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Abstract 

The main objective of this work is to improve understanding of the stress state in the adhesive 

layer of bonded joints and identify key parameters which govern performance of adhesive 

joints. This information is crucial for the prediction of the failure initiation and propagation 

with the further estimation of the durability and strength of adhesively bonded structures. 

A systematic numerical analysis of stress state in the adhesive layer of a single-lap and double- 

lap joint under various loading conditions (thermal and mechanical loading) and an alternative 

methodology to predict the direction for crack propagation within adhesive layer are presented 

in this thesis. The identification of the most important parameters of joints is done based on the 

assessment of the peel and shear stress distributions in the adhesive layer. The thermal residual 

stresses arising after assembling of joints at elevated temperature are accounted for in the 

analysis. 

Initially, accurate, realistic 3D finite element model with novel boundary conditions 

(displacement coupling) was developed and validated. The employed boundary conditions 

allow to eliminate the edge effect and simulate the behavior of an infinite plate of composite 

laminate with off-axis layers (monoclinic materials). It is also possible to decouple the edge 

effects induced by the finite specimen width from the interaction with ends of the joint overlap 

region. Due to these advanced setting it is possible to eliminate influence of some of the 

parameters as well as to reduce geometry of the model without losing precision. Thus, the 

model is optimized with respect to the number of elements as well as element size distribution 

and does not require excessive computational power to obtain accurate stress distributions even 

near to the possible sites with stress perturbations (e.g. corners, cracks, etc). Additionally to 

the geometrical parameters, various material models have been employed in simulations of 

adhesive joints. A linear and non-linear material models (adherend and adhesive) was used for 

the single-lap joint, while a linear material behavior was considered for double-lap joint. The 

geometrical non-linearity was also included in the analysis whenever required. To make results 

more general and applicable to a wide range of different joints, the normalized (with respect to 

the thickness of adhesive layer) dimensions of joints were used.  

Depending on the analyzed type of joint (single- or double- lap), combination of similar and 

dissimilar (hybrid) materials for adherends are considered: a) metal-metal; b) composite-

composite; c) composite-metal. In case of the composite adherend (carbon and/or glass fibers) 

different laminate lay-ups were selected: uni-directional ([08]T and [908]T) and quasi-isotropic 

([0/45/90/-45]S and [90/45/0/-45]S).  
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In general, discussion and conclusions concerning the importance of various joint parameters 

are based on the magnitude of the peel and shear stress concentration at the ends of the overlap. 

In order to identify general trends with respect to the influence of mechanical properties of 

adherends the master curves for shear and peel stresses are constructed and analyzed.  

To simulate effect of the residual thermal stresses on the behavior of joints different methods 

for assembly of joints were considered (using dedicated adhesive or employing co-curing 

method). The results of this investigation lead to the conclusions that the one of the most 

important factors affecting the simulation results is the sequences of application of thermo-

mechanical loading for different assembly methods. It is shown that simple superposition of 

thermal and mechanical stresses (most common approach) in the adhesive layer works properly 

only for linear material but it gives inaccurate results if non-linear material is considered. The 

thesis demonstrates the appropriate way to combine thermal and mechanical loads to obtain 

correct stress distributions for any material (linear and non-linear). The analysis of the 

influence of residual thermal stresses has shown that the peel and shear stress concentration at 

the ends of overlap joint and the shear stress within the over-lap region are reduced due to 

thermal effect. In case of composite adherend the co-curing assembly method is more favorable 

(in terms of reducing stress concentrations) than using adhesive for joining the materials. 

Finally, the simulation of the crack propagation within the adhesive layer for the bi-material 

(steel and composite) DCB sample with thick adhesive layer was carried out. The alternative 

to traditional fracture mechanics approach is proposed for the prediction of the crack path in 

the adhesive layer: a maximum hoop stress criterion. The hoop stress on the perimeters of a 

relatively large circle around the crack tip is evaluated to predict the direction of the crack 

extension with respect to the existing crack. The fracture mechanics is used to validate this 

approach and it is proved that if the Mode I is dominant for the crack propagation the hoop 

stress criterion can be successfully used to predict crack path in the adhesive layer. This 

methodology is much more effective (in terms of required time and resources) than energy 

release based criterion or even X-FEM. 

The main result of this thesis is a tool to obtain accurate stress distributions in the adhesive 

layer of joints. This tool provided better understanding of the behavior of adhesive joints and 

allowed to develop new approach for prediction of crack propagation in the adhesive layer. 

This is definitely a development in the design of stronger, more durable adhesive joints for 

lighter structural components.    
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1. Introduction 

In recent years, the environmental and economic costs are the important issues that the public 

is concerned with and there is a demand to reduce people’s impact on those costs [1]. The 

prediction of pollution levels for the next 10 years shows a critical growth to almost three times 

the current values as shown in Figure 1. Thus, in order to achieve the abovementioned goals,  

the transport industry started to reduce vehicle's weight which has led to reducing fuel 

consumption as well as the pollution emission level [2]. 

 

 

Figure (1) The prediction of CO2 emission values during the next 10 years [2]. 

 

The vehicles' weight can be reduced by employing lightweight materials (e.g. see Figure 2 [3]). 

The polymer composites represent the best selection for such purpose because of their unique 

stiffness/strength to weight ratio [4]. Thus, the polymer composite can be used in order to 

achieve those goals (reducing the fuel consumption and pollution emissions), meanwhile, it 

will lead also to increase of the number of passengers and cargo which it can transport. 

Accordingly, the use of polymer composites has been progressively increased in a number of 

applications by various industries such as wind generators, automotive, aerospace, military, 

maritime, etc. [5].  
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Figure (2) An example of weight reduction in automotive applications by employing carbon 

fiber composites [3]. 

 

A composite material is a combination of two or three types of single materials which are 

interacting with each other to create a new material that has better physical properties than the 

original materials, the most common fibers in composites are carbon fiber, glass fiber, etc  [6]. 

The composite material has significant advantages over metals: high strength, lightweight, 

corrosion resistance, better fatigue life, wear resistance, design flexibility, etc. [7]. Moreover, 

the composites are more suitable than the metals to use in most of cryogenic environments and 

low-temperature systems [8,9]. On the other hand, the composite materials also have a number 

of disadvantages that somewhat hinder their wide use, to mention some of those: complicated 

fabrication, complex damage mechanism, difficult damage inspection, higher costs, etc. [10]. 

One of the most important reasons to increase the use of composite materials in structures is 

possibility to control mechanical properties of polymer composite to match the design 

requirements. By changing the fiber orientation, the composites can be made highly anisotropic 

which allows to design structures to be stiff in one and flexible in another direction, depending 

on the loads structure is subjected to during the service. During the last five decades, the 

percentage of polymer composites within aircraft structures has been constantly increasing as 

shown in Figure 3 [11].  
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Figure (3) The percentage of polymer composites within the airplane structure during the last 

five decades [11]. 

 

The best example of most considerable increase of composite use within the primary structures 

is observed in modern airplanes like Airbus A350 (see Figure 3 [11]) and Boeing 787 

Dreamliner (see Figure 4 [12]).  

 

 

Figure (4) Material distribution in the structure of Airbus A350 and Boeing 787 [12]. 

 

However, modern planes are made of multiple materials, which means that hybrid structures 

(metal and composites) will be built in the future with more metal parts replaced by composite 

materials in order to reach even more ambitious goals with respect to lighter structures. 

Assembly of these multi-material structures will require numerous joints between similar and 

dissimilar materials (such as metal-metal, composite-composite, and composite-metal). 
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1.1.  Joint type 

Typically, there are three types of joints: mechanical joint,  adhesive joint, and combination of 

these two (hybrid joint) [7]. Each one of the joint types have some advantages and 

disadvantages. 

 

1.1.1.  Mechanical joint 

The mechanical fastening is considered one of the major type of traditional joining techniques 

and it is widely used in numerous industrial applications like automotive and aeronautics, 

especially for the metal-metal joint [13]. In mechanical joints only the mechanical force needs 

to be taken into account during the design, while for the adhesive joints the chemical interaction 

(e.g. chemical shrinkage) also should be accounted for during the design with respect to the 

integrity of the structure [14]. There are some advantages for the mechanical fastening over 

adhesive joints such as easy to disassemble the joint members (very useful in case of damaged 

parts of the joint), damage inspection is easy during the service time and high probability to 

predict the failure before it happens [14,15]. The joining of polymer composites within the 

structures by using traditional methods (for example rivets, welding, bolts, and other 

mechanical connections [14,16]) is hindered or even impossible in some of the applications. 

Typically seven critical failure modes are identified in mechanically fastened joints of 

composites: net-tension, shear-out, bearing, cleavage, tearing, pull-through and fastener failure 

[17,18], as shown in Figure 5. Six types of those failure modes are disastrous and only the 

bearing type is acceptable because it will happen without separation between the joint 

members. 

 

 

 

Figure (5) Failure modes in bolted composite joints [17]. 
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Moreover, the mechanical joints (rivets or bolts) require drilling of holes which in composite 

parts will create defects and initiate damage within the region around the hole even before the 

service load is applied [19] (see Figure 6). The shape and size of the delamination zone around 

the hole depend on the drilling tools as shown in Figure 7 [20].  

 

 

Figure (6) Delamination area around the drilling holes, (a-c) [19] the dark grey region around 

the machined hole is a delaminated area and the undamaged region is the lighter grey area 

outside the delaminated area, (d) radiography [20], (e) ultrasonic C-Scan [21], (f) 

computerized tomography [21].  

 

 

 Figure (7) Delamination area around the drilling holes by using different drilling tools: a) 

twist drill; b) Brad drill; c) bi-diametric drill [20]. 
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Additionally to defects, the traditional fastening joint will generate a very high stress 

concentration around the hole as shown in Figure 8 [22]. Then the combination of the damage 

from drilling operation and high-stress concentration at the same zone will lead to rapid 

propagation of the damage and ultimately to catastrophic failure of the composite laminate 

(failure modes as presented in Figure 5). While the adhesive joint eliminates these stress 

concentrations and provides even stress distribution along the overlap (see Figure 8). 

 

 

Figure (8) Comparison between the stress distribution of bolt joint and adhesive joint. 

 

1.1.2.  Adhesive joint 

Recently, due to increasing use of lightweight composite structures in various applications, 

adhesive bonding has become more popular within structures. Moreover, the adhesive also acts 

as a sealant or surface coating [23]. For example, adhesive bonding is used in wing structures 

and airplane fuselage [24,25] as well as in automotive internal parts and body [24]. Similar and 

dissimilar adherend materials such as metal-metal, composite-composite, and composite-metal 

with different thicknesses, dimensions as well as different shapes are bonded together by using 

adhesive joints [26].  

The adhesive joint consists of two major elements:  the first one called adherend and the second 

one is adhesive. There are two different names for the joint members: “substrate” and 

“adherend”, based on the member status. The “substrate” refers to the material before bonding 

while “adherend” denotes to the material after bonding [26]. The name “adherend” will be used 

throughout this thesis as well as in the appended papers. The adhesive bonding is considered 

as one of the best alternatives for assembly of multi-material structures due to these advantages: 

almost a uniform stress distribution within the joint overlap (see Figure 8); no need for any 
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machining operations, such as drilling (damage initiation in the bonded materials is avoided); 

high strength to weight ratio; adhesive provides sealing (gaps and voids are filled); possibility 

to joint very thin adherends (less than 500 μm); reduction of the overall weight of the structure 

compared to mechanical joints; enhanced fatigue resistance [22, 27, 28]. However, there are 

some disadvantages for the adhesive bonding: joined parts cannot be easily disassembled; 

service temperature and environment may limit the use of adhesive; adherend surfaces require 

very careful preparation (especially for metal adherends); possible aging of the adhesive 

(resulting in degradation of mechanical properties) during service; low resistance to peel loads; 

the joined parts have to be fixed together during the curing of adhesive; durability and failure 

resistance depending on the processing conditions [7,26,27,29]. 

In general, the adhesive bonding process contains many steps in order to achieve the expected 

strength. It will start with adherend mechanical cleaning to get a surface completely clean and 

free of contaminants. Then, the surface treatment by using chemicals (depending on the 

adherend material) to change the chemical and topographical state of the adherend surface in 

order to improve the adhesion. After that, the adherends surfaces are ready to be joined, the 

adhesive can be applied on the surface of the adherends and then they are pressed against each 

other. The last step for the joining process is curing of the adhesive. The curing cycle depends 

on the type of the polymer, some of the adhesives can be cured at room temperature whereas 

others should be cured at elevated temperatures. The curing cycle at room temperature may 

take several days while the curing at elevated temperature lasts from few minutes to several 

hours in order to achieve the required mechanical properties [28]. There are several types of 

adhesive joints and each one has some advantages and disadvantages since the stress 

distribution within the joint is affected by the joint geometry. This means that the joint 

geometry should be selected according to the expected load case. A terminology and commonly 

used adherend shapes were presented in comprehensive reviews of engineering adhesive joints 

as shown in Figure 9 [23,29]. The damage mechanisms for those joints depend on numerous 

factors such as: joint geometry, environmental conditions, loading conditions, mechanical 

properties of adherends and adhesive, adherend and adhesive thickness as well as the quality 

of the adhesion between the adherends and adhesive (surface preparation has a major effect on 

it) [30]. Furthermore, various geometries have been introduced and tried, as described in 

comprehensive reviews by Matthews et al. [31] and Banea & Silva [32]. However, most 

common joints are still single-/double- lap joints and all other joints are simply variation of 

those joints (that is why we study those “basic” joints).  
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Figure (9) Geometry of different types of the adhesive joint [29]. 

 

1.1.2.1. Common failure modes in adhesively bonded structures 

In general, the bonding mechanisms within the joint can be classified by two definitions: 

“cohesion” and “adhesion”. Cohesion refers to the internal strength of the adhesive depending 

on the forces between the molecules of the adhesive while the adhesion is related to the forces 

between the adherend and adhesive material. The adhesive joint has five characteristic failure 

modes as shown in Figure 10 [28,33]. Adhesive failure (see Figure 10b) and cohesive failure 

(see Figure 10c) are considered the primary failure types. Adhesive failure means that the crack 

propagates at the interfaces between the adhesive and one of the adherend surfaces, whereas if 

the bonding is strong enough the cohesive failure will occur, and the crack will propagate inside 

the adhesive layer. The third type of failure is a mixed failure mode (see Figure 10d), this is a 

combination between adhesive failure and cohesive failure. In this case, both adherends have 

some of the adhesive attached to them as a result of changing the crack path from one interface 

to another through the adhesive layer. Moreover, there are two failure modes related to the 

composite adherend. If the failure happens within the bonding area near to the composite 

interface but still inside the composite (see Figure 10e) this is a fiber-tear failure. The final 

failure mode happens when the bonding interface and adhesive are stronger than the composite 

adherend, in this case, the failure will occur within the composite adherend outside the bonding 

zone, this is a stock-break failure (see Figure 10f).       
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Figure (10) Different failure modes in the adhesive joint: b) adhesive failure, c) cohesive 

failure, d) mixed failure mode, e) fiber-tear failure, f) stock-break failure [28]. 

