
=

𝛿

𝑏−µ
=

𝛿𝑐

µ
 , (43) 

where Δ is the pin displacement, δ is the opening displacement at the end of the bond line 

(separation), and δc is the closing displacement at the edge of the specimen. An arbitrary opening 

displacement (u) can be expressed as a function of distance from the point of rotation (x) by 

L

x F

µ
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𝑢(𝑥) =
𝛿

𝑏−µ
𝑥 =

∆

𝐿−µ
𝑥 . (44) 

The distance, μ, and traction, t(x), represent two unknown quantities necessitating simultaneously 

solving the force and moment balances for each increment of force-displacement to calculate the 

full traction-separation response. By assuming a perfectly linear, non-damaging traction response 

in compression, the force balance in the u direction can be described by 

𝐹 +
1

2
𝜇𝐵𝑡𝑐 = 𝐵 ∫ 𝑡(𝑥)𝑑𝑥

𝑏−𝜇

0
, (45) 

where B is the thickness of the specimen. Similarly, the moment balance about the point of 

transition from tension to compression (i.e. x = 0) can be written as 

𝐹(𝐿 − 𝜇) −
2

3
𝜇

1

2
𝜇𝐵𝑡𝑐 = 𝐵 ∫ 𝑥𝑡(𝑥)𝑑𝑥

𝑏−𝜇

0
 .  (46) 

If one assumes a perfectly linear initial response of the traction-separation curve, the integrals of 

Equation (45) and Equation (46) become 

∫ 𝑡(𝑥)𝑑𝑥
𝑏−𝜇

0
=

1

2
𝑡𝑜(𝑏 − 𝜇)  (47) 

and  

∫ 𝑥𝑡(𝑥)𝑑𝑥
𝑏−𝜇

0
=

1

3
𝑡𝑜(𝑏 − 𝜇)2 . (48) 

These simplified integrals lead to 

𝐹 +
𝜇𝐵𝑡𝑐

2
=

𝐵𝑡𝑜(𝑏−𝜇)

2
. (49) 

The following relationship from the moment balance can then be defined during the initial linear 

loading; 

𝐹(𝐿 − 𝜇) −
𝜇2𝐵𝑡𝑐

3
=

𝐵𝑡𝑜(𝑏−𝜇)2

3
 . (50) 
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Because the traction-separation response is purely linear initially, the relationship between δ and 

δc in Equation (43) can also be applied to to and tc so that 

𝑡𝑐 =
𝜇𝑡𝑜

𝑏−𝜇
 . (51) 

Additionally,  

𝑡𝑐 = 𝐸𝐼𝛿𝑐 =
𝐸𝐼𝜇∆

𝐿−𝜇
  (52) 

the also holds true, where EI is the initial slope of the Mode I traction-separation response. 

By substituting Equation (52) into Equation (49) the loading force can be expressed as 

𝐹 = 𝐵𝑡𝑜 (
(𝑏−𝜇)

2
−

𝜇2

2(𝑏−𝜇)
) . (53) 

Additionally, substituting Equation (52) into Equation (50) yields 

𝐹 = 𝐵𝑡𝑜 (
(𝑏−𝜇)2

3(𝐿−𝜇)
+

𝜇3

3(𝑏−𝜇)(𝐿−𝜇)
) . (54) 

By equating Equation (53) and Equation (54), one arrives at 

(𝑏−𝜇)

2
−

𝜇2

2(𝑏−𝜇)
=

(𝑏−𝜇)2

3(𝐿−𝜇)
+

𝜇3

3(𝑏−𝜇)(𝐿−𝜇)
 . (55) 

Equation (55) can be simplified to 

𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
3𝐿𝑏−2𝑏2

6𝐿−3𝑏
 . (56) 

Note that the subscript elastic has been added to μ to clearly note that this relationship only holds in 

the initial linear portion of the traction-separation response.  

By substituting Equation (52) into Equation (49) and rearranging, t0 can be show to be 

2𝐹

𝐵(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)
+

𝐸𝐼𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐
2∆

(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)(𝐿−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)
= 𝑡𝑜 . (57) 
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Similarity, rearranging Equation (53) lead to 

2𝐹

𝐵
((𝑏 − 𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐) −

𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐
2

(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)
)

−1

= 𝑡𝑜 . 
(58) 

By equating Equation (57) and Equation (58) and rearranging, the initial slope of the traction-

separation response can be calculated; 

𝐸𝐼 =
𝐹

∆
(

2(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)(𝐿−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)

𝐵𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐
2

) (((𝑏 − 𝜇
𝑒𝑙𝑎𝑠𝑡𝑖𝑐

) −
𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐

2

(𝑏−𝜇𝑒𝑙𝑎𝑠𝑡𝑖𝑐)
)

−1

− (𝑏 − 𝜇
𝑒𝑙𝑎𝑠𝑡𝑖𝑐

)
−1

) . 
(59) 

By performing a change of variable from x to u in Equation (45) and Equation (46) using the 

derivatives of Equation (44) and replacing tc with the expression from Equation (52), the 

generalized force and moment balances can be expressed as 

𝐹∆

𝐵(𝐿−𝜇)
+

𝜇2𝐸𝐼∆2

2(𝐿−𝜇)2 = ∫ 𝑡(𝑢)𝑑𝑢
𝛿

0
  (60) 

and 

𝐹∆2

𝐵(𝐿−𝜇)
−

𝜇3𝐸𝐼∆3

3(𝐿−𝜇)3 = ∫ 𝑢𝑡(𝑢)𝑑𝑢
𝛿

0
 . (61) 

Note that in these expressions, μ is generally unknown and only equal to μelastic during the initial 

linear elastic loading phase of the traction-separation response. Differentiating Equation (60) and 

Equation (61) with respect to δ and rearranging leads to 

𝑑∆

𝑑𝛿

𝑑

𝑑∆
(

𝐹∆

𝐵(𝐿−𝜇)
+

𝜇2𝐸𝐼∆2

2(𝐿−𝜇)2) = 𝑡(𝛿)  (62) 

and 

(𝐿−µ)

∆(𝑏−µ)

𝑑∆

𝑑𝛿

𝑑

𝑑∆
(

𝐹∆2

𝐵(𝐿−𝜇)
−

𝜇3𝐸𝐼∆3

3(𝐿−𝜇)3
) = 𝑡(𝛿) . (63) 

In these equations, both the traction and μ distance are unknown and therefore a script was written 

to solve these equations using numerical methods. μ cannot be less than zero and must always be 
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less than or equal to μelastic, providing lower and upper bounds for μ. Knowing these bounds, 

Equation (62) and Equation (63) were calculated for 1000 values of μ between 0 and μelastic for 

each displacement increment after applying a 21-point running average filter to the force-

displacement response. The value of μ that produced the minimum residual for these two equations 

was then determined as the μ value for a given pin opening, and the process was repeated for the 

next pin opening increment. In this manner, the entire traction response could be calculated with 

the separation (δ) calculated using Equation (43). After calculation of the traction-separation 

response a set of parameters necessary to define a trapezoidal traction-separation CZM response 

(initial stiffness (EI), plateau traction (T), critical energy release rate (GIC) and area ratio (fGI)) was 

fit to each test using a least squared error approach for each tracked displacement increment and a 

generalized reduced gradient nonlinear optimization scheme [Lasdon et al., 1978]. 

 

3.3 Mode II and Mixed-Mode Characterization Testing 

Characterization of the Mode II traction-separation of adhesive joints is typically carried out using 

a combination of end notch flexural testing and thick adherend lap shear, napkin ring or pin and 

collar testing. However, early investigation into the end notch flexural testing highlighted some 

challenges with this approach. A simple finite element model using the tapered geometry 

developed by Marzi [2012] was undertaken to assess the potential of this type of testing using 

elastic solid elements to model the adherends and a simple trapezoidal cohesive zone model to 

model the adhesive joint (Figure 30a). Despite the long span of the specimens (0.8 m) used to 

minimize the effect of the compressive loading on the joint crack front, a substantial amount of 

compressive loading (12 MPa, Figure 30b) was still apparent in the model. 
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Figure 30: Model of the crack tip of TENF test specimen highlighting the presence of 

compressive stress (a), and traction-separation response of elements at crack tip (b) 

 

Rather than trying to address this inherent issue in the ENF test, in the current research, a more 

direct approach was used, in which a new specimen geometry was developed to measure the Mode 

II traction-separation response. The specimen, termed the bonded shear specimen (BSS), was 

developed using a similar concept to the thick adherend lap shear specimen. The second moment 

of area was very large in the bending direction of the specimen, allowing for the assumption that 

all deformation was localized in the adhesive joint. Furthermore, the specimen adherend (Figure 

31a) was designed so that the MM traction-separation response of the adhesive could be 

investigated by changing the angle of the bonded surface. Additionally, the bond line thickness 

could be well controlled using high precision machining of the adherend. For the investigation that 

follows, specimen angles of 90o (pure Mode II loading), 75o and 45o were investigated (Figure 

31b). 
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Figure 31: Dimension of bonded shear and mixed mode adherend (a), and schematic of 

tested specimen geometries with bond line highlighted in red (b) 

 

To assess different nominal bond line thicknesses (0.18 mm, 0.30 mm and 0.064 mm), the 

adherends were machined to a nominal geometry (Figure 31a), after which half the bond line 

thickness was removed from the bonded surface to create the desired geometry. 

 

3.3.1 Mode II and Mixed Mode Specimen Preparation 

The adherends were machined from mild steel to the proper dimensions, after which the specimens 

were grit blasted and degreased using the same procedure as for the RDCB specimens. Adhesive 

was applied to the bonded surface and the specimens were placed in a precision ground machinists 

vice (Figure 32a) with spacers (Figure 32b) placed between pairs of adherends to allow for easy 

removal after curing. After assembly, the machinist vice was placed in the forced convection oven 

to cure according to the manufacture’s specifications. 
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Figure 32: Bonded shear specimens in vice (a), separated by spacers (b) 

 

After curing, the assembly was allowed to cool to room temperature under ambient conditions. 

Excess adhesive was removed from the surface of the specimen using a sharp blade while the cured 

adhesive in the pocket used to allow excess adhesive to pool (Figure 33) was removed using a 

diamond coated burr with a 1 mm diameter. 

 

Figure 33: Excess adhesive in adherend pocket 

 

After the excess adhesive was removed from the specimen, two lines were added to the surface of 

the specimen using a fine felt tip permanent marker to provide a length gauge to use for optical 

tracking of the relative displacement between the two adherends when testing. Two dots were also 

a b
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added to each side of the bond line to provide tracking targets for post-test analysis. The bond line 

length and thickness and the distance between the two measurement lines were then measured 

using the opto-digital microscope (Figure 34) for each specimen. 

 

Figure 34: Measurement of bonded shear specimen using the opto-digital microscope 

 

3.3.2 Mode II and Mixed Mode Test Procedure 

The specimens were tested in the 2kN capacity load frame, fitted with the slack adaptor. Loading 

was carried out at 0.025 mm/s (0.001 in/s), the same rate as the RDCB specimens. Video of the 

tests were captured using a DSLR camera fitted with a 105 mm macro lens, with an approximate 

pixel density of 87 pixels/mm. An LED, which was illuminated when data was being acquired was 

placed within the camera frame in order to synchronize the force data acquired from the 2.2 kN 

(500 lb) load cell attached to the load frame and the test video. 
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After testing, optical tracking was carried out using the two points added to the adherend surface, 

with the distance between the two lines as a length gauge, to provide a separation measurement 

for the CZM response. As with the RDCB specimens, images of the fracture surfaces were taken 

after testing. 

 

3.3.3 Mode II and Mixed Mode Analysis Technique 

The analysis of the BSS was relatively straightforward, based on the assumption of a uniform 

stress distribution across the bond line due to a lack of bending of the adherends. For example, the 

shear samples used in this work were designed to have a very high second moment of area (4336 

mm4 vs. 69 mm4 for a typical single lap shear specimen) to keep the bonded surfaces straight and 

parallel as the specimen was loaded. The resultant traction response was calculated using  

𝜎𝑅𝑒𝑠 =
𝐹

𝐵∙𝑏
 , (64) 

where F was the measured load cell force, B was the specimen thickness, and b was the bond line 

length measured prior to testing. The separation response was measured by calculating the 

difference in displacement in the loading direction from the tracked displacement of each 

adherend. These data were then fit to a trapezoidal response, using a least squares fit to find the 

initial stiffness (EII), plateau traction (S), critical energy release rate (GIIC) and area ratio (fGII) for 

each test. These values were then averaged for each bond line thickness to provide an average 

traction-separation response for a given bond line thickness. 

Due to the unequal initial stiffness response in Mode I and Mode II loading, the mixity angle (θm) 

was not, in general, equal to the specimen angle (θs) and thus, for the MM specimens, it was 

necessary to first calculate the mode mixity angle applied to the bonded joint. In order to ensure 
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force equilibrium during loading, the resultant stress must align with the loading direction (Figure 

35), due to the use of pins to load the specimen, which do not support a moment. If fixed grips 

were used, the loading and mixity angle would be equal, although the angle between the Mode I 

and Mode II stress directions would not align with the specimen and would need to be accounted 

for in the analysis. For the pin joint loading case used in this study, the mixity angle was related to 

the specimen angle using 

𝜃𝑚 =  𝑡𝑎𝑛−1 (
𝐸𝐼

𝐸𝐼𝐼
∙ 𝑡𝑎𝑛(𝜃𝑆)) . 

(65) 

 

Figure 35: Free body diagram of the mixed mode specimen analysis 
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Note that in this expression, EI and EII were the values measured for a given nominal bond line 

thickness from the RCDB and BSS testing. Using Equation (64) to calculate the traction along 

with the relative displacement between the two adherends tracked in the loading direction, a 

resultant traction (σRes)-resultant separation (δm) response was generated for each test. As with the 

Mode I and Mode II testing, resultant initial stiffness, plateau traction, critical energy release rate 

and area ratios were calculated for each test, using a least squared fit. Finally, the Mode I and 

Mode II energy release rates at failure were calculated based on the trapezoidal fit for each test 

using the following expressions; 

𝐺𝐼 =
𝜎𝑅𝑒𝑠,𝑃∙𝑐𝑜𝑠(𝜃𝑚)

2
(𝛿𝐼

𝑓 + 𝛿𝐼
𝑠 − 𝛿𝐼

0)  (66) 

and  

𝐺𝐼𝐼 =
𝜎𝑅𝑒𝑠,𝑃∙𝑠𝑖𝑛(𝜃𝑚)

2
(𝛿𝐼𝐼

𝑓 + 𝛿𝐼𝐼
𝑠 − 𝛿𝐼𝐼

0) , (67) 

where (σRes,P) is the resultant plateau traction fit for each test. Following the procedure described 

above, it could be shown that for each MM test, the simple summation of GI and GII was equal to 

the measured critical energy release (Gc) rate by calculating the area under the MM traction (σRes)-

separation (δm) fit. 

 

3.4 TDCB Testing 

Tapered double cantilever beam (TDCB) testing was carried out to provide data with which to 

compare the RDCB analysis. Specimens were constructed using the geometry described in the 

ASTM D3433 [2012] standard in order to provide a comparison between the data extracted from 

the RDCB analysis and a widely accepted, existing characterization methodology. After the 

adherends were machined from A36 steel, the same surface preparation used to prepare the RDCB 
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specimens (grit blasting and degreasing with acetone) was performed. As with the RDCB 

specimens, shim stock of the appropriate thickness was used maintain the specimen bond line 

thickness (0.18 mm, 0.30 mm and 0.64 mm). Additional shims were added at the rear of the 

specimen and the specimens were clamped using cap screws through holes in both adherends 

(Figure 36a). After curing, the excess adhesive was removed from the specimens and the bond line 

was inspected under an opto-digital microscope in order to measure the bond line thickness at the 

blunt crack tip and to inspect the specimens for any defects. The specimens were then tested using 

the 90 kN capacity load (Figure 36b) frame. Due to the comparatively large displacement 

associated with this testing, LVDT data was used to provide a measure of pin opening 

displacement. In early testing, this method was compared to optical tracking methods described 

earlier with no difference between the two measurement methods. A total of three specimens for 

each bond line thickness were loaded at a constant rate (0.015 mm/s) to failure. 

 

Figure 36: Assembly of TDCB specimen (a), and TDCB test (b) 

 

3.5 Single Lap Shear Testing 

In order to validate the characterization work and cohesive zone model described in Chapter 5, a 

series of single lap shear tests were carried out. The specimen geometry (Figure 37) was based on 

that outlined in ASTM D1002. 

a b
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Figure 37: Single lap shear tests specimen geometry 

 

While single lap shear testing is generally used as a quick, relatively simple way to compare the 

load carrying capacity of various adhesive / adherend / surface treatment combinations, additional 

data was collected during this testing series to allow direct comparison between the model and test 

force, displacement, and rotation responses. In this way, this series of tests provide straight-

forward, well-controlled conditions to provide model validation data. 

 

3.5.1 Single Lap Shear Specimen Preparation 

The adherends were sheared into 101.6 mm x 25.4 mm (4” x 1”) rectangular parts from a single 

sheet of 1.29 mm (16 ga) A366 steel and a single 1.63 mm (14 ga) 6061-T6 aluminum sheet. Prior 

Overlap
(12.7 mm nominal)

Adhesive

Adherend

Adherend
(Transparent for Clarity)
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to bonding, the adherends were grit blasted and cleaned with acetone using the same procedure as 

the characterization testing specimens. Specimens were created in batches of 6 using a custom-

made curing fixture. Six adherends were placed into the curing fixture (Figure 38a) and butted 

against the end stop, which was set to ensure the correct specimen length and overlap of 12.7 mm 

(½”). The bottom strap was then tightened across the bottom adherends, to prevent motion during 

the bonding process. These adherends were separated by thin strips with a thickness slightly less 

than twice the adherend bond line thickness, which, in addition to easing removal of the specimens 

from the fixture after curing, ensured the specimens were properly aligned in the longitudinal 

direction. Additionally, two non-gritblasted adherends were placed on the opposite side of the 

fixture, transverse to the bottom adherends in order to support the top adherends after bonding.  

Finally, three stacks of two 76.2 mm x 25.4 mm (3” x 1”) adherends and one piece of shim stock 

equal to the desired bond line thickness were placed at the edges and at the center point of the 

fixture to provide the correct specimen thickness once the bonding procedure was finished. For 

these tests, only 0.3 mm (0.012”) and 0.64 (0.025”) nominal bond line thicknesses were 

investigated due to the difficulty in producing well controlled bond line thicknesses under 0.3 mm 

with this specimen geometry due to the relatively light clamping pressure that could be applied 

compared to the RDCB, BSS and MM specimens. 

A bead of adhesive was then laid along the width of each of the bottom adherends, in place in the 

fixture (Figure 38b). The top adherends were then laid in the fixture and the top strap was 

tightened, with care being taken to ensure the non-gritblasted adherends were centered below this 

strap to prevent bending of the top adherends (Figure 38c). Finally, the top plate of the fixture was 

screwed to the base plate to provide a consistent pressure across all specimens (Figure 38d). The 

entire assembly was then paced in a forced convection oven (Binder ED-53) and cured for 30 
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minutes after reaching 80 oC, as measured by a thermocouple placed near the bond area of the 

center adherends. 

 

Figure 38: Summary of single lap shear specimen preparation 

 

After curing the specimens were allowed to cool to room temperature and removed from the 

fixture. Excess adhesive was then removed from the specimens using a sharp blade to make the 

a b

c d
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bond area flush with the sides of the adherends. The specimens were then imaged using an opto-

digital microscope to measure the bond line length and thickness and to identify any potential 

defects in the adhesive joint, although none were found in this study.  

 

3.5.2 Single Lap Shear Test Procedure and Analysis 

The single lap shear specimens were tested using the 90 kN capacity load frame. Prior to testing, 

four dots were added to the side of the specimen along the centerline of the adherend (Figure 39) 

to provide points to optically track. These tracking points provided a local measured of 

displacement (the change in longitudinal length from Point A to Point B) and the rotation of the 

bond line (change in angle of the line segment created by Point C and Point D). Points A and B 

were located 76.2 mm (3”) from each end of the specimen (marked using a digital height gauge on 

a marble slab) with points C and D being located at the edge of the adherend over the bond area. 