Consequently, sometimes structures are overdesigned because of the high safety margins used 

for an adhesive joint in order to ensure the integrity of the joint and this diminishes the main 

advantage of use of light composite materials since excessive amounts of materials are used. 

Thus, comprehensive and systematic studies are needed to understand all mechanisms 

involved, to develop models and predict the performance of the adhesive joint in order to design 

optimized lightweight structures. There is a number of on-going research activities dedicated 

to the optimization of joint design with the objective to minimize internal stresses to improve 

overall joint performance. 

The design of the adherend shape within the bonding area is one of the options to reduce the 

peel stresses at the end of the overlap as shown in Figure 11 [32]. Changing the geometry of 

adhesive layer is also method that is employed, for example, using the chamfer reduces the 

stress concentration at the end of the overlap as shown by Moya-Sanz et al. [34]. The stress 

concentration at the end of the overlap can be reduced by using bi-adhesive bonding (see Figure 

12) [35]. An experimental and numerical investigation was presented by Pires et al. [36] for 

using two kinds of adhesives with different stiffness in order to reduce the stress concentration 

at the overlap ends. It has been demonstrated that the strength of the joint can be increased by 

using two different adhesive materials with the lower stiffness adhesive placed at the overlap 

ends. 
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Figure (11) Changing the adherend shape in 

order to reduce the peel stress in composite 

single lap joint [32]. 

Figure (12) Bi-adhesive bonded joint [35]. 

 

There are other numerical and experimental studies [37–40] that deal with the design of the 

interface of adhesive joints. They investigated that the improvement of the fracture behavior of 

structures by using 3D printing procedures to create a very complex interface design (such as 

rectangular, triangular, trapezoidal, and sinusoidal shape). The results show that fracture 

toughness of the specimen can be increased significantly by changing the relation between the 

geometrical pattern of the interface A/λ (A = amplitude, λ = wavelength). 

 

1.1.2.2. Single lap joint 

The single lap joint (SLJ) is considered the most common type of adhesive joints due to simple 

geometry and high structural efficiency. In majority of the joint geometry, including SLJ, the 

adhesive layer transfers the load between the adherends by shear stress. However, the main 

problem related to stress distribution in SLJ is bending of adherends due to eccentricity of the 

load which causes high out-of-plane normal stress (known as a peel stress) concentration at the 

ends of the overlap [34,41]. There are some early studies for SLJ to develop theoretical models 

to analyze the stress distribution within the adhesive layer, such as Goland [42] and Reissner 

& Volkersen [43]. They established that the shear stress distribution along the overlap is not 

uniform, the shear stress is minimum at the center of the overlap and increasing towards the 

edges and reaches the maximum value at the overlap ends. 

There are several other experimental and numerical studies dealing with the effect of geometric 

design on stress distributions within adhesive layer [44–49]. For instance, Khalili et al. [44] 

presented an experimental study of SLJ under four different load conditions: tensile, impact, 

bending, and fatigue. In this work, a reinforcement (such as micro-glass powder, chopped and 
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unidirectional glass fibers) was added to the adhesive layer with different volume fractions to 

improve the joint strength. The results show that when adding the fiber to the adhesive layer 

the joint strength increased except that if reinforcing fibers are oriented perpendicular to the 

load direction. Another paper (Grant et al. [45])  presents an assessment of the performance of 

SLJ under tensile and flexural (three and four-point bending) loading with respect to the several 

geometrical parameters (thickness of the adhesive layer, overlap length, and the spew fillet). 

The stress distributions within adhesive material were evaluated and it was found that the joint 

strength under tensile load can be increased by using 450 spew fillets, whereas it will be reduced 

with increasing of the adhesive thickness (as a result of increase of the bending moment). The 

influence of adherend material, adhesive thickness, adherend thickness, and moisture on the 

SLJ behavior was investigated experimentally and numerically by Broughton & Hinopoulos 

[46]. It was shown that the mechanical properties of the adherend, adherend and adhesive 

thickness have a significant effect on peel/shear stress as well as peel/shear strain distributions. 

The maximum values of stresses and strain are reduced with increasing of joint stiffness (e.g. 

increasing thickness or tensile modulus of the adherend) or by increasing of adhesive thickness. 

The change of the adherend stiffness on the joint strength of similar and dissimilar SLJ was 

studied by Pinto et al. [47] by considering four different adherend materials: glass fiber 

reinforced polymer, carbon fiber reinforced polymer, polypropylene, and polyethylene. The 

obtained results showed that the adherend stiffness has a significant effect on the magnitude of 

the peel stress at the end of the overlap in the adhesive layer. The Banea et al. [48] published 

results showing that the properties of adherend material will not affect the joint strength if the 

overlap is short, whereas it has a significant effect for long overlap. A numerical analysis of 

the peel and shear stress along the interfaces for two adherends thicknesses of unidirectional 

laminates under tensile load was presented by  Yang et al. [49]. This study shows two 

contradicting results: in numerical result, the increasing of adherend thickness lead to 

increasing maximum peel and shear stress while the test result shows higher joint strength for 

thicker adherends. 

Moreover, there is also a number of studies [50–52] dedicated to the analytical and numerical 

investigations for the effect of adhesive SLJ parameters on the stress distribution in the 

adhesive layer. The analysis of the stresses in the middle of the adhesive as well as at the 

interfaces by means of a 3-dimensional numerical simulation for geometrical non-linearity and 

non-linear material was presented by Gonçalves et al. [50]. The results show that the peak 

stresses in the middle of the adhesive are much lower than at the interface. Another study by 

Li et al. [51] presents a 2-dimensional model of composite-composite SLJ by using two 
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different adhesive thicknesses. It was stated that the increase of the adhesive thickness or 

adhesive elastic modulus will lead to an increase in the peak value of peel and shear stresses. 

Also, a review paper was presented by He [52] for simulation of adhesive joints with different 

joint designs.  

Based on the reviewed literature data it may be concluded that the most crucial parameters in 

the SLJ design have been taken into account. Meanwhile, some of the experimental data 

contradict the simulation results or lead to debatable statements/conclusions. For instance, the 

results described in [46] are questionable: the effect of increasing the adherends thickness 

cannot have the same effect as increasing the adhesive thickness. Likewise, the simulation 

results in [51] are conflicted with the results in [49] and the conclusions of the second part in 

the article [46] concerning the increase of adherend thickness. 

 

1.1.2.3. Double lap joint 

The next type of joints of importance after SLJ is a double lap joint (DLJ). The main feature in 

comparison to SLJ for this joint is absence of problem regarding the eccentricity of the load 

and thus reduced out-of-plane stresses. The peel and shear stress distribution for DLJ and SLJ 

have completely different trends. There is no symmetry for peel and shear stress in DLJ with 

respect to the YZ-Plane (see Figure 13) at the middle of the adhesive (X = length direction, Y= 

thickness direction, Z = width direction). Moreover, the peel stress is always compressive on 

one side (next to the inner plate corner) and tensile at the other end (next to outer plate corner) 

as shown in Figure 13.  

 

 

Figure (13) Schematic representation of typical stress distribution and characteristic values 

that are considered in the analysis. 
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This behavior is opposite if compared to SLJ, where the peel and shear stress distributions are 

asymmetrical with respect to the middle of the adhesive and the peel stress is always tensile at 

the end of the overlap. Meanwhile, it should be mentioned that the failure modes of DLJ are 

similar as for SLJ. 

Similarly to SLJ, the behavior of DLJ is well studied and a number of theoretical, numerical, 

and experimental studies for DLJ can be found [53–56]. Amidi & Wang [53] presented a 

numerical and analytical investigation of the effect of three parameters (adherend stiffness, 

adhesive stiffness, adhesive thickness) on the stress distribution within the adhesive. The study 

shows that stiffness ratio (adherend/adhesive) as well as the adhesive thickness have a 

significant effect on shear and peel stress distribution. Moreover, there is a very good 

agreement between the numerical and analytical results. An experimental and numerical study 

for DLJ with three different adhesive materials and four different lengths of overlap was 

presented by Santos et al. [54]. Extended Finite Element Method was used to analyze the 

damage initiation and propagation. The results show that the longer overlap length leads to an 

increase of the load at joint failure and this improvement is larger with more ductile adhesive 

material. It is also shown that the accurate predictions for damage initiation and growth within 

the joint can be predicted by using quadratic nominal stress and maximum nominal stress 

criteria. A 3D finite element method (FEM) was used by Sülü [55] to analyze of DLJ with 

composite adherends under tensile load. The effect of several parameters (such as overlap 

length, joint width, and fiber orientation within composite laminate adherend) on the stress 

distribution in adhesive layer was investigated. The results show that the highest peel stress 

will be obtained for composite laminate with 0° fiber orientation as adherend whereas the 

increase of the overlap length increases the failure load. Another study on stress distribution in 

the adhesive is presented by Mokhtari et al. [56]. The 3D FEM of DLJ was used to study the 

effect of ply thickness as well as the stacking sequence of plies of composite adherends. Non-

linear adherend and adhesive with six different ply stacking sequences are considered. The 

results show that the change of fiber orientation in plies of the laminate (different joint member 

stiffness) as well as change of the fiber type (hybrid composite laminate) in layers neighboring 

the adhesive layer have a significant effect on the level of maximum von Mises, shear and peel 

stress at the end of the overlap. 

There are other studies [30,57] dealing with optimization of the adhesive joint performance by 

using bi-adhesive bonding. Özer & Öz [57] presented a 3D numerical model of adhesive DLJ 

with two types of adhesives within the overlap region with four different bond-length ratios 

(flexible to stiff adhesive zones). The results show that by using appropriate bond-length ratio, 
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the peel and shear stress can be reduced. A more recent similar study is presented by Saleh et 

al. [30], with an experimental, numerical, and analytical investigation for dissimilar DLJ with 

thick adhesive. In this study, the damage was detected experimentally by using Digital Image 

Correlation (DIC) and Acoustic Emission (AE) methods. The obtained result shows that the 

DIC and AE can successfully detect and characterize the damage during the test. Furthermore, 

the FEM result shows that the maximum peel stress appears in the area next to the gap between 

the inner adherends at the center of the specimen.  

As it can be seen from the review in the above sections, there are a number of investigations 

focusing on the analysis of stresses in adhesive joints but all of these reports are for the specific 

case studies which cannot be easily extended to an arbitrary joint with different dimensions 

or/and materials. In reality, to represent an arbitrary joint the ratio between geometrical 

parameters (such as adherends thickness, adhesives thickness etc.) should be studied not the 

actual size of joint members. Thus, in order to cover a wider range of joints and produce results 

leading to more general conclusions the normalized joint dimensions have to be used. 

Therefore, despite a large number of publications for the numerical simulation to evaluate the 

performance of SLJ and DLJ, a more systematic analysis with properly introduced parameters 

is still needed.  

 

1.1.2.4. Thermal residual stresses 

Apart from the material properties or/and geometrical parameters the joint manufacturing 

method may also significantly affect the performance of the joint. In adhesive joints, the 

thermoset adhesive as well as the matrix in the composite adherend has to be solidified during 

the manufacturing. The process of a transition of a liquid monomer to a solid glassy state is a 

chemical reaction under specified temperature and pressure known as polymerization or curing. 

Often such reaction is carried out at an elevated temperature, although there are polymers that 

can be polymerized at room temperature (but it typically takes a longer time). Sometimes 

curing temperature is increased to accelerate the reaction and reduce curing time to shorten 

manufacturing cycle. The temperature, pressure, and time have to be monitored and controlled 

during the curing process to get the required mechanical properties for the adhesive and 

composite [22]. The temperature-time curve for the typical curing cycle of the thermoset 

adhesive is presented in Figure 14.  
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Figure (14) Schematic for temperature vs. curing time of typical curing cycle of the thermoset 

adhesive. 

 

The popular commercial adhesive "ARALDITE 2011 A/B Epoxy" is one of the examples for 

the adhesive that has a wide range of curing temperature, the mechanical properties of this 

adhesive varies with respect to the curing temperature and time as shown in Table 1.  

 

Table (1) Mechanical properties of "ARALDITE 2011 A/B Epoxy" under different curing 

conditions [58]. 

Cure temperature (ºC) Cure time (h) Lap Shear Strength (MPa) 

25 
8  4.9 

24  14.7 

70 
1  21.5 

2  23.5 

150 
5  29.4 

20  30.4 

 

Most of the adhesive joints are made from dissimilar adherend materials with different thermal 

and mechanical properties. In order to glue together the joint members by using thermoset 

adhesive, the whole assembly must be heated up (assuming that adhesive is cured at elevated 

temperature). Once fully cured the joint is cooled down from the manufacturing temperature 

(MT) to the service conditions (in some cases it may be at room temperature (RT)) and due to 

the mismatch of thermo-mechanical properties of the joint members the residual thermal 

stresses (RTS) are generated within the adhesive layer [59]. Similarly, during the 

manufacturing process of the multi-axial composite laminate (when the laminate is cooled 

down from MT to RT) containing plies with different fiber orientation the RTS are generated 

inside each layer due to the mismatch of the ply properties. The magnitude of RTS is larger for 
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higher difference between MT and service temperature as well as for more significant 

mismatch of thermo-mechanical properties between joint members (e.g. thermal expansion 

coefficient and elastic modulus). These stresses may be high enough to initiate the failure in 

the adhesive layer of joint or even in laminate layers even before the mechanical load is applied 

[60]. Thus, during the designing of the structure, the RTS have to be taken into account in order 

to prevent the early damage initiation which may lead to premature failure. The RTS also have 

to be taken into account in the numerical simulations in order to get accurate results and correct 

prediction for the failure.  

As was mentioned above, the manufacturing procedure may strongly affect the performance of 

the joint and the following scenarios for the assembly of joint with composite adherend must 

be considered:  

1) the composite adherend and joint are manufactured simultaneously, in this case the polymer 

in the composite will act as an adhesive or adhesive layer may be added as a film between the 

adherends;  

2) composite laminate is manufactured first and then joint is assembled by using adhesive in 

the form of liquid or film.  

For the first scenario there is only one curing temperature, while for the second case the 

composite and adhesive may be cured at different temperatures. Therefore, depending on the 

thermal history during the manufacturing of joint there will be different levels of RTS which 

are affecting the level of peel and shear stresses within the adhesive responsible for the failure 

of the joint.  

There is a number of publications [59,61–64] dedicated to experimental and numerical 

simulations to study the effect of the RTS induced during the manufacturing (curing) process 

on the performance of the SLJ and DLJ. Jumbo et al. [59] presented a 2D and 3D FEM 

simulation for DLJ and SLJ with similar and dissimilar adherends to investigate the influence 

of RTS on the stress distribution in the adhesive layer. They showed that the RTS for SLJ and 

similar adherends have lower value than for the DLJ and dissimilar adherends. This is 

supported by Jumbo et al. [61] in the study of similar and dissimilar DLJ which found that the 

dissimilar joint has more significant RTS within the adhesive material than the similar joint. 