 

Figure 39: Points tracked on single lap shear specimens to measure displacement (segment 

A-B) and rotation (segment C-D) 

 

In order to keep the specimen centered along the centerline of the testing machine, 25.4 mm x 25.4 

mm (1” x 1”) tabs sheared from sheet used to create the adherends were attached to the specimen 

using double sided tape. The specimens were loaded into mechanical wedge grips with the tabs 

and the last 25.4 mm (1”) of each end of the specimen in the grip leaving the central 139.7 mm (5 

1/2") of the specimen between the grips. The specimens were loaded at a constant loading rate of 

A C

D B
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0.1 mm/s with load cell data output at 120 Hz. Video of the tests were captured using a DSLR 

camera mounted with a 105 mm f2.8 macro lens at a resolution of 1920 x 1080 at 30 fps, with a 

pixel density roughly 40 pixel/mm. After testing, tracking was carried out to produce load cell 

force-tracked displacement and rotation-tracked displacement plots for each adherend-bond line 

thickness combination. 
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Chapter 4 Experimental Results and Discussion 

In the sections that follow, the results of the experimental testing described in the previous chapter 

will be presented, along with discussion of these results, particularly with regard to their use in 

cohesive zone modeling. First, discussion of the bulk material testing is presented, followed by the 

results and discussion pertaining to the newly-developed characterization methodologies for Mode 

I (RDCB), Mode II (BSS) and MM loading. Finally, results of the single lap shear testing, 

undertaken to provide tests with which to validate the characterization and modeling 

methodologies developed in this research are presented. 

 

4.1 Bulk Material Test Results and Discussion 

The stress-strain response of the bulk 7333 adhesive subjected to tensile loading (Figure 40) 

provided a baseline response for much of the characterization work that followed. The average 

maximum true stress of all tests (n = 5) was 43.57 MPa (SD = 1.71 MPa), the Young’s modulus 

was 2.24 GPa (SD = 0.094 GPa) and the average true failure strain was 0.085 mm/mm (SD = 0.031 

mm/mm). The non-linear portion of the response was found to be flat with no hardening behavior. 

The Young’s modulus fell within values typically reported in the literature for quasi-static loading 

of bulk toughened epoxy adhesives (1.3 GPa to 2.7 GPa [Garcia et al., 2011; Morin et al., 2010; 

Trimino & Cronin, 2016]) while the peak tensile stress was roughly the same as reported in the 

same studies (31 MPa to 43 MPa). Of course, these properties are dependant on the particular 

formulation of a given adhesive. The intention in comparing the results of the current work to those 

presented in the literature was to highlight that the experimental methods and 3M 7333 used in the 

current study did not exhibit abnormal responses. Furthermore, the Young’s modulus and 
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maximum stress measured in the current study (44 MPa and 2.2 GPa, respectively) were somewhat 

higher than that reported by the manufacturer (34 MPa and 2.1 GPa, respectively [3M, 2016]). The 

manufactures data was obtained using adhesive that had cured at room temperature, which would 

exhibit less crosslinking that that measured in the current study, and thus exhibit lower strength 

and stiffness, highlighting the importance of the curing cycle on the performance of the adhesive. 

 

Figure 40: Stress-strain response of bulk 3M 7333 adhesive under tensile loading 

 

The compressive stress-strain response of the adhesive (Figure 41) was characterized using a 

standard cylindrical geometry. During testing, the specimens were found to deform out-of-plane 

(Figure 42), which began to dominate the response after the initial linear elastic portion of loading. 

This deformation pattern was also apparent in a study of neat epoxy resin by Littell et al. [2008], 

who described this response as a buckling mode of deformation. For this reason, the tests were 

arrested rather than proceeding until failure. The initial portion of the stress-strain response (prior 

to the out-of-plane deformation) was used to measure the Young’s modulus of the adhesive under 
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compressive loading (2.01 GPa, SD = 0.16 GPa, n = 4). A t-test comparison of the compressive 

and tensile Young’s moduli indicated no statistically significant difference for these two 

measurements (p value = 0.12). A comparison of failure strength was not undertaken because the 

maximum compression response was dominated by geometric considerations (buckling) rather 

than material failure. 

 

Figure 41: Stress-strain response of bulk 3M 7333 adhesive under arrested compressive 

loading 
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Figure 42: Out-of-plane deformation of compression specimen 

 

The stress-strain response of the tested shear specimens (Figure 43) generally exhibited reasonable 

consistency in the shape of the response and average peak stress values ranging between 23 MPa 

and 28 MPa. Large scatter was present in the measurement of average strain-to-failure (0.15 

mm/mm to 0.30 mm/mm).  

Camera facing 
side of sample 
with DIC
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Figure 43: Stress-strain response of bulk 3M 7333 adhesive under shear loading 

 

This scatter was associated with the tensile nature of the ultimate failure that was present across 

all geometries (Figure 44). In specimens for which there was no reduction in specimen thickness 

(the mini-shear, micro-shear and ASTM B831 specimens), failure initiated outside of the gauge 

areas in locations of high tensile strain (i.e. the location of the maximum 1st principal strain). For 

specimens with a stepped-down gauge area (the block-shear and Alternate ASTM B831 

specimens), failure tended to initiate at the root of stepped region, due to large stress concentrations 

at these locations. The more gradual pull-out type failure led to a flat or softening stress-strain 

response with these specimens as opposed to the hardening behavior present with the other 

specimens. 
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Figure 44: Fracture location of each bulk shear specimen tested, with fracture initiation 

noted with red arrows 

 

Due to the micro-shear specimen exhibiting the largest measured shear strain of the specimens 

tested prior to fracture initiating due to tension, this specimen was selected to serve as the 

‘baseline’ bulk test geometry with which to compare to the Mode II traction of the BSS (discussed 

below). The average shear modulus was measured for each specimen (n = 6) by fitting a linear 

response to the stress-strain response between 1 MPa and 15 MPa, leading to an average of 0.91 

GPa (SD = 0.14 GPa). Each test was then fit to an elastic-perfectly plastic response in order to 

calculate an ‘average plastic stress-strain curve’ of 24.28 MPa (SD = 1.14 MPa). This approach 

was, in principle, similar to the approach used to fit the bonded shear specimen test results to a 

trapezoidal CZM, allowing for a direct comparison of the bulk and bonded specimen response. 

Finally, the average measured maximum shear stress was 26.31 MPa (SD = 1.43 MPa). Compared 

to other values reported in the literature for quasi-static loading of bulk toughened epoxy adhesives 

[Garcia et al., 2011; Morin et al., 2010; Trimino & Cronin, 2016] the shear modulus and maximum 

shear stress were on the higher end of expected values (0.91 GPa vs. 0.48 GPa to 0.91 GPa and 26 

MPa vs. 24 MPa to 26 MPa, respectively). As noted in Watson et al. [2019a], the micro-shear 

geometry was based on a specimen used to assess the shear properties of sheet metal. The original 

Mini-shear Micro-shear Block-shear ASTM B831 ASTM B831 Alt
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specimen [Peirs et al., 2012] was developed by an iterative approach with a finite element model 

of the specimen using a Johnson-Cook material model, which is not generally appropriate for 

polymeric materials. In the original study, the authors noted that as the eccentricity of the cut-out 

was increased, further compressive stress was induced in the gauge area to counteract the tensile 

stress apparent at the location of fracture apparent in the specimens tested in the current work. 

Consequently, further development of this specimen geometry may provide improved results to 

those presented here in terms of strain-to-failure. However, since the current study primarily 

required only the stress responses, this was not investigated further. 

A summary of the bulk properties measured in tension, compression and shear is presented in 

Table 1. 

Table 1: Summary of average and standard deviation of measured bulk material properties 

 Average Standard Deviation 

Young's Modulus in Tension [GPa] 2.24 0.094 

Maximum Tensile Stress [MPa] 43.57 1.71 

True Tensile Strain to Failure [mm/mm] 0.085 0.031 

Young's Modulus in Compression [GPa] 2.01 0.16 

Shear Modulus [GPa] 0.91 0.14 

Maximum Shear Stress [MPa] 26.31 1.43 

 

4.2 RDCB Test Results and Discussion 

It is apparent from the force-displacement response (Figure 45) of the RDCB tests, that as bond 

line thickness increased, the initial slope of the response tended to decrease. There was also a slight 

reduction in average peak force as bond line thickness increases (780 N (SD = 23 N), 766 N (SD 

= 48 N), and 680 N (SD = 27 N) for 0.18 mm, 0.6 mm and 0.64 mm, respectively). These responses 

can be attributed to the reduction in the confinement effects exerted from the adherends on the 

adhesive as the bond line thickness increases. It is also important to note that the point at which 
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the calculated traction of the crack tip reached zero (noted by black ‘x’s in Figure 45) was after 

the peak force. During the initial loading, the portion of the bond line in tension was in the first 

phase of the traction-separation response. As loading continued, the area of the bond line near the 

crack tip reached the traction plateau and eventually began to soften. The softening near the crack 

tip, then led to an overall reduction in force and eventually the opening of the crack. In general, 

specimens with thicker bond lines tended to exhibit more consistent shape of the force-

displacement responses, particularly in the initial loading portion of the response. The reduced 

variability associated with thicker bond lines can be attributed to a reduction in variability of bond 

line thickness, relative to the average, for a given nominal bond line thickness. 

 

Figure 45: Force-displacement response of RDCB specimens with bond line thickness 0.18 

mm, 0.3 mm and 0.64 mm (n = 5) 

 

The force-displacement response for each test was used to extract the traction-separation behaviour 

(Figure 46) following the methodology outlined in Chapter 3. Each test then had the cohesive zone 
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model parameters required to construct a trapezoidal response (EI, T, GIC, fG1) extracted by using 

a least squared approach (results for each test presented in Appendix A). These parameters were 

then averaged to create a representative traction-separation response for each bond line thickness 

tested (Table 2). The use of a trapezoidal cohesive law generally provided a good fit to the test 

data. 

 

Figure 46: Mode I traction-separation response measured using the RDCB specimen and 

average fit 

 

As expected, the average traction-separation response reflected the trends in the force-

displacement response as bond line thickness was increased (Figure 47). Namely, the initial slope 

and peak traction were reduced as bond line thickness increased, while critical energy release rate 

increased. The area ratio also tended to decrease with increasing bond line thickness. In general, a 

more brittle response was measured with thinner bond lines. The peak traction values tended to 

decrease towards the maximum tensile stress measured from the bulk material specimens (43.57 
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MPa). The slightly larger peak traction of the 0.64 mm thick specimen (48.72 MPa) would indicate 

the continued presence of some confinement effects at this bond line thickness, although these 

effects were smaller than that operative with the bond line thicknesses. While the RDCB test is a 

new test, which is not common in the literature, the measured CZM parameters were consistent 

with those presented in the literature. For example, the critical energy release rate of 3M 7333 

measured using the RDCB (1.6 kN/m to 2.2 kN/m) was similar to those measured using DCB 

specimens in a study by Kinloch and Shaw [1981] who measured the critical energy release rate 

of an early toughened epoxy. They measured critical energy release rates between 0.9kN/m and 

3.3 kN/m for bond line thicknesses between 0.1 mm and 0.5 mm. 

Table 2: Average Mode I CZM parameters for nominal bond line thicknesses of 0.18 mm, 

0.3 mm and 0.64 mm 

Nominal 

Bond Line 

Thickness 

[mm] 

Measured 

Bond Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Peak 

Traction 

[MPa] 

Critical 

Energy 

Release Rate 

[N/mm] 

Area 

Ratio 

0.18 0.190 25889 53 1.57 0.51 

0.30 0.312 1762 51 2.13 0.49 

0.64 0.626 1259 49 2.22 0.36 
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Figure 47: Mode I CZM parameters vs. bond line thickness measured from RDCB testing 

 

A series of t-tests were carried out to assess the statistical significance of differences in the 

parameters measured for different bond line thicknesses. To this end, the measured parameters of 

the 0.17 mm specimens (n = 6) and the 0.64 mm specimens (n = 6) were compared for initial 

stiffness, peak traction, critical energy release rate and area ratio. The evaluation was primarily 

carried out to determine whether it was necessary to include bond line thickness effects in the finite 

element model developed in the next chapter. In order to obtain clear trends, the specimens 

providing the highest likelihood to produce a measurable difference (i.e. the larges difference in 

bond line thickness) were assessed. For this reason, the intermediate bond line thickness was not 

included in this analysis.  

The p-value for each parameter (9. 14 x 10-4, 3.47 x 10-2, 2.10 x 10-4, 3.05 x 10-2 for initial stiffness, 

peak traction, critical energy release rate and area ratio, respectively) indicated that there was 
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strong evidence to reject the hypothesis that these values were the same for nominal bond line 

thicknesses of 0.18 mm and 0.64 mm. In other words, the responses were significantly different.  

Using the individual test fits, the average separation-to-plateau, separation-to-softening and 

separation-to-failure were computed for each bond line thickness (Table 3). As one would expect 

these values increase with bond line thickness, although not in a direct relationship. For example, 

while the 0.64 mm specimens are 3.55 times the thickness of the 0.18 mm specimens; the 

separation-to-failure of the 0.64 mm specimens was only 1.69 times that of the 0.18 mm 

specimens. This finding further demonstrates that bond line thickness specific testing is required 

to measure the effect of bond line confinement, not only on the stress response, but also the 

separation-based response. The scaling of bulk material strain response is thus unlikely to provide 

a good fit with which to model the bonded specimen geometry. 

 

Table 3: Mode I CZM displacement values for nominal bond line thicknesses of 0.18 mm, 0.3 

mm and 0.64 mm 

Nominal Bond Line 

Thickness [mm] 

Displacement to 

plateau [mm] 

Displacement to 

softening [mm] 

Displacement to 

failure [mm] 

0.18 0.022 0.037 0.044 

0.30 0.030 0.050 0.063 

0.64 0.039 0.056 0.074 

 

The post-test failure surfaces of the specimens (Figure 48) exhibited fully cohesive failure along 

the entire length of the specimens. Throughout the characterization testing, no tests were discarded 

due to issues relating to differing fracture surfaces. The type of fracture surface (cohesive, mixed 

cohesive-interfacial) was found to be consistent for each specimen, regardless of bond line 

thickness. An apparent increase in surface roughness was discernable as the bond line thickness 
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was increased. This increase in roughness was due to the ability of the crack front to more readily 

deflect in the direction of loading (i.e. perpendicular to the bonded surface) to a preferred region 

of the adhesive in order to progress along the length of the specimen. The increase in measured 

energy release rate may then be correlated, in part, to the increase in roughness. 

 

Figure 48: Typical fracture surface of RDCB specimens for 0.18 mm (a), 0.3 mm (b) and 

0.64 mm (c) bond line thickness 

 

4.3 Bonded Shear Specimen Test Results and Discussion 

The traction-separation response of the BSS tests (Figure 49) exhibited broadly similar behavior 

to the Mode I traction-separation response measured using the RDCB specimens. As with the 

RDCB testing, the traction-separation response of each individual test was fit to a trapezoidal 

traction-separation response. The average of each parameter (EII, S, GIIC, fG2) for each nominal 

bond line thickness was then used to create an average traction-separation response, which was 

generally well-fit to the test data. 

a b c

1 mm

1 mm
1 mm



 

 

92 

 

 

Figure 49: Traction-separation response of bonded shear specimen results for nominal 

bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm along with average CZM fit 

 

One unique feature of the Mode II traction-separation response was a tendency to exhibit hardening 

behavior, rather than a flat traction-separation response. The flat plateau meant that when the CZM 

parameters were fit to the test data (average values presented in Table 4) the fit response tended to 

overpredict the test data for lower separation values and underpredict the test data at higher 

separation values. 

Table 4: Average Mode II CZM parameters for nominal bond line thicknesses of 0.18 mm, 

0.3 mm and 0.64 mm 

Nominal 

Bond Line 

Thickness 

[mm] 

Measured 

Bond Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Peak 

Traction 

[MPa] 

Critical 

Energy 

Release Rate 

[N/mm] 

Area Ratio 

0.18 0.205 2688 30 5.11 0.95 

0.30 0.382 1880 29 7.28 0.96 

0.64 0.585 760 26 13.69 0.96 
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The peak traction (25 MPa to 31 MPa) was in agreement with that reported by May et al. [2015] 

who measured a maximum shear stress of roughly 30 MPa using a one-part toughened adhesive 

with a 0.3 mm bond line thickness in a napkin ring configuration. Lißner et al. [2019] used a lap 

shear sample with optically tracked separation to measure the quasi-static traction-separation 

response of a rubber toughened epoxy film adhesive. The authors reported maximum stress values 

of 30 MPa to 35 MPa and critical energy release rates of 5.0 kN/m to 12.5 kN/m (compared to 5.1 

kN/m to 12.5 kN/m in the current study) for bond line thicknesses between 0.1 mm and 0.5 mm. 

Lißner et al. also reported a negatively sloped plateau region, counter to the hardening response of 

the current study, suggesting the hardening or softening behavior of the plateau may depend on 

the specific adhesive. 

The general trends measured in Mode I with varying bond line thickness, held with Mode II (Figure 

50). Namely, as the bond line thickness increased, the initial slope and peak traction tended to 

decrease, while the critical energy release rate increased. However, unlike the Mode I case, a slight 

increase was seen in the area ratio with increasing bond line thickness. As with Mode I, the plateau 

traction remains higher than the average plastic stress measured using the bulk material specimen 

(24.28 MPa) indicating that some form of confinement effects are still present at 0.64 mm bond 

line thickness. Using a series of t-tests to compare the 0.18 mm (n = 5) to the 0.64 mm (n = 6) 

parameters, statistically significant differences were measured for the initial stiffness, plateau 

stress and critical energy release rates (p-values of 1.62 x 10-5, 1.62 x 10-4, 8.14 x 10-9, respectively) 

while no statistical difference was apparent for the area ratio (p-value of 0.774). 
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Figure 50: Mode II CZM parameters vs. bond line thickness measured from RDCB testing 

 

Using the traction-separation response fit to each test, the average separation-to-plateau, 

separation-to-softening and separation-to-failure were calculated for each nominal bond line 

thickness measured (Table 5). The Mode II separation measurements exhibited similar behavior 

to that measured for Mode I loading, although the ratio of bond line thickness to displacement 

tended to be closer to unity compared to the Mode I measurements. 

Table 5: Mode II CZM displacement for nominal bond line thicknesses of 0.18 mm, 0.3 mm 

and 0.64 mm 

Nominal Bond Line 

Thickness [mm] 
Displacement 

to plateau [mm] 
Displacement to 

softening [mm] 
Displacement to 

failure [mm] 

0.18 0.012 0.172 0.177 

0.30 0.016 0.260 0.266 

0.64 0.034 0.544 0.558 

 

Unlike the RDCB failure surfaces, the BSS tended to exhibit mixed-failure (Figure 51). This 

behavior is linked to the shear cusp (hackle) formation apparent in the adhesive during testing. 
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Figure 51: Typical fracture surface of bonded shear specimens for 0.18 mm (a), 0.3 mm (b), 

and 0.64 mm (c) bond line thickness 

 

The formation of shear cusps has been extensively studied in epoxy-carbon fiber composites, 

where they tend to occur in matrix-rich regions that fail due to shear loading [Greenhalgh et al., 

2009]. An early description of the mechanism of this behavior was provided by Purslow [1986] 

for carbon fiber-epoxy composites. When epoxy is confined between stiff layers, such as between 

carbon fiber or metal adherends, and subjected to shear loading, small cracks begin to form normal 

to the resolved tensile loading direction (i.e. 45o to the direction of loading) (Figure 52a). This 

preferential failure in the tensile direction was also seen during the bulk material testing in which 

the bulk shear specimen failure initiated outside the gauge area in locations of maximum principal 

stress and strain. With further loading, these small cracks then enlarge and reach either the edge of 

a shear band (as described by Purslow), or the surface of the adherend in the current case (Figure 

52b). After this point, the cracks then coalesce (Figure 52b) and ultimate failure occurred. 

a

1 mm

b

1 mm

c

1 mm
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Figure 52: Formation of shear cusps through crack initiation (a), growth (b), and 

coalescence (c) [adapted from Purslow, 1986 used with permission from Elsevier] 

 

While the physical failure mechanism changes between Mode I and Mode II, the failure criterion 

used in CZM modeling are typically phenomenological-based. That is, the failure criterion 

explains the empirical description of failure, generally based on some combination of the energy 

release rate in Mode I and Mode II and the critical energy release rate values. While further 

investigation of the relationship of the mechanism of failure the bulk and bonded specimens is 

possible, it was outside the scope of the current research, which focused on describing failure using 

an empirical relationship of measurable quantitates. 