Another study on the RTS for dissimilar SLJ presented by Zhang et al. [62] concluded that as 

expected, the RTS is increased with increasing the curing temperature but the stress is 

compressive in CFRP and tensile in aluminum adherend as well as in the adhesive layer. 

The effect of the RTS and applied pressure was studied experimentally and numerically for 
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SLJ with different joint parameters (such as adherend thickness and overlap length) by Aydın 

et al. [63]. It was shown that as a result of RTS the peel and shear stresses have maximum on 

the adherend/adhesive interface at the overlap ends. An experimental study for the effect of 

curing process on the performance of dissimilar joint was presented by Nguyen et al. [64]. The 

tests were done under different environmental loadings (e.g. temperature and humidity). The 

obtained results show that the temperature of cure has no effect on the ultimate joint strength 

when the joint tested at room temperature, but it has a major effect if the test is done at elevated 

temperature. 

Furthermore, other experimental and numerical studies [65–69] of SLJ and DLJ concluded that 

on one hand, the RTS reduces the peel stress concentration at the end of the overlap (thus 

delaying the failure), but on the other hand, the RTS results in increase of shear stress 

concentration (which might have promoted failure). 

The presented analysis of existing literature data indicates that the effect of RTS on joint 

performance has been already extensively examined, however, most of these studies account 

for the combined effect of thermal and mechanical stresses by means of linear superposition. 

As it has been demonstrated by the work presented here (Paper B [70] and Paper C [71]), such 

approach may give accurate results for linear elastic materials, but it will produce inaccurate 

results in case if some (or all) of the joint members have non-linear material behavior. Thus, a 

more systematic, realistic, and accurate numerical model with properly applied thermal stresses 

(independent on the material behavior, geometry, and loading type) is needed. One of the main 

objectives of the presented thesis is to develop and validate such model. 

 

1.2.  Analysis of crack propagation in adhesive joints 

Since the failure sequence in joints involves initiation and propagation of the damage in the 

form of crack, the fracture mechanics analysis can be employed as it is the tool typically used 

to predict the crack development within the material. In Linear Elastic Fracture Mechanics 

(LEFM) the three main crack propagation modes (or their superposition) are defined as shown 

in Figure 15. These modes are the following: Mode I, the loads are applied perpendicular to 

the direction of crack propagation (tensile stress is normal to the plane of the crack) and this 

mode is called an “opening mode”; Mode II, the loads are applied parallel to the direction of 

crack propagation (a shear stress acting parallel to the plane of the crack) that is called “sliding” 

or “in-plane shear” mode; Mode III, the loads are applied parallel to the crack front (a shear 

https://en.wikipedia.org/wiki/Shear_stress
https://en.wikipedia.org/wiki/Shear_stress
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stress acting parallel to the plane of the crack and parallel to the crack front) that is called 

“tearing” or “out-of-plane shear”.  

 

Figure (15) Elementary crack propagation modes [72]. 

Several theoretical, experimental, and numerical studies of damage initiation and propagation 

according to different crack propagation modes (Mode I, Mode II, and combination of those) 

are presented in [73–83]. It was demonstrated in [73] that in ideal brittle materials under plane 

loading, the sliding and tearing modes of the crack extension are not present. While the 

dominated mode is opening mode, and the crack propagates at 70° corresponding to the 

direction perpendicular to the maximum tangential stress. In another study [74] 

micromechanical model of debonding around the fiber was developed and it has been shown 

that, in uniaxial loading transverse to the fiber axis, the crack growth is unstable in a mixed 

mode until the debond reaches size 60-70 degrees. After that the propagation is in a pure Mode 

II. Moreover, the debonding crack will deviate from the interface and propagate into the matrix. 

A numerical investigation of mechanisms governing transverse crack propagation in 

unidirectional composites under tensile load normal to the fiber direction was presented in [75]. 

This study considered two cases: a) single fiber/matrix debond which develops to the crack and 

kinks into the matrix following by a debond in the neighboring fibers; b) multiple fiber/matrix 

debonds which link up into the crack during the grows of those defects. The results show that 

a multiple fiber/matrix debonds are more probable to become a transverse crack than single 

fiber/matrix debond. The study of dissimilar beams (composite-steel) and symmetrically 

bonded DCB under pure Mode I (by matching the longitudinal strain distributions of both 

beams at the bondline) were presented in [76]. These results show that in bi-material joints a 

pure Mode I loading can be achieved by using strain-based and curvature-based design criteria 

of the specimen. Moreover, in case of longitudinal strain-based criterion the ratio GII/GI is 

reduced by a factor of 5 in comparison with the flexural stiffness-based criterion. Analytical 

and numerical models for DCB specimen were developed in [77] in order to examine the effect 

https://en.wikipedia.org/wiki/Shear_stress
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of addition of weak layers close to the primary crack on the mechanisms of crack propagation 

and resistance to failure. Those models consider two cracking planes and are based on the J-

integral method and linear dependency between the steady-state fracture resistance and the 

number of cracks. The results show that by adding weak layers close to the primary crack the 

fracture resistance can be enhanced considerably. A simulation of a mixed-mode (Mode I + 

Mode II) for damage initiation and propagation in the adhesively bonded joints was presented 

in [78]. A stress criterion was used to detect damage initiation whereas a fracture mechanics 

criterion has been used to evaluate the crack propagation for the DCB and ENF specimens. A 

virtual crack closure technique was used to predict the crack extension of single and multi-

level delaminations as well as disbond in composite adhesive joints for DCB and ENF 

specimens in [79]. A combined experimental and numerical investigation for DCB and ENF 

test for a pure Mode I and Mode II as well as mixed Mode I+II loading conditions are carried 

out in [80]. This work is dealing with disbond and delamination in composite adhesively 

bonded joints that occurs and grows under mixed mode loading. The criterion that gives the 

critical energy release rate (CERR) with respect to the mixing mode ratio was used, thus, it is 

possible to calculate the CERR for any mode ratio. Another experimental study for a mixed-

mode fracture testing of DCB specimen of composite laminates and adhesive joints under Jig 

load is presented in [81]. The obtained results show that the GIC is approximately one-third of 

the GIIC, moreover, the GIC is independent on the beam thickness and the fracture resistance of 

an adhesive joint does not depend on the crack length. An analytical and experimental 

investigation for the debond growing at the fiber/ matrix interface due to applied load 

transverse to the fiber direction was analyzed in [82]. A boundary element method with the 

possibility of taking the contact between the fiber and matrix into account was used in the 

investigation. The analysis is based on the energy approach, the debonding growth in the arc 

direction is based on the energy-balance criterion while Irwin’s crack closure technique was 

used to calculate the strain energy release rates. The results show that for the large zones of 

debond-face contact (larger than 60°) the debonded zone is closed and the interface failure 

occurs in a pure shear mode. Furthermore, the experimental results show that the debonding in 

the axial direction of the fiber is much larger than in the arc direction. An experimental and 

numerical investigation for Mode I fracture behavior and strength of adhesively bonded of 

DCB was presented in [83]. The obtained experimental results show that the crack will travel 

from the lower adherend to upper adherend within the adhesive layer with kinking angle of 

60°, and these results are validated by using different energy methods for calculating the strain 

energy release rates.  
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There are also very recent publications that deal with crack propagation as a debond at 

fiber/matrix interface [84,85]. A numerical study for different geometric configurations and 

damage states for debonds in cross-ply laminates is presented in [84]. The estimation of the 

debond growth in Mode I and Mode II was done by using a virtual crack closure technique to 

calculate the energy release rate (ERR). The obtained results show that the thickness of 0 layers 

have no influence on the growth of individual debonds. Moreover, the reduction in ERR for 

debond growth happens only if the debond is separated from the ply interface with not more 

than one bonded fiber. The numerical study for different models of repeating unit cells for the 

fiber/matrix debond growth within a thin unidirectional composite was presented in [85]. The 

J-integral and virtual crack closure technique methods were used to estimate the ERR in Mode 

I and Mode II. It was found that the distance between the debonds in the load direction, fiber 

volume fraction, and the location of the free surface with respect to debond have a significant 

effect on the value of ERR. The higher ERR for Mode I and Mode II is obtained when the 

debond has a location close to the free surface and the peak values for energy are obtained for 

larger debnds. There is a  common numerical approach to predict the crack path by use of the 

extended finite element method (X-FEM) [75,86–89]. It allows the crack to propagate through 

the individual finite elements of the model (it requires re-meshing of the area close to the crack 

tip).  

From the overview of the literature, it can be concluded that most often the crack propagation 

is predicted by means of ERR and X-FEM approach. Both of these methods take a long time 

as well as a lot of resources to obtain the crack path. Thus, it would be very beneficial (in terms 

of reduction of computational time and resources) to develop an alternative, simple and direct, 

approach to predict the crack extension direction. This problem is addressed in this thesis 

(Paper F [90]). 
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2. Experimental study of joints 

As shown in the literature overview section there are many publications dealing with adhesive 

joint design, but at the same time, those results show some contradictions when it comes to the 

identification of the importance of different joint parameters. Thus, an experimental 

investigation to identify the most critical parameters and their effect on the joint performance 

is needed so that these parameters can be accounted for in numerical simulations.  

This section describes the experimental results obtained from various tests carried out within 

the presented thesis project. The investigation is performed on specimens manufactured in two 

ways, according to the scenarios described in section 1.1.2.4:   

1) the composite laminate (adherend) is made out of pre-preg and the joint is assembled before 

the composite consolidation (e.g. co-curing method);  

2) the composite adherends are manufactured and then assembled into the joint by curing the 

adhesive layer.  

 

 

2.1. Standard experimental methods 

In order to develop detailed and realistic numerical models to simulate the behavior of adhesive 

joints, it is necessary to recognize the most important material properties and parameters. For 

this reason, a comprehensive experimental program was set up and carried out. The 

experiments on Double Cantilever Beam (DCB), End Notched Flexure (ENF) and SLJ samples 

were performed with similar (Composite-Composite) and dissimilar (Composite-Steel) 

adherends. The typical specimen for the DCB test is shown in Figure 16, it is used to measure 

the interlaminar fracture toughness GIC (Mode I) of composites. The test was carried out 

according to the ASTM D5528-13 standard [91]. An initial crack was produced during the 

manufacturing of the specimens and this crack will be extended as the two arms of the specimen 

are pulled apart.  

 

Figure (16) DCB specimen a) with piano hinges and b) with loading blocks [91,92]. 
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In order to obtain Mode II fracture toughness (GIIC), the ENF test was employed. The test is 

similar to the standard 3-point bending test, but the specimen has an initial crack introduced at 

one of the ends (see Figure 17). The test was carried out according to the D7905M–14 standard 

[93]. The applied load generates shear stresses within the adhesive layer and leads to relative 

displacement between the upper and lower adherends. 

The lap shear strength of the adhesive joint was measured according to ASTM D5868-01 

standard [94]. The typical specimen for the SLJ test is shown in Figure 18. 

 

 

Figure (17) ENF test fixture [93]. 

 

 

Figure (18) SLJ specimen according to ASTM D5868-01 standard [94]. 

 

 

2.2. Adherend materials 

The experimental study was carried out on composite and AlSi-coated boron steel adherends. 

The composite adherend (unidirectional laminate [0N]T with N = 1,2,…) was made out of 

carbon fiber pre-preg T700/E445 with the mechanical properties shown in Table 2. The matrix 

in this pre-preg is a fast curing resin with the curing time of only 7 minutes at 160º C. Apart 

from the composite, AlSi-coated boron steel “USIBOR 1500” (the mechanical properties are 

presented in Table 3) is also used as adherends.  
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Table (2) Material properties of UD T700/E445 CFRP. [95] 

Material property Value Unit 

Longitudinal tensile Young’s modulus 113.6 GPa 

Longitudinal tensile strength 1901 MPa 

In-plane major Poisson's ratio 0.36  

Transverse tensile Young’s modulus 7.7 GPa 

Transverse tensile strength 27.6 MPa 

In-plane minor Poisson's ratio 0.027  

Longitudinal compression Young’s modulus  111.7 GPa 

Longitudinal compression strength  923.2 MPa 

Transverse compression Young’s modulus 8.7 GPa 

Transverse compression strength 140.5 MPa 

Interlaminar shear strength 74.5 MPa 

In-plane shear modulus 4.0 GPa 

In-plane shear strength 65.6 MPa 

 

Table (3) Material properties of HT1150 Usibor 1500P AS150 AlSi coated press-hardened 

steel. [96] 

Material property Value Unit 

Young’s modulus 206 GPa 

Poissons’s ratio 0.3  

Density 7800 Kg/m3 

 

2.3. Adhesive materials 

The epoxy resin is one of the most common adhesive type used for the structure applications, 

due to good overall properties and high strength. It offers high thermal and chemical resistance 

that is considered a primary requirement in many industrial applications. Moreover, the 

properties of the adhesive can be tailored by adding modifiers to reach application requirements 

(e.g. flexibilizers, dilutents [97,98], and reinforced particles [44]).  

The epoxy-based adhesive (Sika Power-533 MBX) intended to joint thermoset composites and 

metals for the automotive applications was used in this study. The adhesive is designed as an 

alternative to the mechanical fastening techniques or as an addition to be used in combination 

with the fastening joint. This adhesive has a high crack resistance, which ensures high safety 

with respect to the catastrophic failure since extreme deformations can be reached. Another 

important advantage of this type of adhesive is its ability to absorb the oil during the heat curing 

without compromising the bonding capacity. Since the main application of the Sika adhesive 

is within the automotive application where production rate is of importance, it is developed to 

have short curing times, within the range of minutes instead of hours. To achieve fully cured 
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material, the Sika adhesive should be exposed to 175º C for 20 min and the mechanical 

properties of this adhesive are presented in Table 4. 

  

Table (4) Properties of Sika Power-533 MBX. [99] 

Young’s Modulus 850 MPa approx. 

Tensile Strength 20 MPa approx. 

Lap shear strength 20 MPa approx. 

Elongation at break 20% approx. 

Glass transition temperature 95º approx. 

Density before/after curing 1.3/1.3 kg/l approx 

Viscosity at 50ºC 1300 Pa⸱s approx 

Curing conditions 20 min at 175º C 

 

To verify the properties of this polymer, the characterization of specimens consisting only of 

adhesive were carried out. One of the tests done on this material was micro-tomography to 

check the internal structure of the adhesive (mostly to check if there are voids). The images 

from the micro-tomography are shown in Figure 19 and they reveal presence of well 

(homogeneously) distributed over the volume particles which are much denser than the 

polymer. It may be speculated that these are metal particles added to the polymer to increase 

the toughness and/or thermal conductivity. At this point, it is not possible to identify the exact 

type of these particles as this information is not disclosed in the datasheet of the adhesive. It 

also may be concluded that the quality of the adhesive in terms of presence of voids is good as 

no visible porosity was detected. 

 

Figure (19) X-Ray tomography of bulk Sika Power adhesive sample (diameter of the cylinder 

≈ 2 mm). 

 

The tensile test at two temperatures below the glass transition temperature (25º C and 80º C) 

was also carried out for the adhesive material. This was done to obtain the stress-strain curves 

which can be used for numerical simulation in future studies (see Figure 20). 
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Figure (20) The stress-strain curve for the Sika Power a) at 25º C and b) at 80º C. 

 

2.4. Specimen design 

To ensure the accuracy of the joint geometry and the joint quality a special mold (see Figure 

21) was used during the manufacturing to obtain good alignment of adherends, constant pre-

defined thickness for the adhesive layer and proper final dimensions of the specimens. In order 

to achieve high-quality materials within the joint (e.g. reduce the void contents in the adhesive 

and the composite adherends), the adhesive layer was applied in a way to minimize the porosity 

and vacuum was used during the whole curing process (vacuum bag was built around the joint 

assembly). 

 

 

Figure (21) The aluminum mold for manufacturing of DCB, ENF, and SLJ specimens. 

 

The SLJ and DCB specimens were tested in axial tension mode using a 10kN INSTRON 3366 

universal machine (equipped with pneumatic grips) at room temperature in displacement 

control experiment. The ENF tests were done on a 5kN INSTRON 4411 machine. The tests 
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were carried out at a constant crosshead speed of 0.5 mm/min for the ENF and 2 mm/min for 

DCB and SLJ tests (according to the recommendations of standards).               

Two types of material assemble (Composite-Composite (C-C) and Composite-Steel (C-S)) 

were used for the DCB and ENF specimens, while only hybrid C-S SLJ was tested. The C-C 

specimens with both composite beams are balanced in terms of stiffness (and it is symmetric 

in case of DCB) and only one of the fracture modes will be dominant (e.g. Mode I for DCB 

and Mode II for ENF). However, for hybrid C-S specimens due to the different material 

properties, a large amount of bending will be induced and a combination of Mode I and Mode 

II will be present, which is not desirable as these experiments are meant to characterize the 

fracture toughness of materials in each of these modes separately. To minimize this problem, 

the flexural deflections for each adherend (beam) of the specimen should be the same, or in 

other words, both adherends should have the same bending stiffness [26,76]. 

The bending stiffness is defined by the Young’s modulus of the material and by the thickness 

of the specimen (see Eq. 1) [76]. Consequently, to match the bending stiffness of adherends 

made out of different materials it is possible to adjust the thickness of each adherend according 

to Eq. 1. As the thickness of the steel plate is fixed, the lay-up of the composite adherend should 

be designed to match the bending stiffness for the steel beam. It means that setting the Dmetal = 

Dcomposite in the Eq. 1 leads to the required ratio between thicknesses of the unidirectional (UD) 

composite and steel adherends. 

𝐸𝑆ℎ𝑆
3

12
=  𝐷11 =

𝐸𝐶ℎ𝐶
3

12
 →  

ℎ𝑆

ℎ𝐶
=  √

𝐸𝐶

𝐸𝑆

3
                                                                           (1) 

where hS and hC are thicknesses of the steel and UD composite adherends, respectively, with 

ES and EC being Young’s modulus of these materials.  

Using materials properties from Table 2 and Table 3, with steel thickness hS = 1.2 mm, the 

thickness of the UD composite plate should be equal to hC = 1.46 mm. According to the 

datasheet [95], the thickness of each pre-preg ply is equal to 0.323 mm and therefore the 

composite laminate should have 5 layers ([05]T) to match the bending stiffness of the steel 

adherend. It should be noted that in theory the thickness of 5 layer laminate should be 1.615 

mm, but during the curing of the pre-preg the thickness of the layer was slightly decreased and 

the final thickness of the laminate (1.4 mm) was very close to the design value of 1.46 mm.  
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2.5 Co-cured manufacturing 

2.5.1. DCB and ENF specimens 

The DCB and ENF specimens were prepared according to the ASTM D5528-13 [91] and  

ASTM D7905M–14 [93], respectively, with the dimensions shown in Figure 22.  

 

 

Figure (22) Dimensions of the DCB and ENF specimens, with UD composite thickness ⁓1.4 

mm, steel thickness =1.2 mm, and width of the sample =20 mm. 

 

As prescribed in the standard, five specimens were used for each test to get reliable results. The 

crack extension until complete separation of the adherends was achieved. In order to obtain the 

variation of the fracture toughness along the specimen, eight loading ramps with approximately 

10 mm of the crack extension in each step were done. After each loading ramp (once crack 

extended by 10 mm) the loading was paused and there was a small pause to ensure that crack 

propagation is stopped (crack tip was marked) then specimen was unloaded to 0N load and the 

next loading step was performed. The data obtained from these tests are Load vs Displacement 

curves. The representative load-displacement curves for DCB and ENF specimens (C-C and 

C-S configurations) are presented in Figure 23 and Figure 24, respectively. 

It is clear from Figure 23 and Figure 24 that there is a noticeable difference between the load-

deflection curves (e.g. overall stiffness and maximum achieved load in each step) for C-C and 

C-S specimens, considering that both types of specimens have the same bending stiffness.  
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Figure (23) Experimental load-displacement curves for the DCB test of C-C and C-S 

specimens.  

 

 

Figure (24) Experimental load-displacement curves for the ENF test of (C-C) and (C-S) 

specimens.  

 

According to the standard (ASTM D5528-13 [91]) and other published sources [100], the 

CERR (Mode I from the DCB test) can be calculated in three different ways: a) Modified Beam 

Theory (MBT); b) Empirical Compliance Calibration Method (ECCM); c) Modified 

Compliance Calibration (MCC).  

The CERR (GIC) is calculated according to the ECCM by using a polynomial of 3rd degree to 

approximate compliance as a function of crack length.  

This method employs the Irwin definition to calculate the CERR (GIC) for Mode I by using the 

following expression [101,102]: 

𝐺𝐼𝐶 =
𝑃𝑚𝑎𝑥

2

2𝑏
 

𝜕𝑐

𝜕𝑎
                                                                                                          (2) 
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where Pmax is the maximum applied load in DCB test to achieve crack propagation, b is the 

specimen width, a is the measured crack length and c is the compliance. 

The GIC had been calculated according to Eq. 2 for the C-C and C-S and the results of the five 

specimens as well as the averaged curves, are presented in Figure 25a and Figure 25b for the 

C-C and C-S, respectively. The comparison between the average GIC for both cases is presented 

in Figure 26 and it is obvious that the GIC for the C-C specimens is 3-4 times higher than the 

GIC for the C-S specimens. For example, the GIC for C-S and C-C at crack extension length of 

0.04 m are 195 J/m2 and 755 J/m2, respectively (as was indicated already in Figure 23). 

 

  

(a)                                                                         (b) 

Figure (25) The critical strain energy release rate for Mode I of a) C-C DCB specimens and 

b) C-S DCB specimens. 

 

 

Figure (26) The comparison between the critical strain energy release rate for Mode I of C-C 

DCB specimens and C-S DCB specimens. 
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Similarly, the CERR for Mode II (ENF test) can be obtained by one of three different methods 

proposed in D7905M–14 standard [93] and literature [100]: a) Compliance Calibration Method 

(CCM); 2) Corrected Beam Theory (CBT); c) Compliance-Based Beam Method (CBBM).  

The GIIC is obtained by using the CCM, this method also employs the Irwin – Kies equation 

[103] to calculate the CERR (GIIC) for Mode II: 

𝐺𝐼𝐼𝐶 =
3𝑚𝑎2𝑃𝑚𝑎𝑥

2

2𝑏
                                                                                                  (3) 

where Pmax is the maximum applied load in ENF test to achieve crack propagation, b is the 

specimen width, a is the measured crack length and coefficient m can be determined from the 

slope of the experimental curve of the cubic power of crack length versus the compliance. 

Eq. 3 has been used to calculate the GIIC for the C-C and C-S and the results for all specimens 

and the averaged curves are given in Figure 27a and Figure 27b for the C-C and C-S, 

respectively. 

The comparison between the average values of GIIC for C-C and C-S is shown in Figure 28 and 

it can be concluded that the GIIC for the C-C specimens is more than two times higher than for 

the C-S specimens. For example, at the crack extension length of 0.01m the GIIC for C-S and 

C-C are 581 J/m2 and 975 J/m2, respectively, while at crack extension length of 0.025m the 

GIIC for C-S is 1166 J/m2 and for C-C is 2795 J/m2, respectively (also indicated in Figure 24). 

 

      

(a)                                                                        (b) 

Figure (27) The critical strain energy release rate for Mode II of a) C-C ENF specimens and 

b) C-S ENF specimens. 

 



Experimental study of joints 

31 
 

 

Figure (28) The comparison between the critical strain energy release rate for Mode II of C-C 

ENF specimens and C-S ENF specimens. 

 

These results show that the Mode II fracture toughness is approximately three times higher 

than that for the Mode I (which is in agreement with conclusions in [81]), meaning that the 

more critical is crack propagation in Mode I (opening) and thus one should pay more attention 

to the peel stresses when designing the joints. Therefore, further in this investigation, only 

Mode I will be considered.  

Another conclusion based on these results may be stated regarding the performance C-C vs C-

S configuration. It is evident that the fracture toughness for the hybrid C-S specimens are 

always lower (in both, Mode I and Mode II) by a factor of 2-3 when compared against C-C 

assembly. One of the reasons for this difference is an incompatibility between the adherend 

and the adhesive which may be characterized by the wettability of liquid polymer of the surface 

of the adherend. The poor wettability is a direct indication of bad compatibility between 

materials. Therefore, the contact angle θ for each adherend surface was measured with the 

results presented further in Section 2.5.3. On the other hand, this behavior may be a result of 

the differences of thermal residual stresses between C-C and C-S specimens. Thus, the thermal 

residual stresses should be taken into account during the simulation.  

 

2.5.2. Single lap joint specimens 

The SLJ with three different overlap lengths (25, 40, and 50 mm) was studied (see Figure 29) 

by measuring the strength of the C-S joint on five specimens for each configuration (tensile 

test following ASTM D5868-01 standard [94]). The experimental curves (load vs 



Experimental study of joints 

32 
 

displacement) for three successful tests of each overlap length are presented in Figure 30a and 

the averaged curves to compare different configurations are shown in Figure 30b. Typically 

the characteristic value for the strength of the SLJ is maximum average shear stress (maximum 

load divided by the area of the overlap) achieved during the test. The evolution of shear stress 

during the test vs overall strain (displacement divided by the distance between grips) is 

presented in Figure 31 for all configurations. 

 

 

Figure (29) Dimensions of co-cured SLJ specimens, width of the specimens is 20 mm. 

 

 

    

(a)                                                                          (b) 

Figure (30) The comparison between load-displacement of a) three samples of each overlap 

length and b) the average value of each overlap length.  
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Figure (31) The comparison of the averaged curves for average shear stress of each overlap 

length. 

  

The results in Figure 30 and Figure 31 show that the overlap length has a significant effect on 

the ultimate failure load and average shear stress at the failure of the lap. The ultimate failure 

load increases with increasing of the overlap length (this result is supported by conclusions in 

Paper A [106]: the peel and shear stress concentrations at the end of the overlap are decreasing 

with increasing the overlap length). While the average shear stress at the failure of the lap 

decreases (but the strain increases) with increasing of the overlap length (see Figure 31 and 

Table 5), these results agree with conclusions in [56,104,105]. It may be stated that this is 

because crack initiation is governed by the stress concentrations rather than the average shear 

stress. As the difference of the ultimate failure load between the specimens with the overlap 

length of 40 and 50 mm is negligible, further in this study only the 25 and 40 mm overlap 

length is considered.  

 

Table (5) Maximum load and maximum shear stress for each overlap length of SLJ 

Overlap length (mm) Max. load (kN) Max. average shear stress (MPa) 

25 7.09 14.85 

40 8.48 10.73 

50 9.09 9.72 
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2.5.3. Contact angle 

Contact angle measurements were performed to evaluate the compatibility of materials by 

means of wettability between solid material (substrate) and liquid. The contact angle θ (or 

wetting angle) is described as the angle between the outline of the contact surface and the 

surface of the liquid. In the case of a not wettable surface, the contact angle is above 90º. While, 

if the contact angle is between 0º and 90º the solid is wettable and the solid is perfect wetting 

if the contact angle is 0º. The wettability of the surfaces was measured by using a sessile drop 

experiment with an optical tensiometer (the water was used as a liquid in these tests). The 

results in Figure 32 show the wettability for the composite and for the coated steel that are used 

in this experiment. This test had been carried out for five samples of each type.  

 

         

Figure (32) The comparison between the water drop over the composite surface at the left and 

the steel surface at the right. 

 

The results show that the average contact angle for the steel is 40º and the average contact angle 

for the composite is 119º. Thus, it may be concluded that the coated steel has a better wettability 

surface than the composite. These results do not support our conclusion (in Section 2.5.1) and 

the difference in the energy is not related only to the surface wettability as expected before. In 

contrast, these results are in agreement with the conclusions in Section 2.6.2 when the adhesive 

material is added. 

 

2.6 Specimens with adhesive layer 

The results of the C-S DCB specimens are discussed in this section with the objective to see if 

use of an adhesive layer can improve the performance of the bonding of dissimilar materials 

comparing to the outcome of the poor adhesion seen for co-cured joints.  

Coated Steel Composite 
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Also, SLJ with different configurations (e.g C-C and C-S) are analyzed and compared here.  

The composite adherend was manufactured separately, before the assembly of the joint, with a 

curing cycle at 160º C for 7 min. The bonding was done by using the Sika adhesive cured at 

175º C for 20 min. 

 

2.6.1. DCB specimens with adhesive layer 

The DCB specimens were prepared according to the ASTM D5528-13 [91] with the 

dimensions shown in Figure 33. In this case, the glass fiber composite layers were added on 

the surface of each beam of the DCB specimens to increase their bending stiffness. Without 

these support layers, the steel adherend will undergo a very high deformation before the crack 

starts to propagate (thus storing energy and violating LEFM assumptions). This is different 

from the tests with the co-cured specimens as there was no needed for this extra layer (in 

adhesive joint higher loads are required to achieve crack propagation than for co-cured one).  

 

 

Figure (33) Dimensions of the DCB specimen, with composite thickness ⁓1.4 mm, steel 

thickness =1.2 mm, and width of the sample =20 mm. 

 

The test was carried out with the same steps as described before in Section 2.5.1 for co-cured 

DCB specimens. 

The representative load-displacement curve of DCB specimens that have Sika Power as an 

adhesive is compared with the result of co-cured C-S DCB specimens (see Figure 34). The 

results show that use of the Sika adhesive increases the load needed to propagate the crack by 

9-14 times compared to the co-cured DCB whereas displacement increased 2-6 times. The 

critical strain energy release rate (GIC calculated using ECM method) for the five specimens 

along with the averaged curve are presented in Figure 35.  
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   (a)                                                                          (b) 

Figure (34) Experimental load-displacement curves for a) C-S co-cured DCB specimens and 

b) C-S DCB specimens with Sika adhesive.  