 

a

b

c
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4.4 Mixed Mode Specimen Test Results Discussion 

The first step in analyzing the MM traction-separation response was to calculated the mixity angle 

of both specimen angles (45o and 75o) for each nominal bond line thickness (Table 6), based on 

the initial stiffness measured using the RDCB and BSS using Equation (65). 

Table 6: Specimen angle (θs) and mixity angle (θm) for nominal bond line thicknesses of 0.18 

mm, 0.3 mm and 0.64 mm 

 Initial Stiffness [MPa/mm] Loading Angle [deg] 

Nominal Bond Line 

Thickness [mm] 
Mode I Mode II Specimen Mixity Specimen Mixity 

0.18 2589 2688 

45 

43.9 

75 

74.5 

0.30 1762 1880 43.1 74.0 

0.64 1259 760 58.9 80.8 

 

Using the calculated mixity angles, the resolved traction-separation response for the 45o (Figure 

53) and 75o (Figure 54) specimens exhibited less clear trends than were apparent with the pure 

Mode I or Mode II loading. As with the RDCB and BSS, each individual MM test was fit to a 

trapezoidal traction-separation response. For a given nominal bond line thickness, the results were 

then averaged to create an average traction-separation response (Table 7 for 45o loading and Table 

8 for 75o loading). 
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Figure 53: Resultant traction-separation response of 75o mixed mode specimen results for 

nominal bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm along with average CZM 

fit 

 

 

Figure 54: Resultant traction-separation response of 45o mixed mode specimen results for 

nominal bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm along with average CZM 

fit 
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While a clear trend of increasing critical energy release rate with increasing bond line thickness 

was present, the reduction of initial stiffness and peak traction with increasing bond line thickness 

was less discernable with these specimens. The lack of systemic trends can primarily be attributed 

to the increased variability of bond line thickness. These specimens required pressure in both the 

lateral and longitudinal directions during the curing process, which led to some variability that was 

especially apparent with the 0.18 mm nominal thickness specimens. When considering only the 

0.3 mm and 0.64 mm specimens, the trends seen in Mode I and Mode II were readily apparent. 

The bond line thickness dependence on mixity angle also confounds these results to some degree. 

Table 7: Average CZM parameters measured from 45o mixed mode specimen for nominal 

bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm 

Nominal 

Bond Line 

Thickness 

[mm] 

Measured 

Bond Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Peak 

Traction 

[MPa] 

Critical 

Energy 

Release Rate 

[N/mm] 

Area 

Ratio 

0.18 0.225 2402 31 2.06 0.87 

0.30 0.329 2175 32 2.43 0.87 

0.64 0.603 1395 28 3.41 0.84 

 

Table 8: Average CZM parameters measured from 75o mixed mode specimen for nominal 

bond line thicknesses of 0.18 mm, 0.3 mm and 0.64 mm 

Nominal 

Bond Line 

Thickness 

[mm] 

Measured 

Bond Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Peak 

Traction 

[MPa] 

Critical 

Energy 

Release Rate 

[N/mm] 

Area 

Ratio 

0.18 0.244 2538 27 5.01 0.95 

0.30 0.319 1616 27 6.72 0.92 

0.64 0.612 773 25 10.56 0.92 

 

The 45° MM specimen provided a slightly lower measure of peak traction compared to a similar 

study by Lißner et al. [2019] (34 MPa to 38 MPa vs. 28 MPa to 32 MPa in the current study) who 
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bonded specimens made from round bar stock machined to 45° angles with bond line thicknesses 

between 0.1 and 0.5 mm. Lißner et al. also measured slightly larger critical energy release rates 

(2.50 kN/m to 4.60 kN/m). A study measuring the critical energy release rates of a one-part 

toughened epoxy under mixed modes loading of loading using the mixed mode bending apparatus 

[Liu et al. 2002], reported a critical energy release rate value of 2.1 kN/m for a bond line a thickness 

of 0.26, which is somewhat lower than the 2.4 kN/m measured for the 45° load case with a 0.3 mm 

bond line thickness in the current study. As discussed previously, the intention in comparing the 

results of the current study to values presented in the literature was primarily to demonstrate that 

the current methodology does not provide parameters values that are substantially different from 

those accepted in the literature. The peak traction and critical energy release rate are adhesive 

dependent, so one should expect some differences between the values measured in the current 

study and those presented in the literature for different adhesives. 

As with the Mode I and Mode II cases, the average separation-to-plateau, separation-to-softening 

and separation-to-failure were computed for each nominal bond line thickness based on the fit to 

each test (Table 9 for 45o case and Table 10 for 75o case). As expected, a clear increase in 

displacement was present with increasing bond line thickness. 

Table 9: CZM displacement values from 45o mixed mode specimen for nominal bond line 

thicknesses of 0.18 mm, 0.3 mm and 0.64 mm 

Nominal Bond Line 

Thickness [mm] 

Displacement 

to plateau [mm] 

Displacement to 

softening [mm] 

Displacement 

to failure [mm] 

0.18 0.0130 0.0713 0.0765 

0.30 0.0159 0.0844 0.0873 

0.64 0.0233 0.1217 0.1419 



 

 

101 

 

 

Table 10: CZM displacement values from 75o mixed mode specimen for nominal bond line 

thicknesses of 0.18 mm, 0.3 mm and 0.64 mm 

Nominal Bond Line 

Thickness [mm] 

Displacement 

to plateau [mm] 

Displacement to 

softening [mm] 

Displacement 

to failure [mm] 

0.18 0.0107 0.1879 0.1962 

0.30 0.0168 0.2476 0.2770 

0.64 0.0325 0.4237 0.4633 

 

The fracture surfaces of the 45o (Figure 55) and 75o (Figure 56) specimens showed a step in the 

progression from cohesive failure under Mode I loading to the shear cusp formation under Mode 

II loading. The θs = 45o specimens exhibited fully cohesive failure for the 0.18 mm and 0.3 mm 

bond line thickness specimens, while some mixed failure was noted with the thickest bond line 

(0.64 mm). Some amount of shear cusp formation was apparent in for all θs =75o specimens, 

although with less interfacial failure apparent than in the BSS case. The resulting failure surface 

demonstrated that the progression from cohesive failure in Mode I to failure due to shear cusp 

formation in Mode II is somewhat progressive and dependent on the mixity of loading. This finding 

lends credence to the choice to consider failure based on a phenomenological approach in which 

the mechanism of failure changes somewhat gradually as the mode mixity changes. 

 

Figure 55: Typical fracture surface of 45o mixed mode specimens for 0.18 mm (a), 0.3 mm 

(b), and 0.64 mm (c) bond line thickness 

 

a

1 mm

b

1 mm

c

1 mm
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Figure 56: Typical fracture surface of 75o mixed mode specimens for 0.18 mm (a), 0.3 mm 

(b), and 0.64 mm (c) bond line thickness 

 

With the Mode I, Mode II and MM traction-separation responses measured, it was possible to 

evaluate the MM response of the adhesive for all modes of loading, using common CZM criteria. 

The Mode I vs. Mode II separation-to-plateau (Figure 57a) and separation-to-softening (Figure 

57b) test response were plotted along with the typical CZM behavior used to fit this response; 

(
𝛿𝐼

𝛿𝐼
0)

2

+ (
𝛿𝐼𝐼

𝛿𝐼𝐼
0)

2

= 1  
(68) 

and 

(
𝛿𝐼

𝛿𝐼
𝑠)

2

+ (
𝛿𝐼𝐼

𝛿𝐼𝐼
𝑠)

2

= 1 . 
(69) 

Note that for any given MM displacement (δm), the Mode I and Mode II components (δI
m, δII

m) can 

be calculated by 

𝛿𝐼
𝑚 = 𝛿𝑚 ∙ 𝑐𝑜𝑠(𝜃𝑚) (70) 

and  

𝛿𝐼𝐼
𝑚 = 𝛿𝑚 ∙ 𝑠𝑖𝑛(𝜃𝑚) . (71) 

In the plots that follow, the average measured value is denoted by an ‘X’ with the range of 

measured values denoted by the colored lines. 

a

1 mm

b

1 mm

c

1 mm
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Figure 57: Mode I vs. Mode II separation-to-plateau (a), and separation-to-softening (b) 

test and fit 

 

The separation-to-plateau measurements fell within the typical CZM description, aside from the 

thickest bond line with θs = 45o. Due to the very small displacement required to reach the plateau 

stress, this was not unexpected. Note that there was a slight discrepancy in the average test 

displacement and that predicted by the mode mixty criterion due to the use of averaged CZM 

parameters to construct the traction-separation response. These differences were less than 0.0015 

mm, well within the variability that can be expected from this type of testing. Unlike the 

separation-to-plateau response, the separation-to-softening response tended to significantly 

underpredict the response measured at 45o and 75o across all bond line thicknesses measured. 

A comparison of the Mode I vs. Mode II energy release rate was undertaken for each test using 

Equation (66) and Equation (67) to calculate the Mode I and Mode II critical energy release rate. 
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The results of this analysis were then grouped by nominal bond line thickness (Figure 58a, Figure 

59a, and Figure 60a).  

After decomposing the critical energy release rate test response into the Mode I and Mode II 

response, the power law (Equation (30)) and Benzeggagh-Kenane (Equation (35)) failure criteria 

were fit using a least squares fit approach to minimize the error between the six measured MM 

responses (0.18 mm, 0.3 mm and 0.64 mm bond line thicknesses at two mixty angles). The failure 

criterion was calculated using the Mode I and Mode II CZM parameters measured using the RDCB 

and BSS, respectively. Using this approach, optimal fits were found for α = 0.83 for the power law 

criterion and η = 4.68 for the Benzeggagh-Kenane failure criterion. This fitting approach assumed 

that the mixity parameter was not a function of bond line thickness. A comparison of the Mode I 

and Mode II displacement response (Figure 58b, Figure 59b, and Figure 60b) was also carried out 

using the parameters fit to the energy release rate data with Equation (33) and Equation (38). Note 

that the power law criterion was plotted using the more common α = 1 rather than the optimal fit 

to simplify the discussion of modelling that follows where the baseline model was defined with α 

fixed to a value of 1. 
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Figure 58: Mode I vs. Mode II energy release rate at failure (a), and separation-to-failure 

(b) for 0.18 mm nominal bond line thickness 

 

 

Figure 59: Mode I vs. Mode II energy release rate at failure (a), and separation-to-failure 

(b) for 0.3 mm nominal bond line thickness 
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Figure 60: : Mode I vs. Mode II energy release rate at failure (a), and separation-to-failure 

(b) for 0.64 mm nominal bond line thickness 

 

Both criteria provided a fit within the experimental energy release rate responses for all 

measurements, with the exception of the power law-based fit lying outside the experimental 

bounds at θs = 75o for the 0.64 mm and 0.3 mm bond line thicknesses. When assessing the criteria 

based on the separation-to-failure, the Benzeggah-Keane fit tended to predict the experimental 

response better, although the response at θs = 45o and 0.18 mm was underpredicted while the results 

at θs = 75o and 0.64 mm were overpredicted. These failure criteria described the test reasonably 

well despite using the relatively ill-fitting separation-to-softening response described previously, 

which underpredicted the test response across both MM loading angles for all bond line 

thicknesses. The poor separation-to-softening fit implied that using the current criteria, the 

traction-separation response for all MM loading would have a significantly shorter plateau region 

and begin to soften much sooner than in the measured response. Further development is required 
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for a set of criteria that can provide a good fit to the full traction-separation response for a range 

of loading. 

 

4.5 TDCB Test Results and Discussion 

The TDCB force-displacement response (Figure 61), exhibited an increase in peak force with 

increasing bond line thickness. This behaviour is the expected result due to this force being 

proportional to the critical energy release rate. When measured with the RDCB specimen, for the 

bond line thicknesses measured in this work, the critical energy release rate increased with bond 

line thickness.  

 

Figure 61: Force-displacement response of TDCB specimens for nominal bond line 

thicknesses of 0.18 mm, 0.3 mm and 0.64 mm 
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To calculate the force for each test, an average of the plateau force between 1 mm and 3 mm, 3.5 

mm and 4 mm (for 0.18 mm, 0.3 mm and 0.64 mm, respectively) was computed for each specimen 

(Table 11). While the theoretical force-displacement response provides a perfectly flat plateau, the 

measured data exhibited a slight increase in force as the crack extended. This increase in force has 

been attributed to a change in compliance of the specimen as the crack length increases and has 

been noted by several authors in the literature [Blackman et al., 2003a; Karac et al., 2011; Alvarez 

et al., 2014].  

Table 11: TDCB force response for nominal bond line thicknesses of 0.18 mm, 0.3 mm and 

0.64 mm 

Nominal Bond 

Line Thickness 

[mm] 

Measured Bond 

Line Thickness 

[mm] 

Plateau 

Force 

[N] 

Standard 

Deviation 

[N] 

Plateau Start 

for Average 

[mm] 

Plateau End 

for Average 

[mm] 

0.18 0.158 2980 30 1 3 

0.30 0.329 3520 3520 1 3.5 

0.64 0.723 3884 68 1 4 

 

Based on the force responses (Table 11) and the geometry tested, the critical energy release rates 

were calculated to be 0.97 N/mm (0.18 mm bond line), 1.64 N/mm (0.3 mm bond line) and 2.10 

N/mm (0.64 mm bond line) based on the analysis described in ASTM D3433 [2012]. These values 

are 5% - 38% lower than those measured using the RDCB specimen, similar to the findings of 

Lopes et al. [2016], who reported a 30% lower GIC response when testing using TDCB geometry 

analyzed using simple beam theory compared to DCB testing carried out using more advanced 

analysis techniques. The largest deviation between the TDCB and RDCB result (38%) was 

measured using the 0.18 mm nominal bond line thickness specimen. Due to the brittle nature of 

the failure of the RDCB specimens with this bond line thickness, the analysis technique developed 

using the RDCB specimen tended to assume a larger area under the plateau than would be 

expected, leading to an apparent larger GIC response. The apparently larger GIC value was 
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exaggerated by the running average filter used to smooth the force-displacement response in order 

to provide a sufficiently smooth curve to perform numerical differentiation necessary to solve the 

ODEs in the RDCB analysis technique. Interestingly, the TDCB specimen demonstrated stable 

crack growth rather than the unstable fracture exhibited by the RDCB specimen. 

 

4.6 Single Lap Shear Test Results Discussion 

The force-displacement response (Figure 62a to Figure 65a) and rotation-displacement response 

(Figure 62b to Figure 65b) for each adherend-bond line thickness combination, demonstrated 

reasonably good repeatability (less than 10% variation in peak force and maximum angle for all 

conditions) for this type of testing and was deemed sufficient to provide validation data to the 

modeling work that followed. 

 

Figure 62: Single lap shear force – displacement (a), and rotation – displacement (b) 

response for A366 steel adherends with a 0.3 mm nominal bond line thickness 
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Figure 63: Single lap shear force – displacement (a), and rotation – displacement (b) 

response for A366 steel adherends with a 0.64 mm nominal bond line thickness 

 

 

Figure 64: Single lap shear force – displacement (a), and rotation – displacement (b) 

response for 6061-T6 adherends with a 0.3 mm nominal bond line thickness 
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Figure 65: Single lap shear force – displacement (a), and rotation – displacement (b) 

response for 6061-T6 adherends with a 0.64 mm nominal bond line thickness 

 

The results of the single lap shear tests (Table 12, Figure 66) did not provide any statistically 

significant differences between bond line thicknesses for either adherend material. Statistically 

significant differences were apparent in maximum force when comparing the two adherend 

materials (p = 4.4 x 10-4 for 0.3 mm nominal bond line thicknesses and p = 1.0 x 10-3 for 0.64 mm 

nominal bond line thicknesses) as well as the maximum joint rotation (p = 5.3 x 10-3 for 0.3 mm 

nominal bond line thicknesses and p = 1.9 x 10-2 for 0.64 mm nominal bond line thicknesses). The 

peak force measured in the current study (7373 N to 8360 N) was somewhat larger than that 

specified by the manufacturer (6450 N) [3M, 2015], although the manufacturer curing the adhesive 

at room temperature and using thinner adherends (0.85 mm vs. 1.3 mm to 1.6 mm) likely accounts 

for the discrepancy. 
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Table 12: Single lap shear test result average and standard deviation for nominal bond line 

thicknesses of 0.3 mm and 0.64 mm 

  Average Standard Deviation 

Nominal Bond Line Thickness [mm] 0.3 0.64 0.3 0.64 

Specimen Width [mm] 
A336 Steel 25.67 25.63 0.37 0.09 

Al 6061-T6 25.30 25.31 0.04 0.51 

Overlap Length [mm] 
A336 Steel 12.40 12.44 0.33 0.22 

Al 6061-T6 12.37 12.91 0.28 0.55 

Bond Line Thickness 

[mm] 

A336 Steel 0.368 0.451 0.038 0.115 

Al 6061-T6 0.369 0.507 0.132 0.122 

Failure Displacement 

[mm] 

A336 Steel 0.577 0.630 0.037 0.099 

Al 6061-T6 0.627 0.719 0.029 0.095 

Maximum Force [N] 
A336 Steel 7736 7373 214 389 

Al 6061-T6 8360 8281 167 321 

Maximum Joint Rotation 

[degree] 

A336 Steel 7.43 6.89 0.36 0.81 

Al 6061-T6 6.45 6.64 0.50 0.50 

 

 

Figure 66: Comparison of average and range of failure displacement (a), maximum force 

(b), and maximum joint rotation (c) for steel and aluminum adherends with bond line 

thicknesses of 0.3 mm and 0.64 mm 
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The average failure force was reduced when bond line thickness increased, which has been noted 

in the literature [e.g. Arenas et al., 2010].  The failure displacement, while not statistically 

significant, increased with increasing bond line thickness. Similar trends were noted for the RDCB, 

BSS and MM specimens, which would seem to indicate that this behavior can be expected for both 

(nearly) rigid and deformable adherends, although the effect may be masked somewhat in the case 

of deformable adherends under less well controlled loading. The aluminum adherend specimens 

tended to exhibit both higher strength and higher displacement to failure. The higher maximum 

force may be related to the slightly higher yield strength of the aluminum adherends, which has 

been shown to cause an increase in failure force when comparing ultra-high strength steels to 

common aluminum and magnesium adherends [Watson et al., 2019b]. 

The somewhat unclear trend in maximum bond line rotation prior to failure compared to bond line 

thickness may be attributed to the difference in shape of the rotation-displacement response 

exhibited by the two adherend materials. The A336 steel specimens exhibited a bi-linear response, 

while the 6061-T6 aluminum specimens exhibited a linear response from the start of loading to 

failure. This difference was caused by the somewhat larger displacement after the maximum force 

for the steel specimens. During this phase of loading, the adhesive peeled from the surface of the 

steel adherends (Figure 67) while the aluminum adherends promoted failure at lower displacement 

and thus the failure surfaces did not tend to show this peeling (Figure 68).  

 

Figure 67: Fracture surface of single lap shear specimens of A336 steel adherends bonded 

with nominal bond line thickness of 0.3 mm (a), and 0.64 mm (b) 

a b
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Figure 68: Fracture surface of single lap shear specimens of 6061-T6 aluminum adherends 

bonded with nominal bond line thickness of 0.3 mm (a), and 0.64 mm (b) 

 

The fracture surface of the steel SLS specimens more closely resembled the surfaces present from 

the BSS characterization testing. Namely, both had the presence of shear cusps and regions of 

interfacial failure. Further characterization testing using aluminum adherends may be of interest 

to attempt to resolve the differences in fracture surface seen with SLS specimens. The 

differentiation between adherend interface adhesion properties is important to understand the 

differences in joint response when larger structures are designed with these materials. 

  

a b
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Chapter 5 Finite Element Modeling Methodology 

Following the experimental investigations carried out to measure the mechanical properties of the 

structural adhesive (3M Impact Resistant Structural Adhesive 7333, 3M Canada Company), the 

implementation of these test data into a finite element code was carried out. First, a user defined 

cohesive zone model was developed to address several limitations identified during the 

characterization work that are generally not featured in current or available CZMs. The new CZM 

mode was run through a series of single element verification models in order ensure the model 

functioned as expected. This CZM was then used to model the RDCB, BSS and MM specimen 

geometries that were developed to characterize the adhesive. Finally, models of the TDCB and 

single lap shear tests were developed to validate the CZM model. 

 

5.1 Development of a User Defined Cohesive Zone Model 

Based on the traction-separation responses measured in the previous chapters, several 

shortcomings of typical CZM implementations (as described in Section 2.3.1) were identified: 

I. The separation-to-stress plateau and separation-to-softening displacement is fixed for a 

given Mode I and Mode II traction-separation response. Typical power law fits exhibited 

poor correspondence to the measured separation-to-softening response and mixed mode 

plateau traction. 

II. Under shear and MM loading, a hardening response is often identified rather than the 

assumed non-hardening plateau region in the traction-separation response. 

III. Typical CZM implementations assume a single bond line thickness and therefore require a 

unique set of parameters for each bond line thickness to be modeled. 
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In order to address these deficiencies, a new cohesive zone model was developed using a new 

treatment of mode mixity. Commonly, in past characterization efforts, only the Mode I and Mode 

II traction-separation responses are known or are inferred via some testing combined with inverse 

modelling. The mixed mode response is typically only governed using critical energy release 

values measured with the mixed mode beam test apparatus [Liu et al., 2002], if at all [May et al., 

2015]. In a typical CZM, the Mode I and Mode II separation values are input to the subroutine and 

the Mode I and Mode II tractions are calculated independently as a function of mixty (see Figure 

17 and Equation (12) through Equation (42) in Chapter 2). In the current characterization effort, 

the full traction-separation response for the mixed mode loading cases measured in Chapter 4 allow 

the effect of loading mode on each parameter to be considered separately in the CZM model. 

A new CZM, termed the Enhanced Mixed Mode Cohesive Zone Model (EMC), was developed to 

take advantage of the measurement of each parameter as a function of loading angle, available by 

virtue of the current experimental approach. In the EMC, functions of mixity and bond line 

thickness were fit for each parameter used to define the MM traction-separation response for each 

loading step. The output Mode I and Mode II tractions were only partitioned from the resultant 

traction at the end of the calculation. Bond line thickness effects were included to demonstrate the 

ability of the EMC to capture factors affecting the traction-separation responses beyond the effect 

of mode mixity. The model could be further adapted to model other effects such as temperature or 

loading rate in future studies. 

For the EMC, a slightly different definition of mixity (Θ) was used; 

Θ =
2

𝜋
∙ 𝑎𝑡𝑎𝑛(𝛽) . (72) 
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This proposed definition, which ranges from zero for Mode I to one for Mode II, avoided potential 

round-off errors that could occur when using β, which varies from 0 to ∞.  Avoiding an infinite 

mixity value was particularity important to avoid divergence when fitting the test data to the 

rational expressions required for the model implementation, as discussed below.  To define the 

traction-separation response of the EMC, the initial stiffness (E), plateau traction (σ0), critical 

energy release rate (GC) and the ratio of area under the plateau to total area (area ratio, f) were used 

in the normal manner (Figure 69). To characterize the hardening of the response measured in the 

BSS and MM specimen tests, the slope of the second segment of the trapezoid (ETan) was 

introduced. 

 

Figure 69: Parameter definitions for the Enhanced Mixed Mode Cohesive Zone Model  

 

The separation-to-softening was calculated in the standard way, 
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𝛿0 =
𝜎0

𝐸
 . (73) 

It was convenient to define the softening traction (σs) as 

𝜎𝑠 = 𝜎0 + 𝐸𝑇𝑎𝑛 ∙  (𝛿𝑠 − 𝛿0) . (74) 

The area under the plateau was calculated using 

𝑓 ∙ 𝐺𝐶 =
1

2
∙ (𝜎0 + 𝜎𝑠) ∙  (𝛿𝑠 + 𝛿0) . (75) 

The definition of GC (the total area under the traction-separation response) was found by adding 

the area under the initial, plateau and softening portions of the response; 

𝐺𝐶 =
1

2
∙ 𝜎0 ∙  𝛿0 + 𝑓 ∙ 𝐺𝐶 +

1

2
∙ 𝜎𝑠 ∙  (𝛿𝑓 − 𝛿𝑠) . (76) 

With δ0 being calculated using Equation (73), Equation (74) through Equation (76) provide three 

equations to solve three unknowns (σs, δ
s, and δf). Solving and rearranging these equations, the 

separation-to-softening was expressed as 

𝛿𝑠 =
−𝑏+√𝑏2−4∙𝐸𝑇𝑎𝑛∙𝑐

2∙𝐸𝑇𝑎𝑛
  , 

(77) 

where 

𝑏 = 2 ∙ 𝜎0 (1 −
𝐸𝑇𝑎𝑛

𝐸
)  (78) 

and 

𝑐 =
𝐸𝑇𝑎𝑛∙𝜎0

2

𝐸2 −
2∙𝜎0

2

𝐸
− 2 ∙ 𝑓 ∙ 𝐺𝐶 . (79) 

The Mode II separation-to-failure can be shown to be 
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𝛿𝑓 =
2∙𝐺𝐶(1−𝑓)−

𝜎0
2

𝐸

𝐸𝑇𝑎𝑛∙𝛿𝑠−
𝐸𝑇𝑎𝑛∙𝑆

𝐸
+𝜎0

+ 𝛿𝑠 . 
(80) 

Due to the addition of hardening, the damage definition required for the CZM needed to be 

updated. Based on the experimental work of Biel & Stigh [2010], a damage model was developed 

in which the separation returned to zero when the element was unloaded (see Figure 18 in Chapter 

2). The damage parameter for each increment, i, was defined as 

 𝐷𝑖 = 𝑚𝑎𝑥 (1 −
𝛿0

𝛿𝑖
, 1 −

𝛿0

𝛿𝑖
∙

𝛿𝑓−𝛿𝑖

𝛿𝑓−𝛿𝑠
, 𝐷𝑖−1, 0) . 

(81) 

This damage parameter, which modifies the joint stiffness in unload/reload cycles, can be thought 

of as being related to the irreversible toughening mechanisms of the adhesive, such as particle 

cavitation during shear band formation. A second damage parameter was defined to describe the 

softening portion of the traction-separation response caused by the coalescence of damage leading 

to final failure; 

 𝐷𝑠𝑜𝑓𝑡,𝑖 = 𝑚𝑎𝑥 (1 −
𝛿𝑓−𝛿𝑖

𝛿𝑓−𝛿𝑠 , 𝐷𝑆𝑜𝑓𝑡,𝑖−1, 0) . 

 

(82) 

 

5.1.1 Refitting of Characterization Data to Include Hardening Response 

The addition of hardening in the EMC model required the measured traction-separation response 

from the previous chapter to be fit to the new traction-separation definition that included ETan, 

using a least-squared fit approach to derive parameters. As in the previous chapter, the mean values 

for a given nominal bond line thickness were then calculated to provide a set of average parameters 

(Table 13). For the Mode I response, ETan was assigned a value of 1e-9 for each of these tests due 

to convergence issues caused by the noise in the traction-separation response associated with the 
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RDCB test and analysis. For cases when convergence was reached, ETan tended to be nearly zero, 

so the choice of 1e-9 was adopted for numerical convenience since this value would still allow 

Equation (77) and Equation (80) to be defined and reflected the low value of hardening in the 

Mode I experiments. The new EMC model allowed for both the hardening behavior of the traction-

separation response measured in Chapter 4 as well as potential softening, seen in the current 

measurements and by those of Lißner et al. [2019]. 

Table 13: Measured Parameters for Enhance Mixed Mode Cohesive Zone Model 

Loading 

Angle 

[degree] 

Mixity 

(Θ) 

Thickness 

(t) [mm] 

Initial 

Stiffness (E) 

[GPa/m] 

Plateau 

Traction 

(σ0) [MPa] 

Critical Energy 

Release Rate (GC) 

[kN/m] 

Area 

Ratio 

(f) 

Tangent 

Stiffness 

(ETan) 

[GPa/mm] 

0 0 

0.190 2589 53.38 1.57 0.51 1e-9 

0.312 1762 51.24 2.13 0.49 1e-9 

0.626 1259 48.72 2.22 0.36 1e-9 

45 0.5 

0.2252 2417 30.60 2.05 0.87 0.04 

0.329 2099 31.47 2.43 0.87 7.78 

0.603 1242 28.42 3.60 0.79 0.03 

75 0.833 

0.244 2542 26.36 5.01 0.95 10.46 

0.319 1647 25.22 6.71 0.92 12.38 

0.612 777 23.95 10.56 0.91 3.90 

90 1 

0.205 2693 26.65 5.05 0.96 42.61 

0.382 1903 26.71 7.29 0.97 16.28 

0.585 772 23.65 13.76 0.95 8.33 

 

In order to have a continuous value for each parameter for any arbitrary mixity and bond line 

thickness combination, each parameter was fit to a rational function of the bond line thickness (t) 

and mixity (Θ) of the form 

𝑓(𝛩, 𝑡) =
𝑃(𝛩,𝑡)

𝑄(𝛩,𝑡)
 . (83) 

For these functions, t did not evolve during the simulation (i.e. the thickness at the start of the 

simulation was used), while Θ was calculated for each time step and could evolve throughout the 

simulation. In order to decide on the form of rational expression used to express each parameter, 
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surface fitting software (TableCurve 3D, Systat Software; San Jose, CA, USA) that fit the input 

test data to a series of rational expressions and returned the r2 value for each fit. By eliminating all 

functions that caused singularities over the t-Θ domain for which test data existed, a function that 

was found to fit the initial stiffness, plateau traction, area ratio and tangent stiffness well was found 

to be 

𝑝(𝛩, 𝑡) = 𝑝𝑎 + 𝑝𝑏𝛩 + 𝑝𝑐𝑡 + 𝑝𝑑𝛩𝑡 + 𝑝𝑒𝛩2 + 𝑝𝑓𝑡2 + 𝑝𝑔𝛩2𝑡 + 𝑝ℎ𝛩𝑡2 , (84) 

where p represents the arbitrary parameter being fit and pa through ph are a series of curve-fit 

parameters (Table 14) calculated using the non-linear fitting toolbox in MATLAB (Mathworks, 

Natick, MA, USA).  For G, the function providing the best fit was 

𝐺(𝑡, 𝛩) =
𝑝𝑎+𝑝𝑏𝛩+𝑝𝑐𝑡+𝑝𝑑𝑡2

1+𝑝𝑒𝛩+𝑝𝑓𝛩2+𝑝𝑔𝛩3+𝑝ℎ𝑡
 . (85) 

The rational expressions provided an excellent set of surface fits to the average test data (Figure 

70), with an average r2 value of 0.97.  

 

Table 14: Fitting Parameters for Enhanced Mixed Mode Cohesive Zone Model  

 pa pb pc pd pe pf pg ph 

Initial Stiffness (E) 

[GPa/m] 
4464 -1293 -11980 8937 660 10987 -2741 -10138 

Plateau Traction (σ0) 

[MPa] 
56.84 -70.51 -21.33 52.39 38.00 13.14 -14.04 -43.46 

Critical Energy Release 

Rate (G) [kN/m] 
0.76 0.13 4.85 -5.74 1.11 -4.13 2.46 -0.53 

Area Ratio (f) 0.49 1.02 0.21 -0.23 -0.57 -0.65 0.12 0.51 

Tangent Stiffness (ETan) 

[GPa/mm] 
-13.98 -9.62 86.65 -158.81 99.92 -104.31 -151.44 283.96 
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Figure 70: Response surface of initial stiffness (a), plateau traction (b), critical energy 

release rate (c), area ratio (d) and tangent stiffness (e) as functions of mixty (Θ) and bond 

line thickness (t) 

 

Using average test data to fit Equation (84) and Equation (85) provided little difference to the 

traction-separation responses compared to the case when each individual test was used (a 

maximum of 3% for δ0, δS, and δf and 0.2% for σ0 and σs). The mean parameter values were used 

to simplify the fitting process. 

One attractive aspect of this implementation is that the stiffness of the EMC model was represented 

by a single value, which governs both the Mode I and Mode II response. Using a single stiffness 

value avoided the cumbersome and somewhat counterintuitive decomposition of the MM test 

response outlined in Chapter 3 (see Equation (64) to Equation (67)), caused by the unequal initial 

stiffness in Mode I and Mode II using the conventional assumptions. Consequently, when 

considering mode mixity using the new approach, the stress angle and sample angle were equal 

Measured 

Data

a b c

d e
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(which is reflected in the ‘Mixity’ column of Table 13). Furthermore, Equation (84) and Equation 

(85) could, in future work, be updated to include the effects of temperature, strain rate, or 

environmental factors in the model, provided the experimental data is available. 

 

5.2 Implementation of Enhanced Mixed Mode Cohesive Zone Model in LS-DYNA 

To implement the EMC in LS-DYNA, a user defined cohesive zone model was written in 

FORTRAN and implemented in the (64-bit double precision MPP version 9.2.0 Linux Redhat OS; 

Open MPI solver, build 119543).  

For user defined cohesive subroutines in LS-DYNA, the total separation values are passed to the 

subroutine from the main solver (as opposed to incremental displacement), meaning the equations 

used to define the traction-separation response must be cast in terms of total separation. 

Additionally, a parameter, ek, must be defined within the subroutine (analogous to a Young’s 

modulus) to provide a stiffness for the time step calculation for each element. For the model 

described hereafter, this parameter was set to the Mode I initial stiffness for the element thickness 

(i.e. ek = EI = E(0°,t)) and not updated by subsequent damage [Hallquist, 2017a].  

During initialization of the simulation (i.e. the first time step of the model), the thickness (t) of 

each element was calculated based on the average distance between the top and bottom node pairs 

of the CZM element. The thickness value was then stored as a history variable that was referenced 

for all subsequent time steps.  

In the discussion that follows, the steps required for the user defined CZM subroutine to calculate 

the traction in the Mode I and two Mode II directions based on the respective separation inputs 

from the main solver are described (summary shown in Figure 71).  
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Figure 71: Flow chart summarizing traction calculation using EMC 

 

Step I: Initialization of separation variables 

Double precision variables were defined and assigned for each of the three separation values (δ1, 

δ2, δ3) provided to the subroutine by the LS-DYNA solver.  

Step II: Calculate resultant separation and mixity 

During this step, the Mode II separation (δII) was calculated using the vector summation of the two 

Mode II values (δ1 and δ2) in the element coordinate system (Figure 72). The vector summation of 

Element separations (δ1, δ2, δ3) read into CZM subroutine

Mode I (δI), Mode II (δII), and MM separations (δi) calculated 

Separation increment (Δδi) calculated

Mixity (Θ) calculated

CZM parameters (E, σ0, ETan, f, G) calculated based on initial element thickness 
and current mixity based on surface fits to characterization test data

Separation-to-plateau(δ0), softening(δs), and failure (δf) calculated 

Damage (Di) and Softening (Di,Soft) parameters calculated

Mixed mode traction (σi) calculated

Mode II traction (σII) calculated and apportioned 
into element ‘1’ and ‘2’ directions

Mode I traction (σI) calculated

Check for failure
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the Mode II and Mode I (δ3  = δI) separation was then calculated to find the resultant mixed mode 

separation (δ). Additionally, the mixity parameter (Θ) was calculated using Equation (72). 

 

Figure 72: Node numbering and element coordinate system to define separation in the 

EMC 

 

Additionally, the displacement increment (Δδ) was calculated at this point using the current 

separation (δ) and previous time step separation (δt-1); 

∆𝛿 = 𝛿 − 𝛿𝑡−1 . (86) 

Step III: Calculate parameters for traction-separation calculation 

At this step, the parameters necessary to construct the traction-separation responses (E, σ0, GI, ETan, 

f) were calculated using Equation (84) and Equation (85) and the model parameters defined in 
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Table 14. The element thickness was defined at the first timestep of the simulation and was not 

updated, while the mixity for the current time step was used in each calculation and evolved 

throughout the simulation. 

Step IV: Calculate δ0, δs, and δf  

The separation-to-plateau (δ0), separation-to-softening (δs) and separation-to-failure (δf) were 

calculated for the current time step using Equation (73), Equation (77), and Equation (80), 

respectively based on the mixity-dependent parameters calculated in Step III. 

Step V: Calculate damage parameters 

In this step, the unload-reload damage parameter (D) was calculated using Equation (81) and the 

softening damage parameter (Dsoft) was calculated using Equation (82). 

Step VI: Calculate mixed mode traction 

For the initial loading portion of the MM traction-separation response prior to the stress plateau 

and unloading/reloading cycles, traction was defined using an incremental approach; 

𝜎 = ((1 − 𝐷) ∙ (𝐸 − 𝐸𝑇𝑎𝑛 ∙ (1 −  𝐷𝑠𝑜𝑓𝑡)) + 𝐸𝑇𝑎𝑛 ∙ (1 −  𝐷𝑠𝑜𝑓𝑡)) ∙ ∆𝛿 + 𝜎𝑡−1 . 
(87) 
 

Equation (87) can be viewed as a stiffness value (which considerers unloading/reloading damage 

and softening damage) multiplied by the separation increment being added to the stress from the 

previous time step. 

For all other cases (the plateau and softening portions of the traction separation response), the MM 

traction was defined as 

𝜎 = (𝜎0 + 𝐸𝑇𝑎𝑛 ∙ (𝛿 − 𝛿0))(1 −  𝐷𝑠𝑜𝑓𝑡) . (88) 
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Step VII: Calculate Mode I traction 

With the mixed mode traction calculated using Equation (87) or Equation (88), the Mode I 

contribution of the traction response was computed. Due to the asymmetric tension/compression 

treatment typical for CZMs, for cases when the element was in compression, the Mode I traction 

was computed using 

𝜎𝐼 = 𝐸𝐼 ∙ 𝛿𝐼 . (89) 

Equation (89) uses the typical assumption that compression follows the undamaged Mode I 

stiffness response, as discussed in Section 2.3.1. The use of symmetric compression and tension 

stiffnesses for this adhesive is somewhat bourn out by the bulk testing, which did not demonstrate 

a statistically significant difference for these values.  

For the case where the Mode I loading was in tension, the Mode I traction was calculated from the 

MM traction, calculated in Step VII. Recall, from the general discussion of CZM treatments in 

Chapter 2, the Mode I separation (δI) is related to the mixed mode separation (δm) by 

𝛿𝐼 =
𝛿𝑚

√1+𝛽2
 . (90) 

The current approach defined a constant stiffness in Mode I tension and Mode II loading (including 

all degradation due to load/unload damage and softening damage), which implies that 

displacement and traction are directly related, i.e. 

𝜎𝑖

𝛿𝑚
=

𝜎𝐼

𝛿𝐼
=

𝜎𝐼𝐼

𝛿𝐼𝐼
= 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒 𝑤ℎ𝑖𝑐ℎ 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑠 𝑑𝑎𝑚𝑎𝑔𝑒 . (91) 

Consequently, for the Mode I tension case, the Mode I traction could be calculated using 



 

 

128 

 

𝜎𝐼 =
𝜎

√1+𝛽2
 . (92) 

Step VIII: Calculate and apportion Mode II traction to shear direction 1 and 2 

Using a similar approach to the Mode I case, the Mode II displacement (δI) can be shown to be 

𝛿𝐼𝐼 =
𝛿𝑚∙𝛽

√1+𝛽2
 . (93) 

With a similar logic outlined in Equation (91), the Mode II traction was defined by 

𝜎𝐼𝐼 =
𝜎∙𝛽

√1+𝛽2
 . (94) 

Using the same logic again, the contribution to the Mode II stress for each shear direction was 

apportioned according to 

𝜎1 =
𝛿1∙𝜎𝐼𝐼

𝛿𝐼𝐼
  (95) 

and 

𝜎2 =
𝛿2∙𝜎𝐼𝐼

𝛿𝐼𝐼
 . (96) 

Step IX: Check for failure 

In this step, if D >1, the element failure flag was set that is used by LS-DYNA to erode the element 

in the main simulation. 

Step X: Update stress for output and history variables 

In the final step of the subroutine, the tractions calculated in Step VIII and Step IX were assigned 

to the input/output stress variables sent from the solver to the subroutine. Additionally, the damage 

(D), current Mode I displacement (δI,), current Mode II displacement (δII), current Mode I stress 
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(σI), current Mode II stress (σII), mode mixity ratio (Θ), element thickness, and softening damage 

(DSoft) values were assigned to their respective history variables. 

 

5.3 Verification and Validation Modeling of Enhanced Mixed Mode Cohesive Zone Model 

To verify that the new cohesive model functioned as expected, a series of single element models 

were simulated using the LS-DYNA solver. Following this, models of the RDCB, BSS and MM 

characterization tests were carried out, using deformable adherends, to ensure that the rigidity 

assumption used in the characterization testing was reasonable and the models were able to provide 

the expected traction-separation response. Finally, models of the TDCB and SLS tests were 

developed to simulate validation tests, which were not used in the development of the EMC 

material parameters. 