 

 

Figure (35) The CERR for Mode I of C-S DCB specimens with Sika adhesive. 

 

The averaged curves of GIC vs crack length for DCB with the adhesive layer and co-cured are 

compared in Figure 36 showing increase of GIC 10-40 times for DCB with Sika adhesive. For 

example, the GIC for C-S of co-cured and C-S with Sika adhesive at crack extension length of 

0.04 m are 195 J/m2 and 4215 J/m2 respectively. This difference may be a result of different 

thermal history and mechanical properties as well as material behavior (linear vs non-linear) 

for each adhesive type. To identify the magnitude of the actual effect of each of these factors 

more detailed investigation involving numerical simulations is required. 
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Figure (36) The comparison between the critical strain energy release rate for Mode I of co-

cured C-S DCB and Sika C-S DCB specimens. 

 

 

2.6.2. Single lap joint with adhesive layer 

The C-S SLJ with two overlap lengths (25, 40 mm) and C-C SLJ with 40 mm overlap length 

(see Figure 37) were tested according to the standard ASTM D5868 − 01 [94] to measure the 

joint strength. For the C-S joint, four specimens of each overlap length were tested on the 10kN 

INSTRON 3366 machine. However, the capacity of the machine was not enough to test 

specimens with Sika adhesive (failure of joints could not be achieved). Therefore, to overcome 

this problem the width of the specimens was reduced to less than half of the standard specimens 

(to 10 mm). 

 

 

 Figure (37) Dimensions of SLJ specimens with Sika adhesive, width of the specimens is 10 

mm. 
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The load vs displacement curves for three successful tests of C-S specimens for each overlap 

length are presented in Figure 38a with a comparison of the averaged curves for average shear 

stress as a function of applied strain for each overlap length presented in Figure 38b. The results 

in Figure 38b demonstrate that the average shear stress at the failure of the lap is not affected 

by the overlap length, which is reasonable because the adhesive is ductile (as stated in Section 

2.3) and its maximum lap shear strength is equal to 20 MPa (see Table 4). Thus, the average 

shear stress at the failure of the lap is limited by this value. When the overlap length increases 

from 25 mm to 40 mm the ultimate failure load increases approximately two times (see Figure 

38a), almost proportionally to the bonding area. While the corresponding average shear stress 

for both overlap lengths is approximately the same (see Figure 38b).  

 

    

(a)                                                                          (b) 

Figure (38) The comparison between a) load-displacement of three samples of each overlap 

length b) averaged curve for average shear stress vs applied strain for each overlap length.  

 

The averaged curves for average shear stress vs applied strain for the C-S co-cured and 

adhesively bonded specimens are plotted together for comparison in Figure 39 (25 mm overlap 

in Figure 39a and 40 mm overlap in Figure 39b). The average shear stress at the failure of the 

lap for the Sika adhesive joint is approximately two times higher than for co-cured specimens 

which is obviously a very good improvement of the joint performance. One of the reasons may 

be the non-linear behavior of the Sika adhesive (which is also seen in the overall joint behavior) 

that leads to much higher dissipation of energy and by yielding limits maximum shear stress 

within the adhesive layer. It should be noted that the thickness of the bond-line for these joints 

also significantly differs: very thin (or almost non-existent) for the co-cured specimen and thick 

layer, comparable with the thickness of adherends in case of adhesively bonded joints.  
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(a)                                                                          (b) 

Figure (39) The comparison of the averaged curves for average shear stress between the co-

cured C-S specimens and Sika adhesive specimens for a) 25 mm and b) 40 mm.  

 

For analysis of composite adherends, the five specimens of C-C SLJ with Sika adhesive and 

40 mm overlap length were tested. The load vs displacement curves are shown in Figure 40 

and the averaged curves for average shear stress vs applied strain are presented in Figure 41 

along with C-S joint results. The C-S SLJ with Sika adhesive gives the highest average shear 

stress at the failure, while C-S co-cured joint has the lowest result. These results make sense 

with respect to the material behavior because the ductile material has lower stress 

concentrations at the overlap end which permits the joint to carry more load.  In case of different 

types of C-S (co-cured and with Sika adhesive) the following factors may be responsible for 

their behavior: 1) difference in thermal stresses between co-cured and adhesively bonded 

joints; 2) different ratio between the adhesive and adherend thickness; 3) the behavior of the 

adhesive material (the Sika adhesive is highly ductile while the matrix of composite is brittle).  

Additionally to these factors, one should also consider the quality/properties of the surfaces of 

bonded materials. As it was described in Section 2.5.3 coated steel has a very good wettability 

compare to the composite which should lead to better bonding. In order to explain and verify 

this behavior, the surfaces have to be examined before and after joints are tested. This point is 

not addressed in the thesis.  

Thus, based on these considerations the following important parameters of the joint are 

identified for the numerical study: the effect of thermal residual stress; the ratio between the 

adhesive and adherend thickness; material behavior and mechanical properties of the adhesive.  
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Figure (40) The load vs displacement curves for five samples of C-C SLJ with Sika adhesive 

for 40 mm overlap length. 

 

 

 

Figure (41) The comparison of the averaged curves for average shear stress of specimens 

with 40 mm overlap for co-cured C-S SLJ, C-S SLJ with Sika adhesive, and C-C SLJ with 

Sika adhesive. 
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2.7. Fracture surface and failure mode in the joint 

The fracture surfaces of all types of specimens (DCB, ENF, SLJ) have been examined by means 

of visual observations with photographs presented in this section.  

In case of the co-cured C-C and C-S DCB, all the specimens failed according to adhesive failure 

mode as shown in Figure 42 and Figure 43. As shown in Figure 42, the adhesive layer was 

separated completely from the steel sheet, similar to the composite adherends as shown in 

Figure 43. 

 

  

Figure (42) Fracture surface of co-cured C-S DCB specimens after the test. 

 

 

  Figure (43) Fracture surface of co-cured C-C DCB specimens after the test. 

 

In case of C-S DCB bonded by the Sika adhesive, the adhesive failure as well as a mixed failure 

mode were observed (see Figure 44) with a cohesive failure mode present at the very beginning 

of the crack propagation due to the initial pre-crack in the middle of the adhesive. After that, 

the behavior of the failure was changed to a mixed failure mode (adhesive failure and cohesive 

failure mode) to cover the rest of the failure area as shown in Figure 44. 
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Figure (44) Fracture surface of Sika C-S DCB specimens after the test. 

 

As for the co-cured C-S ENF specimens, the failure occurs within the coating layer of the metal 

adherend, not at the interface between adherends (e.g. adhesive failure). In this case, the failure 

is similar to cohesive failure but within the coating layer instead of the adhesive layer as shown 

in Figure 45. 

 

 

Figure (45) Fracture surface of co-cured C-S ENF specimens after the test. 

 

The same phenomenon was observed for co-cured S-C SLJ specimens: independent of the 

overlap length the failure occurs within the coating layer as shown in Figure 46. The failure 

started inside the coating layer (similar to cohesive failure but within the coating) and then the 

crack moved between the coating and the steel surface. Ultimately, the coating completely 

separated from the steel (silver color in Figure 46) and then peeled off from the steel surface 

and stuck to the composite adherend surface (adhesive failure between the coating layer and 

steel adherend). 
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Figure (46) Fracture surfaces of co-cured C-S SLJ specimens after the test, with three 

different overlaps (25, 40, 50 mm). 

 

But for the C-S Sika bonded SLJ the mixed failure mode (adhesive and cohesive) is observed 

similar to the case for the Sika bonded DCB. However, there is a difference between SLJ and 

DCB: in the case of SLJ, the coating layer is detached from the steel adherend (silver parts) 

and it stays with the adhesive as shown in Figure 47.  

 

 

Figure (47) Fracture surfaces of Sika C-S SLJ specimens after the test, with overlap 40 mm. 

 

The fracture surface for the adhesively bonded C-C SLJ specimens is very similar to the C-S 

joint with some minor difference: some of the fibers are peeled off from the composite 

adherend and remain with the adhesive. The two failure modes (as described in Section 1.1.2.1) 

can be identified in these specimens: mixed mode with small traces of the adhesive on the 

surface of the specimen but otherwise it is an adhesive failure (see Figure 48). The failure 

sequence for these joints is similar to that observed for C-S bonded SLJ specimens (as shown 

further in Section 2.8, Figure 49). 
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Figure (48) Sika C-C SLJ specimens with overlap 40 mm after the test: a) top view showing 

the fibers peeled off from the composite and b) side view showing the cohesive failure mode. 

 

2.8. Sequence of the failure in SLJ 

Since the Sika adhesive is rather ductile and has high strain at failure, it was possible to observe 

in details the deformation of the SLJ, including initiation and propagation of the crack (which 

was not possible in co-cured specimens). The joint deformation during the test was recorded 

and the sequence showing crack initiation and propagation until the specimen failure is shown 

in Figure 49. The cracks are initiated at both overlap ends (opposite to the end of each adherend) 

presumably due to the high peel stress at those points (see Figure 49-a) because of the bending 

(rotation) of the whole joint. Then cracks propagate within the adherend/adhesive interface 

towards the middle of the overlap until the final failure occurs (see Figure 49-b to 49-d). 

To validate the analysis of the deformation and failure sequence with respect to the location of 

the maximum strain which is responsible for the crack initiation and propagation the DIC was 

employed to obtain a full field of strain distribution within the overlap of SLJ specimen. This 

information can be very useful when results of the numerical simulations are analyzed where 

it is possible to identify stress components that are present there and which of them is 

responsible for the failure initiation and propagation. The DIC setup consisted of jAi Go-

5000M-USB camera with FUJINON lenses and data processing was done by using GOM 

Correlate Software. One of the specimen surfaces was sprayed with white (first layer) and black 

(second layer) paints to create a fine speckle pattern required for DIC measurements (as shown 

(b) 

(a) 
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in Figure 50). For control and validation purposes a strain gauge was attached on the SLJ 

surface opposite to the DIC measurements.  

 

 

Figure (49) Failure sequence for Sika C-S SLJ specimens, with overlap 40 mm. 

 

 

Figure (50) Speckle pattern for the SLJ specimen that is prepared for the DIC investigation 

(top view and side view). 

 

Figure 51 shows the strain distribution (equivalent Von Mises strain) obtained from the full 

strain field measurements by DIC. These results allow to follow the evolution of strains within 

the adhesive layer and demonstrate stress concentration points where failure is initiated.  

 

a) b) c) d) 
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Figure (51) Equivalent Von Mises strain distributions in the adhesive obtained from the 

tensile test of SLJ (a) by use of DIC (b-e). 

In order to get the exact time and the required value of strain and load to initiate the crack, AE 

sensor was attached to the specimen along with DIC to detect the exact moment of damage 

initiation. As present in Figure 52, the AE can give a very clear signal when the sensor detects 

the failure event during the test. Thus, the AE can be a very useful tool to use in further tests 

along with DIC in order to get an exact value for the strain and load for the crack initiation and 

then use it to validate the numerical results. 

   

(a)                                                                          (b) 

Figure (52) Acoustic emission signal vs time along with a) load vs time and b) strain vs time. 

The above-mentioned results (in Section 2.7 and 2.8) are very useful as it gives an explanation 

of the failure initiation and propagation which later on can be used for validation of numerical 

simulations of the crack initiation and propagation in SLJ. It should be noted that such 

information is not easy to come by and it is very valuable for the development of the simulation 

tools as well as for the design and optimization of joints. 

a) b) c) d) e) 
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3. Numerical studies  

In order to analyze and predict the performance of joints, it is necessary to obtain accurate 

stress distributions within joint members. However, as was demonstrated in the experimental 

part of this study, due to the complexity of the geometry and material behavior it is not possible 

to obtain an analytical solution for this problem. Thus, numerical simulations have to be 

employed and for this investigation a commercial FEM package ANSYS (utilizing APDL 

codes) is used. As shown in the literature overview (Section 1.1.2) there is a significant amount 

of data available on various types of joints but at the same time these results are somewhat 

contradicting and uncertain. The objective of the current work is to produce more reliable 

results and eliminate uncertainties by developing an accurate numerical model and carry out a 

systematic investigation of parameters that are crucial for the design of joints. The investigation 

includes sequence of phases, starting with definition, application and validation of the FEM 

model with boundary conditions which allow simulation of the performance of any type of 

joints with a wide variety of anisotropic materials. The next stage was dedicated to 

identification of parameters that are most important in terms of the effect on the stress 

distribution within the overlap region of the joint. The stress distribution in actual tested joint 

is affected by the finite geometry of the specimen (e.g. width of the specimen, length of the 

overlap) and the influence of other parameters (e.g. material properties, thickness of the 

adherends, and adhesive layer). Therefore, the stress distribution within the joint may be 

significantly altered and some of the effects would be completely shadowed by so-called edge 

effects. To deal with this issue, special boundary conditions had to be introduced to eliminate 

the finite width effect and simulate infinitely wide plate. In general, this approach is not new, 

the boundary conditions are known as “coupling” and they are often employed for various types 

of problems involving isotropic and orthotropic materials. However, simple displacement 

coupling cannot represent periodicity conditions in more complex materials, such as 

monoclinic composite laminae with off-axis fiber orientations. Thus, more comprehensive 

coupling conditions had to be developed and validated on a number of test-case problems. At 

last, but not least, method for application of thermo-mechanical load had to be also worked out. 

An alternative to most commonly used simple superposition of thermal and mechanical stress 

had to be found to represent different manufacturing strategies of joints. Once the numerical 

model has been created and verified, the actual parametric study of the performance of joints 

was carried out. 

 



Numerical studies 

48 
 

3.1. General considerations for the numerical model 

In order to be able to extend the results of modelling to the wider range of joints, the dimensions 

in the joint geometry were normalized with respect to the adhesive thickness 𝑡𝑎. An example 

for a general 3D model of SLJ is shown in Figure 53 (the actual dimensions can be found in 

Paper A [106]). While the 3D model for DLJ is shown in Figure 54 with more detailed 

information presented in Paper D [107]. To avoid the stress disturbance within the adhesive 

layer for the SLJ and DLJ models the overall length of the joint is large so that the clamped 

ends do not interfere with the stress state in the overlap region. Furthermore, the general 2D 

model for DCB is presented in Figure 55 (more details are given in Paper F [90]).  

 

 

 

Figure (53) Geometry and dimensions of SLJ. 

 

 

 

Figure (54) Geometry and dimensions of DLJ. 
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Figure (55) The geometry and dimensions of the DCB model.  

 

3.2. Finite element mesh 

The FE simulations (using ANSYS) were performed to analyze the effect of various parameters 

on stress distributions in the adhesive layer of SLJ and DLJ as well as to predict crack 

propagation in the adhesive layer of DCB. The simulations for SLJ and DLJ were based on a 

3D model (8-node 3D solid element SOLID185 with three degrees of freedom for each node). 