 

5.3.1 Baseline CZM Model for Comparison Purposes 

To provide a comparison for the EMC models, a conventional CZM model (*MAT_240 in LS-

DYNA, as described by Marzi et al. [2009]) was used as a baseline for all simulations. *MAT_240 

uses a trapezoidal traction-separation response and assumes a displacement-based power law 

criterion (η = 2) to describe the MM response for yield and softening. Failure is defined based on 

a critical energy release rate power law criterion with α =1. The material properties for *MAT_240 

(Table 15) were extracted from the Mode I (RDCB) and Mode II (BSS) testing carried out in the 

previous chapters, which ignored hardening in the plateau region. Three sets of CMZ parameters 

were used; one for each bond line thickness modeled. 
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Table 15: *MAT_240 cohesive zone model parameters for three bond line thicknesses 

 Mode I Mode II 

Bond 

Line 

Thickness 

[mm] 

EI  

[MPa/mm] 

T 

[MPa] 

GIC 

[N/m

m] 

fGI 
EII 

[MPa/mm] 

S 

[MPa] 

GIIC 

[N/mm] 
fGII 

0.18 2589 53.38 1.57 0.51 2688 30.19 5.11 0.95 

0.03 1762 51.24 2.13 0.49 1880 28.57 7.28 0.96 

0.64 1259 48.72 2.22 0.36 760 25.64 13.69 0.96 

 

5.3.2 Single Element Verification Modeling Methodology 

To verify the EMC implementation within the LS-DYNA solver, a series of single element 

simulations were carried out. A single 1 mm x 1 mm element was assigned the average measured 

thickness for each nominal bond line thickness – loading mode combination tested (12 models 

total). The nodes of the bottom surface of the cohesive element were fixed in all directions, while 

3 prescribed motions were applied to the top nodes of the element in each of the normal and two 

shear directions in order to investigate pure Mode I and Mode II loading along with any mixed 

mode loading condition, depending on the load curve definition. The EMC had material properties 

based on the given element thickness while the *MAT_240 models used average properties for a 

given bond line thickness. For the mixed mode models, the loading was based on the specimen 

angle (θs). 

 

5.3.3 RDCB Verification Modeling Methodology 

Two types of models were developed to verify the RDCB analysis; a rigid model (Figure 73a) and 

a deformable model (Figure 73b). For each bond line thickness investigated, a representative test 

was selected using the CZM parameters and bond line length measured from that specific specimen 
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to model. A representative test was used to ensure that the force-displacement response of a given 

test could be replicated for a given traction-separation response and bond line geometry. 

 

Figure 73: Rigid (a), and deformable (b) model of the RDCB test 

 

For the deformable model, steel elastic material properties were assigned to the adherends (ρ = 

7800 kg/m3, E = 207 GPa and ν = 0.3), while a rigid material property was assigned to the rigid 

material model. A row of 0.5 mm hexahedral cohesive elements (of the correct thickness for a 

given test being modeled) was added between the two adherends and the user defined cohesive 

zone model was applied. A small mesh sensitivity study showed no effect when these elements 

were split into 0.25 mm elements. 

The rigid model was defined using rigid shell element adherends that were generated on the top 

and bottom faces of the cohesive elements to represent the adherends. The center of gravity of the 

rigid adherends were then defined such that they were coincident with the center radius cut-out 

used to load the specimen (i.e. the same location as the center of the pins in the test). The moments 

of inertia were defined for each shell adherend based on that of the adherends to ensure proper 

rotational motion of the shell adherends. The displacement of the bottom adherend was fixed in all 

three translation directions, while rotation was allowed about the axis parallel to the front surface 
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of the specimen to allow the peeling motion of the test. A 1.0 mm/s prescribed displacement was 

applied to the center of gravity of the top adherend to mimic the pin loading. This modeling 

approach avoided noise that would be introduced due to contact between rigid parts if solid 

elements had been used to define the adherends.  

For the deformable model, the loading pins and adherend geometry were meshed using rigid 0.5 

mm elements. The bottom loading pin was fixed in all directions and a 1.0 mm/s velocity was 

applied in the vertical direction to the top pin in order to load the specimen, with contact being 

defined between the pins and adherends.  

The models were run for 1 s with a zero-force discrete element used to output the pin opening 

displacement and a boundary force output of the pin/top adherend used to output force. 

 

5.3.4 Mode II and Mixed Mode Verification Modeling Methodology 

As with the RDCB test, models of the BSS and MM tests were developed to provide verification 

of the test analysis and rigidity assumption (Figure 74). To this end, models were developed for 

each of the three bond line thicknesses tested using the average bond line lengths and thicknesses. 

The adherends were meshed using 0.5 mm selectively reduced, fully integrated hexahedral 

elements. A steel elastic material model was applied to the adherend mesh (ρ = 7800 kg/m3, E = 

207 GPa and ν = 0.3). A row of cohesive elements with a CZM described in the previous sections 

was used to model the adhesive. The *MAT_240 model was not examined using these models to 

avoid redundancy in the discussion of the single element models. Likewise, it was found that the 

deformable material provided a near-exact match to the expected outcome, so the results using 

rigid adherends were not reported. Rigid pins were created to model the loading pins from the 
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experiment. The lower pin was fixed in all directions, while the top pin was fixed in all but the 

vertical (loading) direction. A 1 mm/s prescribed motion was applied to the top pin to load the 

specimen. A symmetric surface-to-surface contact was defined between the pins and the adherend 

mesh. 

 

Figure 74: Model of the bonded shear (a), 75o (b), and 45o (c) mixed mode test specimens 

 

The displacement of each model was measured using the difference in vertical nodal displacement 

of the nodes on either side of the adhesive bond at the center of the bond line (‘Tracking Nodes’ 

in Figure 74a), mimicking the measurement location of the test. The force was output by 

monitoring the boundary force required to maintain the pin motion in the direction of loading. 
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5.3.5 TDCB Validation Modeling Methodology 

To validate the newly developed RDCB analysis technique, modeling of the TDCB validation 

testing was carried out using the CZM parameters extracted from RDCB testing. For each of the 

bond line thicknesses tested, a model was constructed to compare to the test data (Figure 75). The 

adherends were meshed using 1 mm selectively reduced, fully integrated hexahedral elements. 

Steel elastic material properties were applied to the adherends (ρ = 7800 kg/m3, E = 207 GPa and 

ν = 0.3). A row of cohesive elements of the appropriate thickness were attached to the top and 

bottom adherends, with CZM properties described previously. Rigid pins were meshed using 1 

mm hexahedral elements. The bottom pin was fixed in all directions, and a constant velocity (5 

mm/s) was applied to the top pin in the vertical direction to load the specimen to failure. For 

computational efficiency, the loading rate applied in the model was roughly 300 times that of the 

test. To ensure inertial effects did not dominate the simulation, the kinetic energy of the model was 

carefully tracked and found to be well below the deformation energy of the model. As with the 

RDCB specimens, both the pin displacement and boundary force responses were monitored for 

comparison to the test data. 

 

Figure 75: Model of the TDCB validation test 
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5.3.6 Single Lap Shear Validation Modeling Methodology 

To validate the characterization testing and CZM development, single lap shear testing was carried 

out and modeled. The single lap shear model (Figure 76) was designed to be easily adapted to 

large-scale body in white simulations. In practice, this meant using shell elements to model the 

adherends and a method to integrate the adhesive joint that did not require matching mesh 

morphologies on the two adherends. 

 

Figure 76: Model of single lap shear test 

 

With these requirements in mind, the portion of the adherends outside the grips were meshed with 

fully-integrated Reissner-Mindlin-based shell elements [Hallquist, 2017a] with assumed strain 

interpolants to treat in-plane bending behavior (Type 16 shells in LS-DYNA) and 7 integration 

points through-thickness. A shell thickness of 1.551 mm was applied to these elements for models 

of the steel adherends, while a shell thickness of 1.633 mm was applied to the shell mesh used to 
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model the 6016-T6 aluminum tests, both based on measurements made on grit blasted adherends 

using a micrometer. A row of rigid elements was meshed at each end of the specimen to represent 

the loading grips. One of these rows of rigid elements was fixed in the axial directions while a 2 

mm/s prescribed displacement was applied in the axial direction to the opposite end. Both ends 

were fixed in rotation about the axial direction of the specimen and motion in all other degrees of 

freedom were allowed. Note that for each bond line thickness and adherend combination, the 

model overlap and bond line thickness were set to the average values measured on the specimens 

for that specific condition to allow direct comparison to the test data. 

The shell mid-planes were positioned to lie at the position of the center of the adherend. The 

cohesive elements were then meshed between the top shell surface of the bottom adherends and 

the bottom shell surface of the top adherends. (Figure 77). The top and bottom surfaces of the 

cohesive elements were then constrained to their adjacent shell mid planes using a constraint that 

allowed moment transfer (*CONTACT_TIED_SHELL_EDGE_TO_SURFACE_ 

CONSTRAINED_OFFSET in LS-DYNA). The user defined CZM described previously was 

assigned to these cohesive elements.  

 

Figure 77: Detailed schematic of the bond area of the single lap shear validation model 
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A piecewise plastic model was applied to the adherends with typical elastic material properties (ρ 

= 7800 kg/m3, E = 200 GPa and ν = 0.3 for steel and ρ = 2700 kg/m3, E = 69 GPa and ν = 0.33 for 

aluminum). The plastic response was based on tensile testing carried out using standard ASTM E8 

specimens. The flow stress response for each test repeat (n=3 for each material) was fit to a 

simplified Johnson-Cook expression [1983]; 

𝜎𝑦 = 𝐴 + 𝐵 ∙ 𝜀𝑝̅
𝑛 , (97) 

where σy is the flow stress of the metal, 𝜀p̅
n is the effective plastic strain and A, B and n are model 

fitting parameters, which were identified for each test using a least square fit (average r2 = 0.9989). 

An initial investigation found that less than 2% plastic strain was present at the top and bottom 

surfaces of the shell elements prior to failure of the CZM elements. To optimize the fit in this 

region, the parameter fit was only performed up to this point. A pointwise average of the fit 

parameters at each 0.0002 strain increment was then performed to produce the average stress-strain 

curve necessary for the piecewise plasticity model for each material (Figure 78).  

 

Figure 78: Flow stress of A366 steel and 6061-T6 aluminum used for single lap shear 
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The position of nodes 25.4 mm (1”) from the end of the adherend (i.e. 12.7 mm (1/2”) from the 

overlap, see Figure 76) and at the end of each adherend were monitored to provide a displacement 

and rotation measurement representing the same measures from testing (Figure 76). Force was 

output by monitoring the boundary force required to maintain the prescribed motion of the moving 

end of the adherend. 

A small mesh refinement study was carried out using 8 mm, 4 mm and 2 mm shell and cohesive 

elements, following the procedure outlined by Roache [1994; 1997; 1998] (as suggested by ASME 

[2006]) to decide on an in-plane mesh size. Using the 0.3 mm *MAT_240 CZM and steel material 

properties with a 2 mm in-plane mesh yielded mesh-size error estimates of less than 1% for the 

peak force and maximum displacement measurements. Thus, the 2 mm mesh size was deemed to 

have converged and was used to model the SLS tests.  
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Chapter 6 EMC Cohesive Zone Method Finite Element Model Verification 

and Validation Results and Discussion 

In this chapter, the finite element predictions are presented and discussed. Here, the measured 

properties are implemented within the CZM model and then the model is assessed in terms of its 

ability to predict the response of the experiments discussed in Chapter 5. First, a single element 

verification study of the new EMC model is presented to demonstrate the ability of the CZM model 

to predict the expected results for a given input without complications that arise from more 

complex models. Second, a series of “model verification” studies are presented in which the model 

is applied to simulate the experiments used to calibrate the material data. These include models of 

the Mode I characterization (RDCB) tests and the Mode II (BSS) and MM tests and models. 

Finally, “model validation” was assessing using two experiments, the TDCB and single lap shear 

tests, that were not used in the calibration of the CZM properties. The TDCB and SLS were 

selected due to these tests loading the adhesive in reasonably well controlled Mode I (TDCB) and 

Mode II / MM (SLS) conditions. Modeling the TDCB and SLS tests allows for comparison 

between the model and test data which exhibit elastic and elastic-plastic-deformation of the 

adherends, in order to assess the ability of the CZM model to interact with adherends exhibiting 

these phenomena. 

 

6.1 EMC Model Single Element Verification in Mode I, Mode II and Mixed Model Loading 

A total of 36 single element cases (input separation and output traction responses are presented in 

Appendix B) were simulated to verify the EMC model response and assess robustness of the EMC. 

The results were compared to a contemporary CZM model (*MAT_240) for reference. The EMC 



 

 

140 

 

model, which included bond line thickness dependence, was fit to all three bond line thicknesses 

considered in the experiments, while *MAT_240 models were fit to each individual bond line 

thickness characterized. 

The Mode I single element EMC model (Figure 79) provided an excellent fit to the average 

experimental data for all three bond line thicknesses considered. There was some deviation of the 

EMC models in the unloading zone due to the parameter fitting process based on bond line 

thickness. The % difference, 

% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
Model Response−Experimental Average

Experimental Average
× 100 , (98) 

was within 5% for each of the separation values (δ0, δs, and δf), and 0.3% for the plateau traction 

value.  

 The Mode I single element traction-separation response of the *MAT_240 model provided a 

precise fit to the Mode I experimental test average, since there were three sets of model parameters 

fit individually to each bond line thickness. In contrast, the surface fitting process used to extract 

the EMC parameters, which did not reproduce the exact measured parameters for a given bond 

line thickness, led to the deviation noted above for the EMC model. 

 

Figure 79: Comparison of traction-separation response between average Mode I 

experimental test data and single element EMC model compared to the *MAT_240 model 

for 0.18 mm (a), 0.3 mm (b), and 0.64 mm (c) nominal bond line thickness 
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The Mode II single element EMC traction-separation response (Figure 80) was also in good 

agreement with the experimental average (4% average difference for δ0, δs, and δf
 and a 0.7% 

difference for the average of the plateau traction (σ0) and softening traction (σs)). Variations were 

attributed to the fitting process, which required some compromise to fit a range of bond line 

thicknesses, rather than using different sets of parameters to fit a specific bond line thickness, as 

with the *MAT_240 model which does not account for bond line thickness. Importantly, the EMC 

model demonstrated the ability to capture the displacement hardening response of the experimental 

response. The *MAT_240 model also assumes a zero slope plateau for the Mode II traction-

separation response and therefore did not accurately represent the rising slope present in the 

experimental data. The average difference was 4% for δ0, δs, and δf
 and 0.4% for the mean value 

of σ0 and σs. The plateau traction of the *MAT_240 model was closer to the mean of the measured 

σ0 and σs values than the EMC model, masking the poorer fit of the *MAT_240 to the positive 

slope of the test response. Choosing another metric to evaluate the response would more readily 

highlight this point. For example, the average root-mean-square deviation for the EMC model to 

the onset of failure was 0.38 MPa compared to 1.40 MPa for the *MAT_240 models. The use of 

% difference throughout the model analysis was meant to provide a consistent measurement 

between the models and the test data for all metrics.  
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Figure 80: Comparison of traction-separation response between average Mode II 

experimental test data and single element EMC model compared to the *MAT_240 model 

for 0.18 mm (a), 0.3 mm (b), and 0.64 mm (c) nominal bond line thickness 

 

The EMC model was applied to the two mixed-mode loading scenarios. The 75o MM (Figure 81) 

and 45o MM single element traction-separation responses (Figure 82) highlighted an important 

benefit of the EMC model, which was able to represent the positive slope, and the separation at 

failure with an average difference of 9% from the experimental data. In contrast, the percent 

difference for the *MAT_240 model was 25% on average. Furthermore, the *MAT_240 models 

predicted a 16% average difference between the plateau traction and the mean of the σ0 and σs 

measurements. The goodness of fit for the EMC model was attributed to considering the MM 

traction-separation response in the parameter fitting, unlike the *MAT_240 model, which inferred 

the MM response from the Mode I and Mode II response.  
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Figure 81: Comparison of traction-separation response between average 75o mixed mode 

experimental test data and single element CZM models for 0.18 mm (a), 0.3 mm (b), and 

0.64 mm (c) nominal bond line thickness 

 

 

Figure 82: Comparison of traction-separation response between average 45o mixed mode 

experimental test data and single element CZM models for 0.18 mm (a), 0.3 mm (b), and 

0.64 mm (c) nominal bond line thickness 

 

In all MM cases, the separation-to-plateau of the *MAT_240 model was less than the experimental 

average (between 16% and 53%). Additionally, in all cases, the plateau traction of the *MAT_240 

model exceeded the experimental plateau traction. Part of the poor fit for the *MAT_240 model 

stemmed from loading the single element based on the specimen angle (θs) rather than the mixity 

angle (θm), defined in Chapter 3, which is dependant on the Mode I and Mode II initial stiffnesses. 

When the *MAT_240 model was loaded at θm for each of the six MM cases, the average difference 
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between the model and test data was 26% for the separation response and 12% for the traction 

response, compared to 25% and 16% for loading based on θs. Due to the equal initial stiffness in 

Mode I and Mode II under MM loading assumed with the EMC, θs and θm were aligned  causing 

the difference between the EMC model and the test data to be lower than for either case with the 

*MAT_240 models. The effect of the difference between MM loading at θm or θs is particularity 

important when considering situations in which little deformation is expected in the adherends, 

which, in effect, forces a prescribed displacement on the CZM. Care must be taken when 

interpreting results in such cases to ensure that the predicted traction values align with the expected 

MM loading angle. 

 

6.2 Model Verification Simulations 

In the section that follows, the results of the verification models are presented and compared to 

test results on which the models were based. These models were intended to demonstrate the ability 

of the EMC model to capture the traction-separation response of the characterization tests, when 

considering deformation of the adherends. The verification models also provide a quantitative 

assessment of the assumption that the adherends acted as rigid bodies during the analysis of the 

characterization tests. First, the results of the RDCB verification models are presented, followed 

by the BSS and MM configurations. Finally, a summary of the verification models is presented. 

 

6.2.1 EMC Model Verification in the RDCB Configuration  

The first step in modeling the RDCB tests was to assess the effect of adherend deformation on the 

force-displacement response of the RDCB test. To perform this comparison, a single test from 
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each of the nominal bond line thicknesses was modeled using the Mode I parameters extracted 

from that individual test. The response of these RDCB verification models (Figure 83) 

demonstrated the ability of the data reduction scheme described in Chapter 3 to extract the traction-

separation response by assuming adherend rigidity in order to simplify the analysis.  

 

Figure 83: Comparison of RDCB EMC model incorporating rigid and deformable 

adherends to experimental test force-displacement response for nominal bond line 

thicknesses of 0.18 mm, 0.3 mm, and 0.64 mm with the point at which the crack tip erodes 

marked with an ‘X’ 

 

The models that used rigid adherends provided initial stiffness (defined as the average slope of the 

force-displacement response up to 500 N) within 2.9% of the measured response (Table 16) and 

peak forces within 1.5% confirming that the rigid adherend assumption was reasonable. The 

differences were attributed, in part, to the noise in the force displacement test response 

(necessitating filtering of the response); however, the small differences between the model and test 

data highlight the ability of the RDCB analysis to reproduce the test response.  
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The difference between the initial slope and peak force of the models using deformable adherends 

and the test ranged from -18.7% to -4.9%, respectively, for the model of the 0.18 mm test to only 

-0.2% and -0.02%, respectively, for the 0.64 mm test. The improved prediction with thicker bond 

lines can be attributed to the lower initial stiffness causing less deformation of the adherends and 

thus less difference to the experiment in the force-displacement response. Although the traction-

separation properties could be calibrated to account for the deformation of the test samples, the 

aim of this work was to propose a consistent data processing method for the experimental data, 

and verify the outcome using the improved EMC model, which was demonstrated for thicker bond 

lines. 

Table 16: Comparison of experimental and predicted EMC model force-displacement 

response for representative RDCB tests 

Bond Line Thickness [mm] 0.18 0.3 0.64 0.18 0.3 0.64 

Parameter Initial Slope [N/mm] Peak Force [N] 

Test 16716 8847 6437 758 736 651 

Rigid Model 16535 8754 6622 747 732 653 

Difference -1.1% -1.1% 2.9% -1.5% -0.5% 0.4% 

Deformable Model 13601 8082 6452 721 713 650 

Difference -18.6% -8.7% 0.2% -4.9% -3.0% -0.02% 

 

For the 0.3 mm and 0.64 mm bond line thickness cases, the rigid models were able to reproduce 

the force-displacement response up to the point at which the element at the crack tip eroded 

(indicated by the yellow X in Figure 83), after which the test was effectively completed (i.e. the 

crack had started to open in the experiment and the element at the crack tip was eroded in the 

model). The brittle fracture of the thinnest bond line (0.18 mm) experiment provided some 

challenges for the data reduction scheme. The sudden drop in force caused by the unstable fracture 

propagation could not be properly modeled using a CZM, which models ductile fracture by 
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assuming that the propagation of the crack is due only to the relative motion of the top and bottom 

surface of the cohesive element. During brittle fracture, the crack tip propagates much faster than 

in ductile fracture [Meyers, 1994]. The precipitous drop in the experimental force-displacement 

response was somewhat reduced due to the 21-point running average smoothing of the force-

displacement carried out during the RDCB test analysis. Irrespective of the difficulties in 

extracting the traction-separation response, the analysis method was able to provide a reasonable 

fit to the experimental data, particularly during the loading and peak traction phase of the response, 

considering the deviation from the underlying assumptions associated with the cohesive zone 

element method. Care must be taken in interpreting the results of tests where rapid fracture occurs 

and whether the CZM approach, which typically is used to model progressive fracture, is 

appropriate. Further refinement of the CZM approach to account for brittle fracture and the 

transition between brittle and ductile fracture would provide further improvement to the model 

response for thin bond lines. 

When considering models of the characterization tests based on the average fit parameters using 

deformable adherends, only minor differences were apparent between the models of the average 

EMC and *MAT_240 models of the RDCB test (Figure 84), attributed to the inclusion of bond 

line thickness in the EMC fitting process. The peak force of the EMC models was within 1% of 

the *MAT_240 model and 2.5% of the measured values. 
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Figure 84: Comparison of RDCB CZM models to experimental force-displacement 

response and corresponding output of traction-separation for nominal bond line 

thicknesses of 0.18 mm (a,d), 0.3 mm (b,e), and 0.64 mm (c,f) 

 

Next, the model force-displacement responses (Figure 84a, b and c) were converted to the 

respective traction-separation responses (Figure 84d, e and f) using the same approach as with the 

experimental results to assess the degree to which the traction-separation response changes during 

the analysis process. The *MAT_240 models provided an average % difference to the test average 

of 12% for δ0, 4% for δs, 1% for δf and 1% for σ0 compared to 8%, 8%, 7%, and 2%, respectively, 

for the EMC. The difference associated with the *MAT_240 model can be attributed entirely to 

the effect of using deformable adherends. The models used the exact average parameters for each 

bond line thickness, thus giving a quantifiable estimate of the error associated with the rigidity 

assumption of the test analysis. The response of the model of the RDCB tests shows not only that 

the analysis technique is able to accurately reproduce the force-displacement response for a given 
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input traction-separation (and vice versa), but also that the rigidity assumption used in the 

development of the analysis was realistic. 

 

6.2.2 EMC Model Verification for BSS and MM configuration (Mode II, 45o and 75o Mixed 

Mode) 

The force-displacement responses of the BSS and MM models were converted to traction-

separation responses for each bond line thickness (Figure 85) for ease of comparison to the model 

input. The average difference between the test and model separation-to-plateau, separation-to-

softening and separation-to-failure was within 8% for the EMC model. The *MAT_240 model 

differed by 11% on average, attributed to the assumption of a zero-slope plateau for shear loading. 

Both the EMC and *MAT_240 models were within 1% of the mean of σ0 and σs measured in the 

tests. As with the single element models, other metrics would better highlight the fact that the 

*MAT_240 model was unable capture the hardening traction response, which, in part, necessitated 

the develop the EMC model. 

 

Figure 85: Comparison of BSS CZM models to experimental traction-separation response 

for nominal bond line thicknesses of 0.18 mm (a), 0.3 mm (b), and 0.64 mm (c) 
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For the 75o MM specimen geometry models (Figure 86), the EMC provided separation values 

within an average of 10% of the test response and 2% of the average plateau traction test response, 

compared to 24% and 9%, respectively, for the *MAT_240 model. This level of fit was similar for 

the 45o MM specimen geometry (Figure 87) using the EMC (7% difference in separation and 2% 

difference in traction), with higher error for the *MAT_240 model (24% and 14%, respectively). 

As with the single element cases, the *MAT_240 MM model plateau traction was generally larger 

than the experimental value, along with a shorter plateau region and a much lower unloading slope. 

One feature of note with the 45° MM models was the tendency for a small amount (less than 2% 

deviation from the expected plateau traction) of noise in the plateau region of the curve. This noise 

was primarily associated with the defined contact between the rigid pins and very stiff (relative to 

the adhesive) steel adherends, which were rotating on the pins in the MM case (unlike the BSS 

case). While additional damping could be defined to reduce or eliminate this oscillation in the 

model, given the nature of the test traction-separation response used to develop extract the CZM 

parameters to defined this model, this noise was not of practical concern. 

 

Figure 86: Comparison of 75o MM CZM models to experimental traction-separation 

response for nominal bond line thicknesses of 0.18 mm (a), 0.3 mm (b), and 0.64 mm (c) 
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Figure 87: Comparison of 45o MM CZM models to experimental traction-separation 

response for nominal bond line thicknesses of 0.18 mm (a), 0.3 mm (b), and 0.64 mm (c) 
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MM, 0.64 mm case in which the single element model unloading occurred over 0.03 mm while 

the model with deformable adherends failed with less than 0.001 mm unloading displacement. Due 

to deformation of the adherends, slight non-uniformity of the loading angle along the bond line 
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remaining elements quickly eroded as the stress was rebalanced from the elements at the leading 

edge of the bond line. The fidelity of the model using deformable adherends compared to the 

expected fit indicates that the rigid-adherend assumption used during characterization of the 

adhesive was reasonable. 
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6.2.3 Summary of Model Verification Simulations 

In summarizing the differences between the EMC and *MAT_240 models and the measured data 

(Figure 88), several trends are apparent. The *MAT_240 model exhibited more deviation from the 

test data for the MM cases (absolute average of 20%) than for the RDCB and BSS models (absolute 

average of 6%). Given that equal weighting was assigned to all modes of loading during parameter 

fitting for the EMC, the EMC models exhibited roughly equal performance for the MM (7% 

average difference) and pure modes of loading (5% average difference). Both the EMC and 

*MAT_240 models exhibited some deviation from the experimental separation-to-plateau and 

separation-to-softening averages (18% for the *MAT_240 models and 6% for the EMC cases). 

The early separation-to-failure caused by non-uniform stress distribution of the BSS and MM 

specimens somewhat confounds the average difference between the test and models, which was 

9% for both the EMC and *MAT_240 models. When considering Mode I, Mode II and mixed 

mode loading, the EMC models tended to produce better results than the *MAT_240 models, with 

lower average differences for both the separation (7% vs. 15%) and traction (2% vs. 6%) 

measurements. 

The RDCB model with rigid adherends tended to provide a better fit to the experimental slope and 

peak force than with deformable adherends (1.2% vs. 5.9% average difference), although as the 

bond line thickness increased, these differences reduced. As with the single element models, the 

EMC model of the deformable RDCB tests exhibited slightly less fidelity than the *MAT_240 

model due to the fitting process necessary to define bond line thickness dependency in a single 

model. The benefit of this approach is that a single set of material parameters can be used to model 

a range of bond line thicknesses, rather than needing to test and model each bond line thickness 

required in a model, as with typical CZM models such as *MAT_240. Under MM and Mode II 
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loading, *MAT_240 was not able to capture the hardening response that was measured 

experimentally, as the ECM model did. Furthermore, the MM predictability of the *MAT_240 

models was generally quite poor due to the underlying assumptions of the model not corresponding 

to the measured results. By utilizing the measured MM data in the model definition, the EMC 

model was shown to better correspond to the MM data. Considering all the deficiencies identified 

for typical CZM models, it is not unsurprising that the average difference between experimental 

results and the *MAT_240 models (absolute average 13%, blue lines in Figure 88) was more than 

twice as large as the EMC cases (absolute average 6%, red lines in Figure 88). 

 

Figure 88: Summary of percent difference between average experimental test data and 

CZM models (EMC and *MAT_240) 
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demonstrate the ability of the model to reproduce the characterization date used in the model 

definition, the validation models were wholly independent of the experimental data used to define 

the CZM. The results of the TDCB model are presented first, followed by the results of the SLS 

model. 

 

6.3.1 Assessment of the EMC Model using the TDCB Test 

Models of the TDCB tests were simulated to assess the Mode I response of both the *MAT_240 

and ECM models independently of the characterization tests used to define the parameters of the 

models. The benefit of simulating the TDCB was to test the EMC against a commonly accepted 

test specimen and to introduce adherend deformation into the validation process. 

The force-displacement responses of the *MAT_240 and EMC models (Figure 89) tended to show 

less bond line sensitivity than the test response. The difference of the average force predicted by 

the EMC models and the experimental measurements (between pin displacement of 1 mm and 3 

mm) of the 0.3 mm and 0.64 mm specimens were -2.0% and 6.3%, respectively, while the 0.18 

mm model overpredicted the force by 33.5% (Table 17). The overprediction of force for the 0.18 

mm bond line thickness was not surprising given the challenges associated with using the RDCB 

test methodology. In order to extract the traction-separation response, a 21-point running average 

for the force-displacement response was needed in the RDCB analysis. This running average, when 

applied over the very short (1-2 samples) unloading time of the sample, extended the apparent 

displacement over which the unloading occurred, increasing the apparent energy absorbed by the 

specimen. This apparent increased energy was then manifest in an overestimation of the critical 

energy release rate measured by the RDCB sample for brittle materials. The difference between 

the model and test force response (33.5%) was comparable to the difference between the critical 
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energy release rate measured using the TDCB test specimen and the RDCB test specimen (38%). 

The differences between the measured and predicted force plateau and GIC values for the 0.18 mm 

bond line thickness suggest that the TDCB test may be better at measuring the GIC value for brittle 

adhesive than for ductile failure.  In contrast, the ductile failure measured in specimens with thicker 

bond lines were captured well using the RDCB approach. Furthermore, the RDCB tests using the 

0.18 mm bond line thickness exhibited unstable crack growth, while the TDCB specimens 

exhibited stable crack growth. The assumptions that underlie the TDCB analysis are based on 

linear elastic fracture mechanics, which generally assumes a brittle response of the adhesive rather 

than considering more advanced characterization techniques [Sorensen and Jacobsen, 2003]. The 

stable crack growth present in the 0.18 mm bond line thickness TDCB may be related to the elastic 

deformation of the TDCB adherends, unlike the RDCB adherends which exhibited essentially no 

deformation. The ability of the TDCB adherends to undergo large deformation may absorb some 

energy from the system that would otherwise be put into causing unstable fracture of the adhesive. 

Further investigation into this phenomenon and the transition from brittle to ductile fractures, and 

a method to model this transition, should be undertaken to further refine the EMC. 

 

Figure 89: TDCB test modeled using EMC and *MAT_240 models for nominal bond line 

thicknesses of 0.18 mm (a), 0.3 mm (b), and 0.64 mm (c) 
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When using the *MAT_240 model with properties measured for each nominal bond line thickness, 

the results lacked differentiation between the 0.3 mm and 0.64 mm cases. The similar force-

displacement responses for the two bond line thicknesses were attributed to the measured RDCB 

GIC values, which are directly related to the plateau force being similar (2.125 N/mm vs. 2.216 

N/mm). This small difference was somewhat amplified due to the TDCB bond line thicknesses not 

exactly matching the nominal bond line thickness, especially for the nominally 0.64 mm case, 

which had an average measured thickness of 0.72 mm and thus a larger GIC. Using experimental 

RDCB test data with a larger bond line thickness in the model, rather than extrapolating based on 

data from thinner bond lines would likely improve this fit. The largest bond line thickness in the 

TDCB test was above that used for characterization testing and thus required some extrapolation 

for the model fitting by using the CZM element thickness (0.72 mm) in the equations used to define 

the response surface for each parameter (See Section 5.1.1). As the simple beam theory used to 

develop the TDCB specimen geometry would suggest, the models all predicted a flat plateau, 

unlike the increasing slope present experimentally. This effect was noted by Blackman et al. 

[2003a], who explained this behaviour may be due to compliance of the load frame that is not 

present in the model. 

Table 17: Comparison of TDCB model to experimental force 

  Test EMC Model *MAT_240 Model 

Nominal Bond 

Line 

Thickness 

[mm] 

Measured Bond 

Line Thickness 

[mm] 

Average 

Plateau 

Force [N] 

Average 

Plateau 

Force 

[N] 

Difference 

[%] 

Average 

Plateau 

Force [N] 

Difference 

[%] 

0.18 0.158 2972 3968 33.5% 3565 20.0% 

0.3 0.329 3867 4112 6.3% 4134 6.9% 

0.64 0.723 4376 4289 -2.0% 4213 -3.7% 
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The models also predicted a well-defined demarcation between the initial slope of the force-

displacement response and the plateau region, whereas the measured response exhibited a more 

gradual transition. The sharp transition in the model response may be related to the simplification 

of the traction-separation response from a smooth curve to a sharp-cornered trapezoid. 

Using the EMC predicted force values (Table 17) to compute the critical energy release rate, as 

described in the ASTM D3433 standard, resulted in values of 1.73 N/mm, 1.86 N/mm, and 2.02 

N/mm for the 0.18 mm, 0.3 mm and 0.64 mm nominal bond line thicknesses, respectively. These 

values were between 14.3% lower and 12.5% higher than the expected values, based on the input 

critical energy release rates. Such incongruence between values of GIC measured using the ASTM 

D3433 specification and more advanced techniques has been noted by other authors [Lopes et al., 

2016].  

 

6.3.2 Assessment of the EMC Model using Single Lap Shear Test Data 

The full force-displacement responses (Figure 90a to Figure 93a) and rotation-displacement 

responses (Figure 90b to Figure 93b) highlight several differences between the two models. The 

initial portion of these responses were nearly identical between the two CZM models, meaning the 

initial portion of the response was dominated by the adherend material and boundary conditions 

of the model. The differences between the two CZM models is more apparent later in loading when 

the difference in damage and softening between the two CZM models begins to take effect.  
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Figure 90: Single lap shear model force–displacement (a), and rotation–displacement (b) 

response for A366 steel adherends with a 0.3 mm bond line thickness 

 

 

Figure 91: Single lap shear model force–displacement (a), and rotation–displacement (b) 

response for A366 steel adherends with a 0.64 mm bond line thickness 
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Figure 92: Single lap shear model force–displacement (a), and rotation–displacement (b) 

response for 6061-T6 adherends with a 0.3 mm bond line thickness 

 

 

Figure 93: Single lap shear model force–displacement (a), and rotation–displacement (b) 

response for 6061-T6 adherends with a 0.64 mm bond line thickness 
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The failure displacement, maximum force, and maximum rotation of both the EMC and 

*MAT_240 validation models were compared to the average measurements obtained 

experimentally (Table 18). The average absolute difference between the experimental results and 

the EMC model predictions were 0.10 mm, 802 N and 0.84o. For the *MAT_240 model these 

differences were 0.14 mm, 621N and 0.83o.  

Table 18: Comparison of single lap shear model force, displacement, and rotation to 

experimental test average results 

  0.3 mm Nominal Bond Line 

Thickness 

0.64 mm Nominal Bond 

Line Thickness 

Adherend Response 
Test 

Average 
EMC  

*MAT 

_240 

Test 

Average 
EMC  

*MAT 

_240 

A336 

Steel 

Failure Displacement [mm] 0.577 0.604 0.680 0.630 0.642 0.846 

Failure Displacement % Difference   4.7% 17.9%   2.0% 34.4% 

Maximum Force [N] 7736 8880 8925 7373 8708 8128 

Maximum Force % Difference   14.8% 15.4%   18.1% 10.2% 

Maximum Rotation [degree] 7.43 6.33 6.46 6.89 6.38 6.17 

Maximum Rotation % Difference   -14.9% -13.1%   -7.4% -10.4% 

Al 6061-

T6 

Failure Displacement [mm] 0.627 0.432 0.490 0.719 0.540 0.620 

Failure Displacement % Difference   -31.1% -21.8%   -24.9% -13.8% 

Maximum Force [N] 8360 8685 8838 8281 8684 8345 

Maximum Force % Difference   3.9% 5.7%   4.9% 0.8% 

Maximum Rotation [degree] 6.45 5.66 5.83 6.64 5.70 5.63 

Maximum Rotation % Difference   -12.3% -9.7%   -14.3% -15.2% 

 

The average % difference between the EMC model prediction and the test data for maximum 

displacement, maximum force and maximum rotation was 12.8% (red bars in Figure 94) compared 

to 14.0% for the *MAT_240 model (blue bars in Figure 94). Due to the small values of failure 

displacement and maximum rotation, the % difference between the models and experimental data 

tended to be larger for these measures than for the maximum force. The models collectively 

exhibited a larger average difference for displacement (18.8%) than for force (9.2%) or maximum 
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rotation (12.2%). Little difference was apparent in the predictability of the steel adherend models 

(13.6% average difference) compared to the aluminum adherend models (13.2%). 

 

Figure 94: Summary of percent difference between average single lap shear test data and 

CZM model predictions 
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mm). The small displacement associated with the SLS tests made capturing the initial slope 

somewhat difficult, especially for the aluminum adherend models. An overlay of the 0.3 mm bond 

line thickness, aluminum adherend EMC model on the test video (Figure 95A) demonstrates the 
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Figure 95: Overlay of 0.3mm bond line thickness aluminum adherend model on test image 

at displacement corresponding to: onset of adherend plastic deformation at 0.075 mm 

displacement (shown as A); change in rotation slope at 0.25 mm displacement (shown as B), 

and maximum force at 0.42 mm displacement (shown as C) 
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reached zero traction (Figure 95C) due to the relatively small distance between the separation-to-

softening and separation-to-failure values measured during the characterization experiments. The 

effect of adherend plasticity on the model response can be seen when comparing the response with 

plastic adherends to the same model using adherends defined using purely elastic material 

properties (Figure 96). 

 

Figure 96: Comparison between plastic and elastic adherends for 0.3 mm bond line 

thickness EMC models with steel (a), and aluminum (b) adherends 

 

The degree to which the plastic material behaviour dominated the overall force-displacement and 

rotation-displacement response can be seen by the deviation between the initial slope of the force-

displacement response for the models of the steel adherends tests (Figure 96a). A slight change in 

the slope of the force-displacement response began at roughly 0.1 mm of displacement. The abrupt 

change in slope of the force-displacement response when the CZM elements began to reach the 

plateau tractions was considerably less pronounced, due to the plasticity of the adherends, than 

0

3

6

9

12

0

2500

5000

7500

10000

0 0.2 0.4 0.6 0.8

R
o

ta
ti

o
n

 [
d

eg
re

e]

F
o

rc
e 

[N
]

Displacement [mm]a

0

2

4

6

8

10

12

0

2500

5000

7500

10000

0 0.2 0.4 0.6 0.8

R
o

ta
ti

o
n

 [
d

eg
re

e]

F
o

rc
e 

[N
]

Displacement [mm]

Test Force
Test Angle
Plastic Model
Elastic Model

b



 

 

164 

 

was predicted when using elastic adherends. Furthermore, the slope of the force-displacement 

response above 7500 N was considerably lower for the model with plastic adherends, compared to 

the elastic case. The reduction in slope accounted for a difference of 8% between the maximum 

forces. The effect of plasticity on the rotation-displacement response was even more pronounced, 

with a maximum rotation of roughly half for the case with elastic adherends compared to that of 

the plastic steel adherends. The cumulative effect of these differences demonstrated the importance 

of the plastic response to the model predictions. The responses predicted using the current 

modelling approach suggest that the current plasticity model overpredicts the yield strength of the 

material; more so for the aluminum than the steel adherends. Further investigation and a more in-

depth approach to modeling these adherend materials may improve the overall response of these 

models, but was outside the scope of the current work. 

To explain the unloading response of the *MAT_240 models compared the EMC models, it was 

useful to consider the traction-separation response of the CZMs at 75o (Figure 86b and Figure 86c). 

When examining these MM traction-separation responses, it was clear that the *MAT_240 model 

exhibited an exaggerated softening response (i.e. a large difference between the δf and  δs), which 

caused the more-pronounced reduction in force between the displacement at maximum force and 

the final failure of the SLS model. While this behavior somewhat improved the correspondence 

between the SLS test and model response, the large amount of softening displacement was not 

present in the characterization testing. Clearly, further investigation into the softening behavior 

would be beneficial to better understand this aspect of the EMC and SLS behavior. 