Crack propagation in DCB was simulated by use of a 2D model (4-node 2D element 

PLANE182 with two degrees of freedom at each node). Two standard built-in ANSYS material 

models were employed in this study for the metal adherend and adhesive: standard linear 

isotropic for linear material and bi-linear isotropic hardening model for non-linear material. 

The composite adherends were modeled as a linear orthotropic material. Moreover, due to large 

deformations and rotations (especially in SLJ) the geometrical nonlinearity option was 

activated in ANSYS in order to improve the accuracy of the results for SLJ and DLJ as 

recommended in the literature [59,108,109]. 

In order to reduce the computational time without compromising the accuracy of results, the 

mesh of the model is optimized by dividing the model into three different regions with different 

mesh refinement (element size) as shown in Figure 56. A very fine mesh is used within 

expected high stress concentrations region, a coarse mesh (fairly large elements) is employed 

for the areas and volumes far away from stress perturbations and an intermediate mesh is in the 

transition zone between those regions. The influence of the element size on the stress values 

within the area of interest was monitored to get an accurate result and ensure the convergence 

of obtained values (more details are presented in Section 2.3 of Paper A [106]). 
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Figure (56) a) Schematics of the overall model, b) coarse mesh in volumes that are far away 

from the joint region, c) medium mesh size in the transition region between adherend and 

adhesive, d) adhesive layer and adjacent adherend layers with a very fine mesh. 

 

3.3. Coupling boundary conditions 

The first validation was done with regard to coupling boundary conditions to check the 

effectiveness of the advanced vs typical coupling (these conditions are explained in Section 2.4 

of Paper A [106]).  This was done by comparing the von Mises stress distribution within a 

composite laminate with [+45]4 layup in Figure 57 for different boundary conditions. It is 

known that in such laminate under tensile uniaxial load there should be homogeneous stress 

distribution and due to the fiber orientation, there should be a global rotation of the whole 

specimen. As shown in Figure 57 there are a lot of stress concentrations when the standard 

boundary conditions are applied (all the nodes at the edges have the same displacement in the 

width direction with periodic coupling to control the displacements for the rest of the nodes), 

while there is no stress concentration at all with the advanced developed coupling conditions. 

Moreover, with these novel boundary conditions the rotation of the laminate (see Figure 57) is 

correctly predicted, and the model represents a repeatable periodic unit that can be used to 

represent an infinitely wide plate.  
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Figure (57) von Mises stress distribution from the ANSYS for [+45]4 laminate by applying 

novel boundary conditions (left) or applying the standard boundary conditions (right). 

 

This means that the computational time can be cut down by a factor of 50–100 compared to 

the model for the actual specimen with large width as it is possible to model only a very narrow 

specimen section with very few elements in the width direction. Meanwhile, extensive mesh 

refinement (with a large number of elements) may be employed in the sections of the model 

where stress perturbation is expected.  

 

3.4. Comparison between the 2D model and 3D model 

Apart from using clever boundary conditions the numerical simulations often employ trick by 

reducing the dimension of the model: instead of a full 3D case using 2D representation. 

Although the 2D model may work in some cases, in many situations the 2D model cannot 

provide as accurate results as complete 3D model.  

In order to check if the current investigation may be done by using a 2D model instead of a 3D 

simulation, the plane strain and generalized plane strain models were compared against the 3D 

model (presented in Section 3.1) with advanced coupling conditions. The normal stress 

distribution (in the width (Z) direction) along the adhesive layer is compared as shown in Figure 

58. It is clear from Figure 58 that the 3D model gives exactly the same value of stress at any 

location within the sample width thus confirming that the coupling conditions work properly 

and the infinite plate is correctly represented. Whereas results from the 2D model depend on 

the assumptions that are made (plain strain vs generalized plane strain). Thus, it may be 

concluded that in order to obtain reliable accurate results it is preferable to use 3D model with 

advanced boundary conditions.  
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Figure (58) Aluminum-aluminum joint with linear adhesive and coupling conditions applied: 

comparison of stress distributions at the middle of adhesive layer for the 3D model (at the 

edges and on the center line along the overlap length) and 2D model with generalized plane 

strain and plane strain. 

 

 

3.5. Validation of the 3D model for SLJ and DLJ 

The results of the SLJ model were validated with respect to the load-displacement curves found 

in the literature (experimental and numerical data) as well as with own experiments. The 

simulation is done by using the same material models as described in Section 3.2. The load-

displacement curves for [0]10T glass fiber laminate from [110] are compared with the results of 

3D simulation in Figure 59a (adherend material is HT145/RS1222, with EA9309.3NA 

adhesive, adhesive thickness 0.155 mm, adherend thickness 1.55 mm, overlap length 20 mm, 

total length of the joint 120 mm, width of the joint 25 mm). The comparison of the average of 

three tests of the SLJ with 3D simulations is shown in Figure 59b (adherend material is 

aluminum, with XN1244 adhesive, adhesive thickness 0.05 mm, adherend thickness 1 mm, 

overlap length 30 mm, total length of the joint 100 mm, width of the joint 10 mm). Moreover, 

the peel stress distribution within the adhesive layer from the numerical study in [46] is 

compared with 3D simulation as shown in Figure 59c (adherend material is aluminum, with 

AV119 epoxy adhesive, adhesive thickness 0.25 mm, adherend thickness 1.6 mm, overlap 

length 12.5 mm, width of the joint 25 mm). The comparison shows a good agreement between 

3D simulations with data from the literature and experiments. More details on validation of 

simulation for SLJ are presented in Paper A [106].    
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Figure (59) Comparison between the data from the literature (a and c) as well as experiment 

(b) versus the current numerical model.  

  

Similar validation is done for the DLJ model by comparing simulation results with 

experimental data provided by Swerea SICOMP for hybrid (composite-metal) DLJ. The 

composite adherend is carbon fiber laminate (HTS5631/RTM6) with lay-up [0/45/90/-45]2S 

and metal adherend is titanium (adhesive thickness 0.1 mm, titanium adherend 2 mm, 

composite adherend 4 mm, overlap length 15 mm, total length of the joint 70 mm, width of the 

joint 25 mm). The DLJ were manufactured in one-step with the RTM6 matrix being also a 

bonding adhesive for the whole joint. The simulation results compare well with the average of 

three tests as can be seen in Figure 60. 
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Figure (60) Comparison between the experimental results from the SICOMP and our 

numerical model. 

  

3.6. Combined thermo-mechanical loading 

As was described earlier (see Section 1.1.2.4), the manufacturing of composite laminates as 

well as assembly of joints often utilize elevated temperatures to achieve curing of the polymer. 

This will cause high residual thermal stresses within the composite laminate and adhesive layer 

when the assembly is cooled down. However, different manufacturing scenarios (e.g. co-curing 

or separate assembly) imply that the thermo-mechanical loading should be applied differently 

and this will very significantly affect the results of numerical simulation. Moreover, modeling 

also should take into account the influence of various material models (e.g. linear or non-linear 

material) and the method to apply mechanical load (e.g. force or displacement). 

The presented thesis proposes an approach to address these issues by performing each 

simulation in several steps depending on the joint manufacturing methods. The following steps 

have to be considered in order to obtain correct stress from thermo-mechanical loading: 1) 

cooling down from curing temperature to RT; 2) application of the mechanical load. The first 

step consists of application of only thermal load (temperature difference) on the model, which 

is not mechanically constrained (and thus it can freely shrink or expand). This step allows the 

calculation of the residual thermal stresses. These stresses are used in the second step as an 

initial condition and then the rest of the mechanical constraints (e.g. clamping and applied load) 

are applied. The effectiveness of this method to combine thermal and mechanical loads is well 

justified when a non-linear material model is considered. The results show that combination of 

thermal and mechanical load may result in the transition from linear to non-linear material 
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behavior. However, this effect cannot be detected if simple superposition of thermal and 

mechanical stresses is used to calculate the distribution of the total resulting stress because the 

response to each part separately may be still linear elastic (more detailed description can be 

found in Paper B [70] & Paper C [71]). This has been demonstrated in Paper B [70] by 

simulation of composite laminate with lay-up [0/45/-45/90]S and validation of results with 

Classical Laminate Theory (CLT). The stress components within each layer obtained from 

simulation and CLT were compared to show a very good agreement (more details are presented 

in Paper B [70]).  

As this approach has been validated, it was used to study the effect of the thermal load on the 

stresses distribution within the adhesive layer in SLJ and DLJ. The general trends with respect 

to the effect of mechanical properties of adherends on the maximum value of peel and shear 

stress at the end of the overlap have been evaluated and master curves were constructed (as 

described in Paper A [106], Paper B [70] and Paper D [107]). 

 

3.7. Crack propagation in the adhesive layer 

As the model to simulate stress distributions in the adhesive layer was developed and validated 

it is possible to analyze stresses to predict failure initiation and crack propagation. The first 

attempt to address failure in joints done in this thesis is the simulation of the crack extension 

within the adhesive layer in DCB. An alternative technique to existing methods based on the 

energy approach or X-FEM to predict crack propagation direction in the adhesive layer was 

proposed. Usually, the direction of the crack propagation is obtained by assessing the direction 

with the highest ERR. This approach needs a lot of time and resources in comparison with the 

current technique which uses only peel stress distribution in front of the existing crack. As the 

stress distribution is monitored away from the crack tip, the proposed approach does not require 

very small elements at the crack tip to achieve accurate results. Moreover, the crack path is not 

limited by the element boundaries and size (like in X-FEM method). The proposed method is 

based on analyzing of the hoop stress 𝜎𝜃 distribution and finding maximum peel stress which 

defines the propagation direction. The stress is monitored along the perimeter line of a 

relatively large circle around the crack tip. 

As the proposed alternative approach for crack propagation is based on the maximum stress 

analysis, which is somewhat unconventional, since the maximum stress is usually used to 

predict crack initiation rather than propagation, the results of such analysis have to be carefully 

validated. Naturally, the long-established method based on the energy criteria (ERR) for crack 
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propagation is chosen for the validation of the proposed new technique. Not only the proposed 

crack propagation criterion is verified but the obtained stress distributions are also checked to 

make sure that the developed numerical model, including all boundary conditions and routines, 

is correct. The verification is done by using numerical simulation (FEM) for the well-

established problems (e.g. center crack in isotropic material and crack propagation in DCB 

specimen) and the results are also verified by comparison to analytical solution as well as 

experimental results.  

The first validation was done on the simple problem which has an analytical solution specimen 

containing center crack and subjected to tension (isotropic material with E = 3 GPa and v = 0.3 

as mechanical properties), see Figure 61. The fracture toughness (K and G) obtained from the 

automated (built-in) ANSYS calculation routines are compared with analytical results and 

manual calculations by using intermediate numerical results (e.g. stresses and displacements 

near the crack tip). The simulation is performed for a 2D model shown in Figure 61b.  

 

 

                                

                          a)                                                                       b) 

Figure (61) Center cracked tension specimen a) Figure from [72], b) FEM model. 2W- 

specimen width, 2a - crack length, σ - tensile stress, P- applied load. 

 

The obtained results show a very good agreement between the numerical and analytical 

solution for calculation of the ERR by using different methods [72,111] and different ways 

(automated by ANSYS or manually) as shown in Figure 62.  
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Figure (62) ERR obtained from numerical simulation and use of different calculation 

methods compared with the analytical solution. 

 

The next validation is done on the 2D numerical model for the center crack case which is 

modified to represent a DCB specimen (see Figure 63). The test of a symmetrical DCB 

specimen (Composite/Composite, thickness of the laminate 1.4 mm, mechanical properties are 

presented in Table 3) without an adhesive layer is simulated. The simulation is done by using 

a 2D element type (PLANE182) with the boundary conditions on the model presented in Figure 

63.  

 

Figure (63) The geometry and dimensions of the DCB model. 

 

In order to select appropriate method to apply energy criteria for the validation of the results, a 

number of calculations are carried out as several different methods to calculate ERR in the 

specimen with crack are available. For example, in case of the DCB specimen (see Figure 63) 

with the crack propagation in Mode I the following routines may be considered: compliance 

calibration, virtual crack closure technique (VCCT), J-Integral and crack closure technique 

(CCT). In Figure 64, different numerical methods to calculate the ERR are compared with the 

experimental results. The comparison in Figure 64 shows that all the methods for the energy 
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calculations have a good agreement with the experimental results. Meanwhile, the CCT 

delivers a smooth curve with least scatter in the results and captures general material behavior, 

while other methods are rather sensitive to the input parameters (e.g. load from the experiment). 

What is more important, the CCT technique is preferred over the other techniques (such as 

VCCT and J-integral) because the energy change due to closure of a finite crack is calculated 

from the stress profile before the crack increment and this corresponds to more accurate stress 

state. Thus, the CCT is selected for the calculation of the ERR for further validation of the 

results.  

 

 

Figure (64) The critical strain energy release rate obtained from numerical simulation and use 

of different calculation methods compared with experimental data. 

 

3.8. Multi-scale modelling  

The CCT method is used to obtain ERR by evaluating the energy U that is needed to close the 

finite increment of an existing crack. The energy U is calculated from the equation below (Eq. 

4 [72]), for the initial crack length 𝑎 and the increment ∆𝑎 which is the part of the crack to be 

closed (the location of the crack tip with respect to the coordinate system is presented in Figure 

55).  

𝑈 = 2 ∙
1

2
∫ 𝜎𝑦

𝑎(𝑥)𝑢𝑦
𝑎+∆𝑎(𝑥)𝑑𝑥

𝑎+∆𝑎

𝑎
                                                                                          (4) 
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Numerically the calculation of the ERR is performed in two steps (two simulations are 

required) to get an input for the Eq. 4: 1) for the crack length 𝑎 to obtain the stress distribution 

𝜎𝑦
𝑎(𝑥); 2) for the crack length 𝑎 + ∆𝑎 to obtain the displacement distribution 𝑢𝑦

𝑎+∆𝑎(𝑥). The 

numerical model in Figure 55 is used for this calculation. The procedure works well and 

produces accurate results for a symmetrical DCB specimen (e.g. 

Composite/Adhesive/Composite with small displacements 𝑢𝑦 around the crack tip). However, 

for the unbalanced DCB specimen consisting of beams with different bending stiffness (e.g.  

Composite/Adhesive/Steel) the accurate results are not readily obtained due to the excessive 

bending of the whole DCB specimen. This causes large global displacements (corresponding 

to the” rigid body” movement in the crack tip region) shadowing small displacements around 

the crack tip related to the opening/closure of the crack. 