Some aspects of the simplifications used in the model definition may also contribute to the 

differences between the model and experimental results. For example, the CZM definition does 

not define tensile stress along the bond line. This stress is assumed to be encapsulated in the Mode 
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II response, but is somewhat different (i.e. distortion vs. dilation stresses). The larger strain in the 

adherends of the SLS test may have more of an effect in this case than in the other load cases, 

where the adhered strain was more modest. Furthermore, the offset constraint between the CZM 

elements and shell mid plane may have some effect on the results, by not accounting for the shear 

deformation of the adherend during bending. Given the thinness of the adherend, this effect was 

likely small, although hard to quantify due to the simplification of through thickness shear effects 

in the shell formulation used. To investigate the effect of mixity on the model response, the average 

mixity angle of the CZM element node pairs along the edge of the bond area were averaged to 

provide a measure of mixty angle vs. displacement for each model (Figure 97). The mixity 

response was dependent on adherend material (and thickness), bond line thickness and CZM 

model, although all responses shared a similar pattern. Initially, the mixity rose until the adherend 

reached yield strength and began to plastically deform. The mixity angle then began to decline 

until the plateau traction of the CZM was reached, after which the mixity angle began to increase 

again until reaching a maximum value at failure. The average mixty angle at failure was 70o for 

the EMC models and 73o for the *MAT_240 model with thinner bond line thicknesses exhibiting 

less mixty prior to failure. Importantly, these values were between the mixity angles measured 

during characterization, although the varying nature of the mixity present in the SLS model was 

not necessary captured by the monotonic loading at fixed angles during characterization. 
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Figure 97: Displacement-mixity angle response for models with steel (a), and aluminum 

adherends (b) 

 

The results of the *MAT_240 and EMC SLS models highlighted an important consideration in the 

use of CZM modelling of adhesive joints. Despite the EMC clearly predicting the traction-

separation response of the characterization tests with better fidelity than the *MAT_240 CZM, the 

SLS models were roughly equivalent in the ability to predict the test response. The current results 

suggested that the MM traction-separation response may be less important for cases in which the 

adherends exhibit a large amount of deformation. However, in the case of the characterization test 

models, for which the adherends were very stiff, the shape of the traction-separation response 

clearly has an effect on the outcome of model. Watson et al. [2019b] noted that, in cases where 

SLS samples were constructed with ultra high-strength steel, higher detail was needed in the CZM 

traction-separation response. When large deformation was observed in the SLS tests of that study 

(for example when medium strength aluminum or magnesium adherends were used), the CZM 

response was of secondary importance to the adherend response. Thus, the importance of 
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accurately capturing the traction-separation response increases with high stiffness and strength 

materials; an important consideration when designing structures with the advanced high-strength 

steels that are becoming increasingly common in automobile BIW applications. 
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Chapter 7 Conclusions and Future Work 

Key accomplishments of the current work include, first, the development of a systematic 

methodology to characterize the full traction-separation response of a toughened structural 

adhesive joint for a variety of bond line thicknesses and MM loading angles. A new user defined 

cohesive zone model, the Enhanced Mixed Mode Cohesive Zone Model (EMC), has been 

developed that addresses several shortcomings identified in typical CZM implementations, 

namely, improving the mixed mode (MM) response, correctly capturing the hardening behaviour 

of the traction-separation response, and modeling the effects of bond line thickness. The EMC has 

been implemented within a user defined CZM, suitable for large scale modeling efforts, such as 

vehicle crash simulations incorporating adhesive joints. Validation studies have demonstrated that 

this user-defined CZM is able to capture the MM loading, as demonstrated in a single lap shear 

test. 

 

7.1 Conclusions 

The main conclusions that can be drawn from this work are: 

• The refinement of the Rigid Double Cantilever (RDCB) specimen and improved analysis 

technique enabled measurement of the full traction-separation response and was verified 

by reproducing the experimental force-displacement within a model of the characterization 

test. 

• For the thinnest nominal bond line thickness tested (0.18 mm), the RDCB specimen 

exhibited unstable crack growth. Thicker nominal bond lines (0.3 mm and 0.64 mm) led to 
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ductile crack growth, demonstrating an ability for the RDCB specimen to capture a brittle-

to-ductile transition, based on bond line thickness.  

• The proposed Bonded Shear Specimen (BSS) and MM specimen geometry, in conjunction 

with optical measurement of separation, enabled measurement of full traction-separation 

responses under both Mode II and MM loading for the same bond line thickness as the 

RDCB tests.  

• The experimentally measured Mode II traction-separation response exhibited a positive 

slope hardening response, as opposed to the flat plateau typically assumed in previous 

CZM implementations. This rising traction response was found to gradually diminish as 

the loading angle decreased towards Mode I loading. 

• Bulk material testing under shear loading demonstrated failure at locations of high 

hydrostatic stress within the test specimen. This behaviour was associated with failure of 

the BSS test specimens, in which shear cusps were formed during crack initiation normal 

to the resolved tensile loading direction. 

• For both Mode I and Mode II loading, the effect of bond line thickness was statistically 

significant for all CZM parameters, except for the ratio of area under the stress plateau to 

critical energy release rate in Mode II. Therefore, it is critical that bond line thickness 

effects be integrated in CZM approaches. 

• The typical power law and Benzeggagh-Kenane criteria used in CZM models were able to 

fit the measured separation-to-plateau and separation-to-softening response to within 

within the variability of the measured data using the MM specimens and the RDCB and 

BSS test results for a given bond line thickness. The power law description of separation-



 

 

170 

 

to-softening, however, significantly underpredicted the measured separation-to softening 

response, substantially altering the resulting predicted MM traction-separation response. 

• In single element simulations of pure and MM loading, the Enhanced Mixed Mode 

Cohesive Zone Model (EMC), developed in this work, was able to significantly improve 

the mixed mode predictions when compared to a typical CZM implementation (7% vs. 15% 

average difference to experimental separation to plateau, softening, and failure; and 2% vs. 

6% difference in mean plateau traction). Importantly, the EMC incorporated the post-yield 

positive traction-separation response under Mode II loading, as well as bond line thickness 

effects, with a single set of material parameters. 

• Modeling of the characterization tests using the EMC demonstrated that the assumption of 

rigid adherends in the RDCB, BSS, and MM specimen analysis was acceptable. 

• Due to the underlying assumption of ductile crack growth used in the definition of the CZM 

approach, the model of the 0.18 mm bond line thickness RDCB test was not able to capture 

the unstable crack growth observed experimentally.  

• The TDCB model of the thinnest bond line thickness demonstrated the limitation of using 

the RDCB test to measure brittle adhesive response by significantly over predicting the test 

force-displacement response. The difference between the model prediction and experiment 

was due to the assumption of stable crack growth in the RDCB analysis and the filtering 

required to analyze the RDCB tests. 

• Unlike the models of the characterization tests, in models of SLS testing the EMC model 

performed only slightly better than the *MAT_240 models (12.8% vs. 14.0% average 

difference to test data, respectively) due to large deformation of the adherends, which 
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exerted a strong influence on the overall force-displacement and rotation-displacement 

response. 

• The characterization methodology developed in this work led to the development of an 

improved CZM formulation, which demonstrated significant improvements in the ability 

to model adhesive joints of various bond line thicknesses under Mode I, Mode II and mixed 

modes of loading. 

 

7.2 Future Work 

Aside from extending the approach outlined in this study to characterize and model more adhesive 

systems, one area that warrants further investigation is the effect of elevated loading rate on 

traction-separation response. While the specimen geometries developed in this work were 

designed to be amenable for high-rate testing through the use of specimens with low mass, such 

experiments were not carried out in the current work. Using the specimens developed in this work 

under high-rate loading could provide full traction-separation responses across a range of loading 

rates, quantifying the rate sensitivity of toughened structural adhesives. This high-rate 

characterization information could then be incorporated in the EMC model and, potentially, the 

interaction between bond line thickness and loading rate, which has not been thoroughly 

investigated in the literature. 

A deeper investigation of the adhesive joint softening response between the onset of softening and 

failure with the BSS and MM specimens may result in an improved unloading response in the SLS 

tests. This work would involve additional high-speed imaging to better understand the rapid 

unloading behavior observed experimentally.  
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Further experimental investigation into the brittle response measured using thin bond line RDCB 

specimens would be beneficial to better understand this behaviour and to potentially identify the 

brittle-to-ductile transition bond line thickness. Updates to the CZM modelling approach to capture 

this effect would also be useful, in order to expand the range of materials that could take advantage 

of the CZM approach, from materials exhibiting only ductile failure, to those that exhibit rapid 

failure, such as neat epoxy resins. 

Finally, the RDCB, BSS, and MM specimens developed in this work could be used to investigate 

the effect of environmental and manufacturing factors such as temperature, humidity, effects of 

over and under curing, etc., on the traction-separation response of structural adhesives. This 

information is of great interest in automotive applications due to the uncertainty these factors 

impart to the overall response of components that experience a wide variety of in-service 

environments. 
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Extraction 
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A.1 Mode I Response 

The parameters extracted from each RDCB test used to define the CZM response throughout this 

thesis are presented in Table A1, along with the displacement measures for a given set of CZM 

parameters. The CZM fit and the respective test traction-separation responses are also presented 

for 0.18 mm (Figure A1), 0.3 mm (Figure A2), and 0.64 mm (Figure A3) nominal bond line 

thicknesses. 

Table A1: CZM parameters extracted from RDCB testing 

Test 

Bond Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Plateau 

Stress 

[MPa] 

Critical 

Energy 

Release 

Rate 

[N/mm] 

Area 

Ratio 

Plateau 

Displacement 

[mm] 

Softening 

Displacement 

[mm] 

Failure 

Displacement 

[mm] 

7R1 0.200 1941.56 55.49 1.709 0.4950 0.0286 0.0438 0.0464 

7R2 0.173 1947.22 52.50 1.935 0.4535 0.0270 0.0437 0.0570 

7R3 0.211 3755.09 47.50 1.330 0.6040 0.0126 0.0296 0.0391 

7R4 0.171 2365.15 53.50 1.419 0.5050 0.0226 0.0360 0.0396 

7R5 0.153 2570.21 55.77 1.597 0.5001 0.0217 0.0360 0.0429 

7R6 0.231 2952.02 55.50 1.424 0.4750 0.0188 0.0310 0.0391 

12R1 0.312 1622.62 48.50 2.181 0.5146 0.0299 0.0530 0.0668 

12R2 0.309 2009.27 45.50 2.097 0.6350 0.0226 0.0519 0.0629 

12R3 0.323 1928.56 51.50 1.974 0.4441 0.0267 0.0437 0.0596 

12R4 0.309 1918.63 48.50 2.028 0.5450 0.0253 0.0481 0.0608 

12R5 0.311 1648.42 53.59 2.172 0.4250 0.0325 0.0497 0.0638 

12R6 0.309 1442.33 59.82 2.298 0.3647 0.0415 0.0555 0.0628 

25R1 0.619 1338.30 42.50 2.030 0.5050 0.0318 0.0559 0.0714 

25R2 0.623 1112.27 52.01 2.416 0.3345 0.0468 0.0623 0.0774 

25R3 0.628 1089.01 51.32 2.118 0.1350 0.0471 0.0527 0.0770 

25R4 0.629 1274.66 47.50 2.129 0.4050 0.0373 0.0554 0.0715 

25R5 0.627 1392.56 49.50 2.425 0.4350 0.0355 0.0569 0.0767 

25R6 0.630 1348.96 49.50 2.176 0.3750 0.0367 0.0532 0.0714 
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Figure A1: RDCB test results and flat CZM fit (including average) for 0.18 mm nominal 

bond line thickness specimens 

 

 

Figure A2: RDCB test results and flat CZM fit (including average) for 0.3 mm nominal 

bond line thickness specimens 
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Figure A3: RDCB test results and flat CZM fit (including average) for 0.64 mm nominal 

bond line thickness specimens 

 

A.2 Mode II Response 

The parameters extracted from each BSS test used to define the *MAT_240 model described in 

Chapter 5 are presented in Table A2, along with the displacement measures for a given set of CZM 

parameters. The CZM fit and the respective test traction-separation response are also presented for 

0.18 mm (Figure A4), 0.3 mm (Figure A5), and 0.64 mm (Figure A6) nominal bond line 

thicknesses. 
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Table A2: CZM parameters extracted from bonded shear testing 

Test 

Bond 

Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Plateau 

Stress 

[MPa] 

Critical 

Energy 

Release 

Rate 

[N/mm] 

Area 

Ratio 

Plateau 

Displacement 

[mm] 

Softening 

Displacement 

[mm] 

Failure 

Displacement 

[mm] 

7B1 0.169 1900.06 27.94 3.893 0.9157 0.0147 0.1423 0.1511 

7B2 0.219 3000.55 32.57 5.603 0.9685 0.0109 0.1775 0.1775 

7B3 0.245 2340.86 29.59 5.839 0.9400 0.0126 0.1982 0.2092 

7B4 0.196 2911.11 29.64 5.325 0.9634 0.0102 0.1833 0.1863 

7B5 0.194 3287.92 31.22 4.869 0.9696 0.0095 0.1607 0.1607 

7B6         

12B7 0.340 1908.46 28.36 6.097 0.9577 0.0149 0.2208 0.2241 

12B8 0.421 1542.37 28.58 7.241 0.9498 0.0185 0.2591 0.2661 

12B9         

12B10 0.371 1813.54 28.97 7.427 0.9644 0.0160 0.2632 0.2654 

12B11 0.415 2628.56 29.12 8.113 0.9522 0.0111 0.2764 0.2919 

12B12 0.363 1507.66 27.82 7.525 0.9659 0.0185 0.2797 0.2797 

25B1 0.554 801.10 25.70 12.916 0.9681 0.0321 0.5186 0.5186 

25B2 0.597 618.28 25.01 13.706 0.9175 0.0404 0.5433 0.5933 

25B3 0.605 723.49 25.64 13.311 0.9596 0.0354 0.5336 0.5402 

25B4 0.580 738.97 26.25 13.947 0.9645 0.0355 0.5480 0.5503 

25B5 0.550 709.87 25.78 13.474 0.9653 0.0363 0.5408 0.5408 

25B6 0.622 968.23 25.47 14.783 0.9563 0.0263 0.5814 0.6058 

 

 

Figure A4: Bonded shear test results and flat CZM fit (including average) for 0.18 mm 

nominal bond line thickness specimens 
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Figure A5: Bonded shear test results and flat CZM fit (including average) for 0.3 mm 

nominal bond line thickness specimens 

 

 

Figure A6: Bonded shear test results and flat CZM fit (including average) for 0.64 mm 

nominal bond line thickness specimens 
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The parameters extracted from each 45o MM test used to assess the MM response of the adhesive 

presented in Chapter 4 and Chapter 5 are presented in Table A3, along with the displacement 

measures for a given set of CZM parameters. The CZM fit and the respective test traction-

separation response are also presented for 0.18 mm (Figure A7), 0.3 mm (Figure A8), and 0.64 

mm (Figure A9) nominal bond line thicknesses. 

Table A3: CZM parameters extracted from 45o mixed mode testing 

Test 

Bond 

Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Plateau 

Stress 

[MPa] 

Critical 

Energy 

Release 

Rate 

[N/mm] 

Area 

Ratio 

Plateau 

Displacement 

[mm] 

Softening 

Displacement 

[mm] 

Failure 

Displacement 

[mm] 

7M45-1 0.162 2484.13 29.98 2.284 0.8929 0.0121 0.0801 0.0843 

7M45-2 0.222 2550.15 31.64 1.692 0.8744 0.0124 0.0592 0.0602 

7M45-3                 

7M45-4 0.234 1888.64 31.79 2.147 0.8544 0.0168 0.0745 0.0774 

7M45-5 0.217 2740.25 28.59 1.889 0.8836 0.0104 0.0688 0.0738 

7M45-6 0.291 2348.51 31.15 2.301 0.8230 0.0133 0.0741 0.0869 

12M45-1 0.281 1265.39 32.25 2.474 0.8339 0.0255 0.0895 0.0895 

12M45-2 0.316 2246.77 31.76 2.253 0.8932 0.0141 0.0775 0.0785 

12M45-3                 

12M45-4 0.359 2443.52 31.13 2.351 0.8786 0.0127 0.0791 0.0847 

12M45-5 0.308 1926.14 33.79 1.789 0.7631 0.0175 0.0579 0.0655 

12M45-6 0.379 2991.71 28.97 3.280 0.9573 0.0097 0.1181 0.1181 

25M45-1 0.583 1106.70 28.91 4.024 0.7427 0.0261 0.1295 0.1750 

25M45-2 0.601 1504.06 28.87 3.120 0.8697 0.0192 0.1132 0.1221 

25M45-3 0.601 1118.37 28.69 3.305 0.8422 0.0257 0.1227 0.1334 

25M45-4                 

25M45-5 0.579 1472.23 28.07 3.729 0.8383 0.0191 0.1304 0.1543 

25M45-6 0.651 1009.77 26.74 2.816 0.8178 0.0265 0.1126 0.1245 
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Figure A7: 45o mixed mode test results and flat CZM fit (including average) for 0.18 mm 

nominal bond line thickness specimens 

 

 

Figure A8: 45o mixed mode test results and flat CZM fit (including average) for 0.3 mm 

nominal bond line thickness specimens 
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Figure A9: 45o mixed mode test results and flat CZM fit (including average) for 0.64 mm 

nominal bond line thickness specimens 

 

A.4 75o Mixed Mode Response 

The parameters extracted from each 75o MM test used to assess the MM response of the adhesive 

presented in Chapter 4 and Chapter 5 are presented in Table A4, along with the displacement 

measures for a given set of CZM parameters. The CZM fit and the respective test traction-

separation response are also presented for 0.18 mm (Figure A10), 0.3 mm (Figure A11), and 0.64 

mm (Figure A12) nominal bond line thicknesses. 
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Table A4: CZM parameters extracted from 75o mixed mode testing 

Test 

Bond 

Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Plateau 

Stress 

[MPa] 

Critical 

Energy 

Release 

Rate 

[N/mm] 

Area 

Ratio 

Plateau 

Displacement 

[mm] 

Softening 

Displacement 

[mm] 

Failure 

Displacement 

[mm] 

7M75-1 0.214 2483.20 26.45 5.336 0.9517 0.0107 0.2026 0.2115 

7M75-2 0.277 2556.99 26.93 6.072 0.9264 0.0105 0.2194 0.2421 

7M75-3 0.213 2749.78 27.58 3.893 0.9645 0.0100 0.1462 0.1462 

7M75-4 0.270 2722.11 27.62 3.966 0.9640 0.0101 0.1486 0.1487 

7M75-5                 

7M75-6 0.246 2176.36 26.14 5.795 0.9511 0.0120 0.2229 0.2326 

12M75-1                 

12M75-2 0.329 2068.69 27.14 6.530 0.9727 0.0131 0.2471 0.2471 

12M75-3 0.314 1694.53 27.70 6.668 0.9660 0.0163 0.2489 0.2489 

12M75-4 0.348 1422.36 27.76 6.803 0.9446 0.0195 0.2511 0.2587 

12M75-5 0.283 1339.57 26.08 5.701 0.9476 0.0195 0.2266 0.2301 

12M75-6 0.323 1556.58 24.37 7.906 0.7661 0.0157 0.2642 0.4003 

25M75-1 0.620 677.83 24.00 11.342 0.9594 0.0354 0.4887 0.4917 

25M75-2 0.577 933.62 25.09 8.993 0.9502 0.0269 0.3674 0.3762 

25M75-3 0.620 683.79 24.71 9.320 0.9429 0.0361 0.3918 0.3987 

25M75-4 0.621 802.63 26.07 11.318 0.7641 0.0325 0.3642 0.5365 

25M75-5 0.634 718.09 25.20 10.627 0.9496 0.0351 0.4355 0.4430 

25M75-6 0.599 820.25 23.57 11.775 0.9320 0.0287 0.4943 0.5335 

 

 

Figure A10: 75o mixed mode test results and flat CZM fit (including average) for 0.18 mm 

nominal bond line thickness specimens 
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Figure A11: 75o mixed mode test results and flat CZM fit (including average) for 0.3 mm 

nominal bond line thickness specimens 

 

 

Figure A12: 75o mixed mode test results and flat CZM fit (including average) for 0.64 mm 

nominal bond line thickness specimens 
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The parameters extracted from each BSS test used to define the EMC model (i.e. assuming a 

hardening stress response) are presented in Table A5, along with the displacement measures for a 

given set of CZM parameters. The CZM fit and the respective test traction-separation response are 

also presented for 0.18 mm (Figure A13), 0.3 mm (Figure A14), and 0.64 mm (Figure A15) 

nominal bond line thicknesses. 