To minimize this error a multi-scale (multi-step) procedure was developed, it consists of two 

subsequent numerical simulations. At first, the calculation is performed on the whole DCB 

model. Then the part of the model (see Figure 65) around the crack is selected such that it is 

much smaller than the whole model but large enough to contain a crack tip which does not 

interact with the border of the chosen area. The thickness of the cut-out model (part of the 

model) is selected to contain the adhesive layer and a small part of the upper and lower beams 

(thickness of the included part is 1/8 of the total beam thickness). The length (𝑆𝑜) of the cut-

out is set to be equal to twenty times adhesive thickness (10 ∙ 𝑡𝑎𝑑𝑣  in front and behind the crack 

tip). After the first simulation, the displacements on the perimeter of the cut-out are saved then 

corrected (global displacements occurring due to the bending are subtracted, see Figure 66) 

and applied as boundary conditions for the second simulation. It should be noted that the model 

in these simulations was not re-meshed (with exactly the same mesh and the size/type of 

elements) and the only difference between the complete model and the cut-out is the size and 

boundary conditions. The multi-step procedure is validated by simulating a symmetric DCB 

specimen where the crack tip is not moving in y-direction and comparing the distribution of 

hoop stress in front of the crack tip and displacement distribution behind the crack tip obtained 

from the complete model and the cut-out. These distributions are exactly the same (see Figure 

5 in Paper F [90]) which is proving the validity of the multi-step procedure (more details are 

presented in Paper F [90] Section 3.2). 
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Figure (65) Schematic drawing of the cut-out model with respect to the full model for multi-

scale simulation procedure. 

 

 

Figure (66) Scheme for the dimension of the cut-out model and the applied boundary 

conditions for it. 

 

3.9. Stress state around the crack tip in cartesian coordinate system 

Numerically calculated stress distributions around the crack tip also have been validated 

against analytical solutions for simple cases to make sure that there are no elementary errors in 

the FE model. The same numerical model in Figure 55 along with the coordinate system 

presented in Figure 66 is used for this investigation. The stress distribution in the local singular 

stress region (around the crack tip) for Mode I and Mode II can be calculated theoretically for 

isotropic material assuming plane strain conditions by Eq. 5 [72]. The crack tip location with 

respect to the coordinate system is defined in Figure 67. The singular stress fields around the 

crack tip are given as functions of 𝑟 and 𝜃. 
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𝜎𝑥𝑥 =
𝐾𝐼
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𝜏𝑥𝑦 =
𝐾𝐼
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cos (
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) sin (
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2
) cos (
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𝜃
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) sin (
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2
)]  

where 𝐾𝐼 and 𝐾II are the components of stress intensity factors in Mode I and Mode II, 

respectively.  

 

 

Figure (67) Definition of stress components around the crack tip. 

 

 

The stresses distribution obtained from Eq. 5 (assuming pure Mode I with 𝐾𝐼𝐼 = 0) versus data 

from ANSYS (for symmetry DCB) are plotted in Figure 68. The results show that the stresses 

distribution at the singular stress field in ANSYS are of the same shape as given by the 

analytical solution.  
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Figure (68) Stress distribution around the crack tip from Eq. 5 (left) and stress distribution for 

Mode I from ANSYS (right). 
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3.10. Stress state around the crack tip in polar coordinate system  

In order to validate the stress components in the polar system (𝜎𝑟𝑟, 𝜎𝜃𝜃  and 𝜏𝑟𝜃), the numerical 

stress distributions around the crack tip have been compared with the analytical solutions. The 

definition of stress components (in the vicinity of the crack tip) in polar coordinate system is 

shown in Figure 69 and these stresses can be obtained analytically for plane strain conditions 

[73,111,112]: 

 

𝜎𝑟𝑟 =
1

(2𝑟)
1

2⁄
cos

𝜃

2
 [𝐾𝐼 (1 + 𝑠𝑖𝑛2 𝜃

2
) +

3

2
𝐾𝐼𝐼 sin 𝜃 − 2𝐾𝐼𝐼 tan

𝜃

2
]  

𝜎𝜃𝜃 =
1

(2𝑟)
1

2⁄
cos

𝜃

2
 [𝐾𝐼𝑐𝑜𝑠2 𝜃

2
−

3

2
𝐾𝐼𝐼 sin 𝜃]                                                                             (6) 

𝜏𝑟𝜃 =
1

2(2𝑟)
1

2⁄
cos

𝜃

2
 [𝐾𝐼 sin 𝜃 + 𝐾𝐼𝐼 (3 cos 𝜃 − 1)]  

 

 

Figure (69) Stress components in the vicinity of the crack tip in the polar coordinates system. 

 

The comparison of analytical solution from Eq. 6 (with 𝐾𝐼𝐼 = 0) with the stress distribution 

from the ANSYS is shown in Figure 70. The obtained numerical results are in a very good 

agreement with the analytical solution.  
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Figure (70) Stress distribution around the crack tip from Eq. 6 (left) and stress distribution 

(normalized with respect to the hoop stress) of Mode I from ANSYS (right). 

 

 

At this point, complete validation of the numerical models are done for simple cases (e.g. 

isotropic material, central crack, symmetrical DCB specimen, etc) where analytical solutions 

are available. Now it is possible to proceed with prediction of the crack propagation using the 

maximum hoop stress criterion (the crack extension direction is defined by the direction of the 

maximum hoop stress 𝜎𝜃) and validate it by approach based on the ERR. This is done for 

symmetrical as well as unbalanced DCB specimens (see Paper F [90]).  

In case of using a symmetrical DCB specimen the crack extension will be driven by the 

maximum hoop (also termed as tangential or peel) stress (𝜎𝜃) with the shear stress (𝜏𝑟𝜃) being 

zero (at angle 𝜃 = 0°). While obtained results show that in case of using an unbalanced DCB 

specimen the crack will propagate at the direction where the hoop stress has the maximum 

value with minimum shear stress value (as presented in Table 6, Paper F [90]). The results of 

this work show that this methodology is much more efficient than using energy release based 

criterion or even X-FEM (more details are presented in Paper F [90]). 



Research questions of the thesis 

65 
 

4. Research questions of the thesis 

Based on the information presented in previous sections the objectives of this thesis can be 

summarized as follows: a) develop and verify accurate/realistic numerical model to predict 

stress distributions in adhesive layer of the joint; b) identify critical factors for the joint design 

and perform parametric study for single-lap and double-lap joints to demonstrate the effect of 

these parameters; c) analyzing different scenarios of introduction of thermo-mechanical loads 

to be able to simulate realistic scenarios for the manufacturing of adhesive joints in terms of 

thermal residual stresses; d) propose an easy and straight-forward methodology to predict the 

crack extension direction based on the stress analysis without need to perform comprehensive 

multi-step calculations which require a lot of computational time/resources. 

 

The abovementioned objectives can be translated into these research questions and tasks which 

have been addressed in the thesis:  

1. Development of a finite element model with comprehensive boundary conditions to be 

able to separate effects of stress concentrations due to finite specimen width and interaction 

with the overlap ends;  

2. Perform systematic numerical analysis of the stress state within the adhesive layer to 

identify the most optimal (in terms of stress distribution) ratio between the geometrical 

joint parameters (such as overlap length, adherend thickness, and adhesive thickness);  

3. Study/identify the trends of changes of the peel and shear stress within the adhesive layer 

on the mechanical properties of the adherends (such as tensile modulus; bending stiffness; 

material type; stacking sequence in composite laminate) and construct a master curve 

which described these dependencies; 

4. Assess the effect of the material model (linear vs non-linear) of adherend and/or adhesive 

on the predicted stress state within the adhesive layer; 

5. Develop/implement/validate proper routines for application of the mechanical and thermal 

loads in the non-linear FE model to obtain correct numerical results for the stress state 

within the adherend and adhesive; 

6. Simulate effect from different scenarios of joint manufacturing at elevated temperature 

(e.g. co-curing vs separate joint assembly) with respect to the residual thermal stresses and 

their influence on stress state; 
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7. Perform systematic numerical stress analysis for SLJ and DLJ with the aim to compare 

how various parameters affect the peel and shear stress distribution within the adhesive 

layer of different joints; 

8. Propose/demonstrate/validate new, simple and reliable, methodology to predict the crack 

extension direction based on the maximum hoop stress criterion as an alternative to more 

complicated existing techniques (ERR criterion and X-FEM). 
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5. Summary of appended papers 

This section presents the summary of the thesis based on the research questions/tasks listed in 

the previous section. There are six publications appended to the thesis and those papers 

(referred to as Paper A…F) are briefly reviewed here. 

  

Tasks 1-4 are addressed in Paper A: novel coupling conditions for monoclinic materials 

employed in the numerical model was developed and validated. The method is shown to be 

very robust and universal in terms of structures that can be simulated. For example, accurate 

results can be obtained for all types of composite laminates, including monoclinic materials 

(e.g. off-axis layers, such as [+45]T). A parametric analysis is performed for SLJ to optimize 

the ratio between dimensions of the joint for three different types of SLJ with similar and hybrid 

adherends: a) metal-metal; b) composite-composite; c) composite-metal. The resulting 

optimized geometry (with respect to the least disturbed stress distribution inside the adhesive 

layer) is obtained with the following ratio to the thickness of the adhesive layer: 

adherend/adhesive thickness = 10, overlap length/adhesive thickness = 200. Furthermore, it 

was found that increase of the adherend thickness and/or the overlap length reduces the stress 

concentrations at the ends of the overlap. It was also found that the ratio of tensile modulus of 

the isotropic adherend and adhesive material significantly affects the stresses concentration at 

the overlap ends and the length of the plateau region of the stress distribution in the adhesive 

layer along the overlap length. The increase of adherend stiffness results in lower peel and 

shear stress concentration and shorter plateau region with the same shear stress level. The peel 

stress concentration and shear stress concentration at the overlap ends are reduced with 

increasing the adherend bending stiffness and the adherend axial modulus respectively. In case 

of the quasi-isotropic laminate adherend, the fiber orientation in ply adjoining the adhesive 

layer has a significant effect on the stress concentration and the length of the plateau region in 

the adhesive layer. Replacement of 0-layer with 90-layer for the plies adjacent to the adhesive 

layer in the quasi-isotropic laminate results in higher peel and lower shear stress concentration 

at the end of the overlap. As well as it leads to a longer plateau region for peel and shear stress 

with higher compressive stress peak in peel stress. The non-linear adherend material has a small 

effect when it comes to the transition from linear to non-linear material behavior within the 

adhesive layer. 
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Tasks 4-6 are addressed in Paper B by developing model for infinite plate which can be 

subjected to different loading conditions (e.g. applied force vs applied displacement) with 

various material types (linear-elastic vs inelastic). Thus, it is possible to handle a wide variety 

of cases without limitations due to the validity of loading types and boundary conditions. The 

simulation with residual thermal stresses (due to cooling to service conditions from the curing 

temperature) is done and results show that the thermal history significantly affects the stress 

state within the adhesive layer. The temperature difference is responsible for high stresses in 

the adhesive layer, but it reduces the peel stress concentration at the end of the overlap and the 

shear stress within the plateau region. This has been studied for three combinations of applied 

mechanical and thermal (temperature difference) loads: 1) loads are applied simultaneously; 2) 

loads are applied separately with total stress obtained as superposition; 3) two-step simulation 

with stresses from the thermal load used as initial conditions for the simulation under the 

mechanical load. The following SLJ configurations were considered: a) metal-metal; b) 

composite-composite; c) composite-metal. This study leads to the conclusions that 

simultaneous application of thermal and mechanical loads (as a displacement) does not produce 

correct results and even superposition of stresses from the separate application of loads only 

works well for linear material. Therefore, two-step simulation has to be employed to obtain 

correct results for thermo-mechanical loading situation.  

The study on influence of the manufacturing method of the joint (co-curing vs separate 

assembly) showed that for the composite adherends (either one or both adherends) the co-

curing is more favorable than the separate assembly. The peel stress concentration and shear 

plateau level are lower in co-cured joint than in separately cured adherend/adhesive.  

In case of composite adherend, the stacking sequence of plies also has a noticeable effect on 

the stress state within the adhesive layer. Swapping 0-layer with 90-layer next to the adhesive 

layer in the quasi-isotropic laminate ([0/45/90/-45]S vs [90/45/0/-45]S) results in reduction of 

the peel stress at the ends of the overlap by approximately 60-70%. 

 

Tasks 4 is also addressed in Paper C by looking into application of the thermal and mechanical 

loads for metal-metal SLJ with a non-linear material model for the adherend and adhesive. 

Different combinations of thermal and mechanical loads are applied to study how this affects 

the transition of linear/non-linear material behavior within the adhesive layer. The results 

confirm earlier conclusions that in order to get reliable and accurate stress distributions in the 

adhesive layer the thermal and mechanical loads have to be applied in two successive steps. 
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Furthermore, the superposition method to combine stresses from the thermal and mechanical 

loading does not work for the non-linear material model.  

It was also observed that the thermal load has more significant effect than mechanical (at the 

same magnitude of change) on a local material behavior (linear vs non-linear).  

 

Tasks 7 is covered by Paper D and Paper E, in Paper D by studying a double-lap joint under 

thermal and mechanical loading applied in a sequence: the thermal load is applied to generate 

stresses as the initial condition for the simulation with mechanical load. The metal-metal and 

composite-composite DLJs were studied. The dependence of the stress state within the 

adhesive layer on adherend stiffness, ply stacking sequence, adherend thickness, and 

manufacturing (one-step vs two-step) has been studied. It was possible to construct the master 

curves for the maximum peel and shear stress at the ends of the overlap as a function of the 

axial modulus of the adherends. The peel stress is compressive (the value mostly depends on 

the modulus of the adherend in the thickness direction) at the overlapping end next to the inner 

plate corner (see Figure 13), while it is tensile at the other end next to the outer plate corner 

(the value of stress depends on the axial modulus of the adherend). The shear stress 

concentration at the overlap ends and the plateau region are reduced with increasing the axial 

modulus of the adherends. Furthermore, the maximum shear stress at the overlap ends increases 

and the maximum compressive peel stress decreases as the ratio of the distance between the 

inner adherend/thickness of outer adherend is reduced. The thermal load significantly reduces 

the maximum peel and shear stress at the overlap ends. As for the ply sequence, the peel stress 

concentration at the tensile side is significantly reduced by swapping the 0- and 90- plies 

adjacent to the adhesive layer in a quasi-isotropic laminate.  

 

Paper E addresses the comparison of the performance of SLJ and DLJ of three different types: 

a) metal-metal; b) composite-composite; c) composite-metal. The effect of adherend stiffness 

(carbon and glass fiber composites, aluminum), adherend thickness, ply stacking sequence, 

manufacturing method (one-step or two-step) are considered as main parameters. The results 

show that increasing the thickness of one of the adherends (keeping the other one constant) 

results in reduction of the peel stress concentration at the overlap ends of DLJ. While for SLJ 

it results in reduction of the peel stress concentration at the overlap end next to the corner of 

the thinner plate but on the other end concentration increases. Moreover, the shear stress 

concentration at the end of the overlap next to the thinner plate corner for SLJ and DLJ is 

reduced with increase of the thickness of the inner or outer adherend plate, but it is increased 
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at the other end. Furthermore, when a thermo-mechanical load is applied the lowest peel stress 

concentration for SLJ can be obtained for composite-metal combination while the peel stress 

concentration is compressive for DLJ. 