Table A5: Displacement-hardening CZM parameters extracted from bonded shear tests 

Test 

Bond 

Line 

Thickness 

[mm] 

Initial 

Stiffness 

[MPa/mm] 

Plateau 

Stress 

[MPa] 

Critical 

Energy 

Release 

Rate 

[N/mm] 

Area 

Ratio 

Tangent 

Modulus 

[MPa/mm] 

Plateau 

Displacement 

[mm] 

Softening 

Displacement 

[mm] 

Failure 

Displacement 

[mm] 

Max 

Stress 

[Mpa] 

7B1 0.169 1926.62 25.34 3.895 0.9322 40.33 0.0132 0.1430 0.1494 30.58 

7B2 0.219 2905.37 28.06 5.336 0.9698 39.14 0.0097 0.1750 0.1765 34.53 

7B3 0.245 2388.29 26.88 5.836 0.9497 29.54 0.0113 0.1982 0.2070 32.40 

7B4 0.196 2919.41 25.84 5.325 0.9634 45.07 0.0089 0.1814 0.1862 33.62 

7B5 0.194 3322.98 27.13 4.869 0.9741 58.99 0.0082 0.1585 0.1593 35.99 

7B6           

12B7 0.340 1921.47 26.81 6.111 0.9577 16.51 0.0140 0.2193 0.2240 30.20 

12B8 0.421 1573.81 25.83 7.336 0.9694 25.14 0.0164 0.2623 0.2631 32.01 

12B9           

12B10 0.371 1819.25 26.47 7.443 0.9741 20.95 0.0146 0.2638 0.2638 31.70 

12B11 0.415 2732.24 28.44 8.120 0.9818 3.78 0.0104 0.2857 0.2857 29.48 

12B12 0.363 1466.07 26.00 7.423 0.9689 15.02 0.0177 0.2752 0.2752 29.87 

25B1 0.554 813.55 23.32 12.916 0.9710 10.35 0.0287 0.5142 0.5170 28.34 

25B2 0.597 618.90 23.61 13.823 0.9082 6.00 0.0381 0.5381 0.5996 26.61 

25B3 0.605 745.08 23.31 13.321 0.9520 9.31 0.0313 0.5264 0.5461 27.92 

25B4 0.580 762.19 23.63 13.992 0.9542 10.49 0.0310 0.5387 0.5577 28.96 

25B5 0.550 718.47 23.32 13.491 0.9567 10.15 0.0325 0.5317 0.5462 28.39 

25B6 0.622 971.20 24.72 15.002 0.9460 3.66 0.0254 0.5772 0.6142 26.73 
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Figure A13: Bonded shear test results and displacement-hardening CZM fit (including 

average) for 0.18 mm nominal bond line thickness specimens 

 

 

Figure A14: Bonded shear test results and displacement-hardening CZM fit (including 

average) for 0.3 mm nominal bond line thickness specimens 
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Figure A15: Bonded shear test results and displacement-hardening CZM fit (including 

average) for 0.64 mm nominal bond line thickness specimens 
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Appendix B – Single Element Simulation Output of User Defined Cohesive 

Model 
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In order to fully assess the robustness of the EMC model developed in this work, a total of 36 load 

cases were investigated. Broadly speaking, these were based on monotonic loading to failure, load-

reload cycles to different portions of the traction-separation response, or load-unload-full reversal 

loading. These load cases were investigated for various mixity loading modes. Additionally, load 

cases where additional loading modes were introduced after an initial load, and load cases 

extracted from various finite element models of ultra-high strength and multi-material tests (see 

Lui [2019]) were modeled. Cohesive elements with thicknesses of 0.18 mm (Figure B1 to Figure 

B36), 0.3 mm (Figure B37 to Figure B72) and 0.64 mm (Figure B73 to Figure B108) were used 

and compared to the response of the *MAT_240 material model discussed in Chapter 5. The 

loading input for each model was input via prescribed displacement vs. time boundary conditions 

on the top surface of the CZM element while the bottom surface was fixed in all directions. These 

curves were defined such that failure was generally expected at 1 s of simulation time, although 

due to changes in mode mixty during the simulation, this may not apply in all cases. 

 

Figure B1: Input (left) and output (right) for Mode I loading for 0.18 mm CZM element 
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Figure B2: Input (left) and output (right) for Mode II loading for 0.18 mm CZM element 

 

Figure B3: Input (left) and output (right) for 45o mixed mode loading for 0.18 mm CZM 

element 

 

Figure B4: Input (left) and output (right) for 75 o mixed mode loading for 0.18 mm CZM 

element 
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Figure B5: Input (left) and output (right) for Mode I load to segment I-unload-reload to 

failure cycle for 0.18 mm CZM element 

 

Figure B6: Input (left) and output (right) for Mode II load to segment I-unload-reload to 

failure cycle for 0.18 mm CZM element 

 

Figure B7: Input (left) and output (right) for 75 o mixed mode load to segment I-unload-

reload to failure cycle for 0.18 mm CZM element 
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Figure B8: Input (left) and output (right) for Mode I load to segment II-unload-reload to 

failure cycle for 0.18 mm CZM element 

 

Figure B9: Input (left) and output (right) for Mode II load to segment II-unload-reload to 

failure cycle for 0.18 mm CZM element 

 

Figure B10: Input (left) and output (right) for 75 o mixed mode load to segment II-unload-

reload to failure cycle for 0.18 mm CZM element 
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Figure B11: Input (left) and output (right) for Mode I load to segment III-unload-reload to 

failure cycle for 0.18 mm CZM element 

 

Figure B12: Input (left) and output (right) for Mode II load to segment III-unload-reload to 

failure cycle for 0.18 mm CZM element 

 

Figure B13: Input (left) and output (right) for 75 o mixed mode load to segment III-unload-

reload to failure cycle for 0.18 mm CZM element 
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Figure B14: Input (left) and output (right) for Mode II load to segment I-unload-full 

reversal to failure cycle for 0.18 mm CZM element 

 

Figure B15: Input (left) and output (right) for 75 o mixed mode load to segment I-unload-

full reversal to failure cycle for 0.18 mm CZM element 

 

Figure B16: Input (left) and output (right) for Mode II load to segment II-unload-full 

reversal to failure cycle for 0.18 mm CZM element 
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Figure B17: Input (left) and output (right) for 75 o mixed mode load to segment II-unload-

full reversal to failure cycle for 0.18 mm CZM element 

 

Figure B18: Input (left) and output (right) for Mode II load to segment III-unload-full 

reversal to failure cycle for 0.18 mm CZM element 

 

Figure B19: Input (left) and output (right) for 75 o mixed mode load to segment III-unload-

full reversal to failure cycle for 0.18 mm CZM element 
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Figure B20: Input (left) and output (right) for arrested Mode I (Segment 2) loading 

followed by Mode II loading in positive 1 direction for 0.18 mm CZM element 

 

Figure B21: Input (left) and output (right) for arrested Mode I (Segment 3) loading 

followed by Mode II loading in positive 1 direction for 0.18 mm CZM element 

 

Figure B22: Input (left) and output (right) for constant Mode II velocity and variable Mode 

I velocity loading for 0.18 mm CZM element 
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Figure B23: Input (left) and output (right) for variable Mode II velocity and variable Mode 

I velocity loading for 0.18 mm CZM element 

 

Figure B24: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

additional Mode II loading in the positive 1 direction for 0.18 mm CZM element 

 

Figure B25: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

additional Mode II loading in the negative 1 direction for 0.18 mm CZM element 
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Figure B26: Input (left) and output (right) for tensile Mode I loading (Segment 3) with 

additional Mode II loading in the negative 1 direction for 0.18 mm CZM element 

 

Figure B27: Input (left) and output (right) for compressive Mode I loading (Segment 2) 

with additional Mode II loading in the positive 1 direction for 0.18 mm CZM element 

 

Figure B28: Input (left) and output (right) for compressive Mode I loading (Segment 3) 

with additional Mode II loading in the negative 1 direction for 0.18 mm CZM element 
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Figure B29: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added equal Mode II loading in the negative 1 and 2 directions for 0.18 mm CZM element 

 

Figure B30: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added unequal Mode II loading in negative 1 and 2 directions for 0.18 mm CZM element 

 

Figure B31: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added unequal Mode II loading in positive 1 and negative 2 directions for 0.18 mm CZM 

element 
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Figure B32: Input (left) and output (right) for loading extracted from a model of a UHSS – 

UHSS single lap shear test for 0.18 mm CZM element 

 

Figure B33: Input (left) and output (right) for loading extracted from a model of an 

aluminum – aluminum single lap shear test for 0.18 mm CZM element 

 

Figure B34: Input (left) and output (right) for loading extracted from a model of a UHSS – 

aluminum single lap shear test for 0.18 mm CZM element 
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Figure B35: Input (left) and output (right) for loading extracted from a model of an 

adhesively bonded UHSS axial crush tube for 0.18 mm CZM element 

 

Figure B36: Input (left) and output (right) for loading extracted from a model of an 

adhesively bonded UHSS 3-point bend test for 0.18 mm CZM element 

 

Figure B37: Input (left) and output (right) for Mode I loading for 0.3 mm CZM element 
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Figure B38: Input (left) and output (right) for Mode II loading for 0.3 mm CZM element 

 

Figure B39: Input (left) and output (right) for 45 o mixed mode loading for 0.3 mm CZM 

element 

 

Figure B40: Input (left) and output (right) for 75 o mixed mode loading for 0.3 mm CZM 

element 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.2 0.4 0.6 0.8 1 1.2

D
is

p
la

ce
m

en
t 

[m
m

]

Time [s]

Mode II-x
Mode II-y
Mode I

0

5

10

15

20

25

30

35

0 0.05 0.1 0.15 0.2 0.25 0.3

T
ra

ct
io

n
 [

M
P

a
]

Resultant Displacement [mm]

Marzi Model
CMC Mode I
CMC Mode II,x
CMC Mode II,y

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.2 0.4 0.6 0.8 1 1.2

D
is

p
la

ce
m

en
t 

[m
m

]

Time [s]

Mode II-x
Mode II-y
Mode I

0

5

10

15

20

25

30

0 0.05 0.1 0.15 0.2

T
ra

ct
io

n
 [

M
P

a
]

Resultant Displacement [mm]

Marzi Model
CMC Mode I
CMC Mode II,x
CMC Mode II,y

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.2 0.4 0.6 0.8 1 1.2

D
is

p
la

ce
m

en
t 

[m
m

]

Time [s]

Mode II-x
Mode II-y
Mode I

0

5

10

15

20

25

30

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

T
ra

ct
io

n
 [

M
P

a
]

Resultant Displacement [mm]

Marzi Model
CMC Mode I
CMC Mode II,x
CMC Mode II,y



 

 

212 

 

 

Figure B41: Input (left) and output (right) for Mode I load to segment I-unload-reload to 

failure cycle for 0.3 mm CZM element 

 

Figure B42: Input (left) and output (right) for Mode II load to segment I-unload-reload to 

failure cycle for 0.3 mm CZM element 

 

Figure B43: Input (left) and output (right) for 75 o mixed mode load to segment I-unload-

reload to failure cycle for 0.3 mm CZM element 
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Figure B44: Input (left) and output (right) for Mode I load to segment II-unload-reload to 

failure cycle for 0.3 mm CZM element 

 

Figure B45: Input (left) and output (right) for Mode II load to segment II-unload-reload to 

failure cycle for 0.3 mm CZM element 

 

Figure B46: Input (left) and output (right) for 75 o mixed mode load to segment II-unload-

reload to failure cycle for 0.3 mm CZM element 
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Figure B47: Input (left) and output (right) for Mode I load to segment III-unload-reload to 

failure cycle for 0.3 mm CZM element 

 

Figure B48: Input (left) and output (right) for Mode II load to segment III-unload-reload to 

failure cycle for 0.3 mm CZM element 

 

Figure B49: Input (left) and output (right) for 75 o mixed mode load to segment III-unload-

reload to failure cycle for 0.3 mm CZM element 
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Figure B50: Input (left) and output (right) for Mode II load to segment I-unload-full 

reversal to failure cycle for 0.3 mm CZM element 

 

Figure B51: Input (left) and output (right) for 75 o mixed mode load to segment I-unload-

full reversal to failure cycle for 0.3 mm CZM element 

 

Figure B52: Input (left) and output (right) for Mode II load to segment II-unload-full 

reversal to failure cycle for 0.3 mm CZM element 
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Figure B53: Input (left) and output (right) for 75 o mixed mode load to segment II-unload-

full reversal to failure cycle for 0.3 mm CZM element 

 

Figure B54: Input (left) and output (right) for Mode II load to segment III-unload-full 

reversal to failure cycle for 0.3 mm CZM element 

 

Figure B55: Input (left) and output (right) for 75 o mixed mode load to segment III-unload-

full reversal to failure cycle for 0.3 mm CZM element 
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Figure B56: Input (left) and output (right) for arrested Mode I (Segment 2) loading 

followed by Mode II loading in positive 1 direction for 0.3 mm CZM element 

 

Figure B57: Input (left) and output (right) for arrested Mode I (Segment 3) loading 

followed by Mode II loading in positive 1 direction for 0.3 mm CZM element 

 

Figure B58: Input (left) and output (right) for constant Mode II velocity and variable Mode 

I velocity loading for 0.3 mm CZM element 
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Figure B59: Input (left) and output (right) for variable Mode II velocity and variable Mode 

I velocity loading for 0.3 mm CZM element 

 

Figure B60: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

additional Mode II loading in the positive 1 direction for 0.3 mm CZM element 

 

Figure B61: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

additional Mode II loading in the negative 1 direction for 0.3 mm CZM element 
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Figure B62: Input (left) and output (right) for tensile Mode I loading (Segment 3) with 

additional Mode II loading in the negative 1 direction for 0.3 mm CZM element 

 

Figure B63: Input (left) and output (right) for compressive Mode I loading (Segment 2) 

with additional Mode II loading in the positive 1 direction for 0.3 mm CZM element 

 

Figure B64: Input (left) and output (right) for compressive Mode I loading (Segment 3) 

with additional Mode II loading in the negative 1 direction for 0.3 mm CZM element 
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Figure B65: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added equal Mode II loading in the negative 1 and 2 directions for 0.3 mm CZM element 

 

Figure B66: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added unequal Mode II loading in the negative 1 and 2 directions for 0.3 mm CZM element 

 

Figure B67: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added unequal Mode II loading in the positive 1 and negative 2 directions for 0.3 mm CZM 

element 
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Figure B68: Input (left) and output (right) for loading extracted from a model of a UHSS – 

UHSS single lap shear test for 0.3 mm CZM element 

 

Figure B69: Input (left) and output (right) for loading extracted from a model of an 

aluminum – aluminum single lap shear test for 0.3 mm CZM element 

 

Figure B70: Input (left) and output (right) for loading extracted from a model of a UHSS – 

aluminum single lap shear test for 0.3 mm CZM element 
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Figure B71: Input (left) and output (right) for loading extracted from a model of an 

adhesively bonded UHSS axial crush tube for 0.3 mm CZM element 

 

Figure B72: Input (left) and output (right) for loading extracted from a model of an 

adhesively bonded UHSS 3-point bend test for 0.3 mm CZM element 

 

Figure B73: Input (left) and output (right) for Mode I loading for 0.64 mm CZM element 
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Figure B74: Input (left) and output (right) for Mode II loading for 0.64 mm CZM element 

 

Figure B75: Input (left) and output (right) for 45 o mixed mode loading for 0.64 mm CZM 

element 

 

Figure B76: Input (left) and output (right) for 75 o mixed mode loading for 0.64 mm CZM 

element 
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Figure B77: Input (left) and output (right) for Mode I load to segment I-unload-reload to 

failure cycle for 0.64 mm CZM element 

 

Figure B78: Input (left) and output (right) for Mode II load to segment I-unload-reload to 

failure cycle for 0.64 mm CZM element 

 

Figure B79: Input (left) and output (right) for 75 o mixed mode load to segment I-unload-

reload to failure cycle for 0.64 mm CZM element 
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Figure B80: Input (left) and output (right) for Mode I load to segment II-unload-reload to 

failure cycle for 0.64 mm CZM element 

 

Figure B81: Input (left) and output (right) for Mode II load to segment II-unload-reload to 

failure cycle for 0.64 mm CZM element 

 

Figure B82: Input (left) and output (right) for 75 o mixed mode load to segment II-unload-

reload to failure cycle for 0.64 mm CZM element 
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Figure B83: Input (left) and output (right) for Mode I load to segment III-unload-reload to 

failure cycle for 0.64 mm CZM element 

 

Figure B84: Input (left) and output (right) for Mode II load to segment III-unload-reload to 

failure cycle for 0.64 mm CZM element 

 

Figure B85: Input (left) and output (right) for 75 o mixed mode load to segment III-unload-

reload to failure cycle for 0.64 mm CZM element 
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Figure B86: Input (left) and output (right) for Mode II load to segment I-unload-full 

reversal to failure cycle for 0.64 mm CZM element 

 

Figure B87: Input (left) and output (right) for 75 o mixed mode load to segment I-unload-

full reversal to failure cycle for 0.64 mm CZM element 

 

Figure B88: Input (left) and output (right) for Mode II load to segment II-unload-full 

reversal to failure cycle for 0.64 mm CZM element 
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Figure B89: Input (left) and output (right) for 75 o mixed mode load to segment II-unload-

full reversal to failure cycle for 0.64 mm CZM element 

 

Figure B90: Input (left) and output (right) for Mode II load to segment III-unload-full 

reversal to failure cycle for 0.64 mm CZM element 

 

Figure B91: Input (left) and output (right) for 75 o mixed mode load to segment III-unload-

full reversal to failure cycle for 0.64 mm CZM element 
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Figure B92: Input (left) and output (right) for arrested Mode I (Segment 2) loading 

followed by Mode II loading in positive 1 direction for 0.64 mm CZM element 

 

Figure B93: Input (left) and output (right) for arrested Mode I (Segment 3) loading 

followed by Mode II loading in positive 1 direction for 0.64 mm CZM element 

 

Figure B94: Input (left) and output (right) for constant Mode II velocity and variable Mode 

I velocity loading for 0.64 mm CZM element 
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Figure B95: Input (left) and output (right) for variable Mode II velocity and variable Mode 

I velocity loading for 0.64 mm CZM element 

 

Figure B96: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

additional Mode II loading in the positive 1 direction for 0.64 mm CZM element 

 

Figure B97: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

additional Mode II loading in the negative 1 direction for 0.64 mm CZM element 
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Figure B98: Input (left) and output (right) for tensile Mode I loading (Segment 3) with 

additional Mode II loading in the negative 1 direction for 0.64 mm CZM element 

 

Figure B99: Input (left) and output (right) for compressive Mode I loading (Segment 2) 

with additional Mode II loading in the positive 1 direction for 0.64 mm CZM element 

 

Figure B100: Input (left) and output (right) for compressive Mode I loading (Segment 3) 

with additional Mode II loading in the negative 1 direction for 0.64 mm CZM element 
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Figure B101: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added equal Mode II loading in the negative 1 and 2 directions for 0.64 mm CZM element 

 

Figure B102: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added unequal Mode II loading in negative 1 and 2 directions for 0.64 mm CZM element 

 

Figure B103: Input (left) and output (right) for tensile Mode I loading (Segment 2) with 

added unequal Mode II loading in positive 1 and negative 2 directions for 0.64 mm CZM 

element 
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Figure B104: Input (left) and output (right) for loading extracted from a model of a UHSS 

– UHSS single lap shear test for 0.64 mm CZM element 

 

Figure B105: Input (left) and output (right) for loading extracted from a model of an 

aluminum – aluminum single lap shear test for 0.64 mm CZM element 

 

Figure B106: Input (left) and output (right) for loading extracted from a model of a UHSS 

– aluminum single lap shear test for 0.64 mm CZM element 
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Figure B107: Input (left) and output (right) for loading extracted from a model of an 

adhesively bonded UHSS axial crush tube for 0.64 mm CZM element 

 

Figure B108: Input (left) and output (right) for loading extracted from a model of an 

adhesively bonded UHSS 3-point bend test for 0.64 mm CZM element 
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