 

Finally, task 8 is addressed in Paper F which proposes a new approach to predict the crack 

extension direction as an alternative to the common methods based on ERR and X-FEM. The 

main idea in Paper F is to predict the direction of the crack extension from the maximum hoop 

stress criterion which utilizes stress monitored on a relatively large circle perimeter around the 

crack tip. The advantage of this method is that there is no need for a very fine mesh at the crack 

tip because the analysis is focused on the region far away from the crack tip. Therefore, this 

method does not require high computational power and contrary to the ERR and X-FEM 

methods, it takes a fairly short time to obtain a solution.   

The obtained results also demonstrated that the stress should be monitored within a certain 

distance from the crack tip and bond-line, to avoid interference with the crack and the influence 

of the adhesive/adherend interface.  

The other considered parameter is the initial crack length. It has a negligible effect on the crack 

extension direction if the initial crack is long enough and the effect is rather significant if the 

initial crack is short.  

It was also concluded that apart from the obvious influence of the in-plane mechanical 

properties of adherends, the out-of-plane properties also affect the direction of the crack 

extension.  

The robustness of the maximum hoop stress-based method was validated by introducing crack 

extensions in directions that do not correspond to the direction coinciding with the maximum 

hoop stress. However, the next propagation step always directed crack back to the path initially 

predicted by the maximum hoop stress. Moreover, the approach was also verified by the 

method based on ERR and the results fully confirmed that the new proposed criterion can be 

successfully used to predict the crack path in the adhesive layer if Mode I is dominant. 
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6. Future work 

The presented thesis has developed tools for accurate stress analysis which can take into 

account thermal residual stresses as well as it has proposed a new approach which utilizes the 

maximum hoop stress criterion to find the direction of the crack extension. Therefore, future 

work may be carried out to predict the failure modes and crack initiation and propagation in 

the SLJ and DLJ and study effects of temperature with the possibility to use different types of 

materials. However, the numerical simulations have to be supported and validated by the 

comprehensive experimental program. These tests should be done by using advanced 

measurement methods to characterize microstructure of joints and monitor stresses and strains 

of joints under thermo-mechanical load.   
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A B S T R A C T

This paper presents systematic numerical study of stresses in the adhesive of a single-lap joint with the objective
to improve understanding of the main material and geometrical parameters determining performance of ad-
hesive joints. For this purpose a 3D model as well as 2D model, optimized with respect to the computational
efficiency by use of novel displacement coupling conditions able to correctly represent monoclinic materials (off-
axis layers of composite laminates), are employed. The model accounts for non-linearity of materials (adherend
and adhesive) as well as geometrical non-linearity. The parameters of geometry of the joint are normalized with
respect to the dimensions of adhesive (e.g. thickness) thus making analysis of results more general and ap-
plicable to wide range of different joints. Optimal geometry of the single-lap joint allowing to separate edge
effect from end effects is selected based on results of the parametric analysis by using peel and shear stress
distributions in the adhesive layer as a criterion. Three different types of single lap joint with similar and dis-
similar (hybrid) materials are considered in this study: a) metal-metal; b) composite-composite; c) composite-
metal. In case of composite laminates, four lay-ups are evaluated: uni-directional ([08]T and [908]T) and quasi-
isotropic laminates ([0/45/90/-45]S and [90/45/0/-45]S). The influence of the abovementioned parameters on
peel and shear stress distributions in the adhesive layer is examined carefully and mechanical parameters
governing the stress concentrations in the joint have been identified, this dependence can be described by simple
but accurate fitting function. The effect of the used material model (linear vs non-linear) on results is also
demonstrated.

1. Introduction

There are many reasons motivating development of lighter struc-
tures in various vehicles for transportation. Those factors are environ-
mental and economic; both of them are related to reduction of fuel
consumption. Decrease of fuel consumption by lighter vehicles will
translate in significant reduction of cost and pollution which is of major
interest for transport industries, especially for aerospace, aeronautics
and automotive [1]. One of the routes to achieve weight savings is to
use new lighter materials in structures, such as fiber reinforced polymer
composites. Due to excellent mechanical properties to weight ratio
polymer composite materials are widely used in aerospace, automotive
and marine industries. For example, the use of carbon fiber composites
in the primary structure of an aircraft offers weight savings up to
20–30% compare to the structure made from metal. The newest com-
mercial aircrafts, such as Airbus A380 and Boeing B787, are built using

25–50wt % composites in structures [2].
Using composites in structures along with other materials means

that dissimilar materials have to be joint together, typically for com-
posites adhesive joining is employed. There are many different types of
adhesive joints but the single-lap joint (SLJ) and double-lap joint (DLJ)
are the most common. SLJ is used more often than the DLJ due to the
high structural efficiency and simple geometry. However, the dis-
advantage of SLJ is the eccentricity of the load which during the
loading (simple tension) causes bending in the adherends and results in
a very high peel stresses in the adhesive layer. Thus, optimization of
this type of joint is necessary to improve stress distribution in the ad-
hesive layer to increase overall joint strength.

There are number of studies dedicated to the experimental as well as
theoretical and numerical investigations of the relation between the
parameters of SLJ (e.g. material properties, geometry, etc.) and stress
distribution in it. Along with optimization of the joint parameters new,
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more comprehensive, modeling tools are also developed. A 2D model
with geometrical non-linearity for composite-composite SLJ with two
values of adhesive thickness (ta = 0.13, 0.26mm) and different mesh
sizes is presented in reference [3]. The study shows the effect of change
of the adhesive thickness and finite element number/size (2 and 6-
elements in thickness direction) in adhesive layer on stress and strain
distributions in the joint. It is observed that the peak values of shear and
peel stresses increase with increase of elastic modulus and thickness of
the adhesive layer. Experimental results and numerical simulations of
SLJ under tensile as well as flexural (four and three-point bending) load
were presented in reference [4]. Effect of various parameters, such as
the overlap length, the bondline thickness (adhesive layer thickness)
and the spew fillet was investigated. It was found that under tension the
45-degree fillet (instead of sharp ends of adhesive layer) increases the
joint strength while it is reduced with thicker adhesive layer due to
increase of the bending moment. In another study [5] the peel and
shear stresses along the interfaces of SLJ with unidirectional composite
laminates as adherends under tension were analyzed numerically for
two adherend thicknesses. The simulation results show that increase of
adherend thickness causes increase of the maximum peel and shear
stresses, meanwhile the test shows contradicting results, the joint
strength increases with increase of the adherend thickness. The influ-
ence of adhesive thickness, adherend material, adherend thickness as
well as moisture on behavior of SLJ was studied experimentally and
numerically in reference [6]. The results showed that the change of
adhesive and adherend thickness as well as material properties have a
significant effect on peel and shear stress and strain distributions. Au-
thors conclude that maximum stresses are reduced by increasing the
joint stiffness (i.e. increasing tensile modulus or thickness of the ad-
herend) or by increasing the adhesive thickness. The peel and shear
stresses in adhesively bonded aluminum with polymer composite were
evaluated analytically and numerically by considering various joints
(single-lap and single-strap) under tensile and flexural loads in re-
ference [7]. It was found that the peak stresses value cannot be reduced
simply by increasing the overlap length.

Three important joint design parameters (overlap length, adherend
thickness, and adherend width) were investigated experimentally in
some studies [8,9] for similar and dissimilar adherends of SLJ and DLJ.
Study on dissimilar adherends were carried out in reference [10]. This
study dealt with the experimental and numerical evaluation of the in-
fluence of the adherends stiffness on the strength of the SLJ for similar
and dissimilar adherends. As an adherend materials polyethylene,
polypropylene, CFRP, and glass fiber reinforced polymer (GFRP) com-
posites were used. It was found that the adherends stiffness has a sig-
nificant effect on the magnitude of peel stresses in the adhesive layer.
Similar study where the influence of properties of adherends on the
mechanical behavior of adhesive SLJ was investigated experimentally
and numerically is presented in [11]. The results showed that joint
strength is significantly affected by the adherend material properties
only for larger overlaps while in case of relatively short overlaps the
effect is not as important. A 3D model of a SLJ including non-linear
material and geometrical non-linearity with specific element type (in-
terface elements) was used in reference [12] to calculate the stresses at
the adhesive-adherend interface. The obtained results showed that the
peak stresses at the interfaces are much higher than in the middle of the
adhesive layer. More references about the finite element analysis of
adhesive joints with simulation results of different joint designs can be
found in a review paper [13].

The brief review on adherend stiffness effect on peak stresses pre-
sented above illustrates that the stiffness effect varies: sometimes it is
rather significant while in other cases it is almost negligible. Such
evident “uncertainty” actually illustrates that it is not the elastic mod-
ulus itself which determines the shape of stress distributions but rather
the ratio of elastic modulus for used constituents.

The above studies render a lot of useful results for particular cases,
but several of them are missing the point that the stress distributions do

not depend on the size of adherends, adhesives etc. when linear and
also non-linear material models are used to calculate stress distributions
at fixed average stress. The distributions depend on the ratio between
geometrical parameters and, hence, one of the dimensions, for example,
the adhesive thickness can be used as a parameter to introduce di-
mensionless thickness of adherend, overlap length, width of the spe-
cimen etc. Thus making observed trends more general and applicable to
much wider range of joints. Understanding this feature, allows under-
standing that increasing the adhesive thickness has the same effect as
decreasing the adherend thickness (assuming that the overlap length
and the width of the specimen are much larger than the adhesive
thickness and therefore stress perturbations are not interacting). As a
consequence the conclusion from reference [6], see above, becomes
contradicting: increasing adherend thickness cannot have the same ef-
fect as increasing adhesive thickness (which effectively means de-
creasing the adherend thickness). Furthermore, simulations in reference
[3] show increase of peak stresses with increasing adhesive thickness
(which is equivalent to decreased adherend thickness), so this trend
which is also confirmed in experiments [5,6] seems to be correct.
However, it contradicts not only to the second part of conclusions in the
same paper [6] but also to simulation results in reference [5] where the
increase of adherend thickness leads to increasing peak stresses. These
few examples show that in spite of very useful information available in
literature, more systematic simulations using properly normalized
parameters are required to reveal the role of different geometrical
parameters on stress distributions.

The objective of this paper is to contribute to improved under-
standing of these trends performing more systematic numerical study of
stresses in the adhesive with following goals and specifics:

1. Using in analysis geometrical as well as stiffness parameters nor-
malized with respect to adhesive parameters.

2. Separating effect on stress concentrations of finite specimen width
from phenomena acting on overlap ends. 3D model as well as
computationally efficient 2D model with novel coupling conditions
representing the middle part of a wide specimen is used to establish
the normalized width and overlap length which ensures that stress
perturbations are not interacting and overlapping. The novelty of
the coupling conditions is in their ability to treat monoclinic ma-
terials in joints (off-axis layers of laminates in global coordinates).

3. This model is used to study the effect of the normalized joint overlap
length and the adherend thickness on peel and shear stress dis-
tribution. Effect of adherend and adhesive stiffness ratio on stress
concentrations is revealed.

4. The model is employed to evaluate the effect of stiffness of members
in joints with dissimilar and heterogeneous adherends (material
type; stacking sequence of plies in composite adherend).

5. Effect of linear as well as non-linear (bi-linear) behaviour of ad-
herend and/or adhesive on stress concentrations.

Obtained stress distributions are validated against other data pre-
sented in the literature.

Although failure sequence analysis is not performed in this study,
one of the most important achievements of this paper is development of
model that produces accurate stress distributions which can be used
further in the analysis of the damage initiation and failure of joints.

2. Numerical model

2.1. General considerations

In this study the stress analysis for a SLJ subjected to tensile load
was carried out by using a commercial FEM package ANSYS 16.0
(utilizing APDL codes). The 3D model used is based on the geometry
and dimensions shown in Fig. 1, it should be noted that adherends of
equal length are modeled. The dimensionless coordinate system is
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related to the geometry of the SLJ as follows: 1) X-axis is aligned with
the length direction; 2) Y-axis corresponds to the thickness direction; 3)
Z-axis is related to the width direction. In order to simulate tensile test
of the SLJ (see Fig. 1), one of the ends of the model (at =X L t/2t a) is
fully clamped (all displacements Ui and rotations ROTi are zero:

= = = = = =U U U ROT ROT ROT 0x y z x y z ) while load in X-direction
(average stress x) is applied (at =X L t/2t a) with other displacements
fixed ( = =U U 0y z ). The other boundary conditions and loads are de-
scribed in details further in Section 2.4. The adhesive joint region is
rather far from = ±X L t/2t a and therefore the stress distribution in the
adhesive, which is the main subject for investigation is rather in-
sensitive to some of the end loading conditions.

All geometrical parameters are normalized with respect to the ad-
hesive thickness ta.

2.2. Materials

The analysis was carried out using linear and non-linear material
models. In order to represent non-linear materials, standard material
model (bi-linear isotropic hardening) available in ANSYS was em-
ployed. It should be noted that when non-linear material model is
employed the convergence of solution with selected elements can be
achieved only if the option of the geometrical non-linearity in ANSYS is
switched on due to possible presence of large deformations and rota-
tions. In order to improve the accuracy of the results (as demonstrated
in reference [14]) and exclude influence of the presence/absence of this
option when linear and non-linear material models are compared, all
calculations in this paper are performed with activated geometrical
non-linearity.

Three different types of SLJ with similar and dissimilar materials are
considered in this study: a) metal-metal (M-M); b) composite-composite
(C-C) (uni-directional as well as multi- directional laminates); c) com-
posite-metal (C-M). In case of composite laminates in SLJ the following
stacking sequences are considered: 1) uni-directional laminate (UD)
([08]T or [908]T), 0-direction aligned with X-axis; 2) quasi-isotropic
laminate (QI) with the lay-up [0/45/90/-45]S or [90/45/0/-45]S. The
material properties (Young's modulus E, shear modulus G, Poisson's
ratio v, coefficient of thermal expansion α) used in simulations are listed
in Table 1 (the material notations are given in brackets), the thickness
of adherends (including ply thickness in composite laminate) and ad-
hesive is given further in the text. Moreover, the stress-strain curves for
non-linear aluminum and non-linear adhesive are shown in Fig. 2.
Further in the text and graphs, the notation in Table 2 will be used.

2.3. Finite element mesh

A standard ANSYS 3D solid element (SOLID185) [18] was used for
meshing. This element contains eight nodes and each node has three
degrees of freedom. In order to optimize mesh with respect to the
computation time and accuracy, the model was divided in three regions
with different elements sizes:

a) coarse mesh with large elements close to the surface of adherends,
away from the bond line + < < +t t Y t t(0.5 / 0.5) ( / 0.5)s a s a and

< <t t Y t t( / 0.5) ( 0.5 / 0.5)s a s a ;
b) medium mesh in the middle of adherends, closer to the bond line

+ < < +t t Y t t(0.125 / 0.5) (0.5 / 0.5)s a s a and
< <t t Y t t( 0. 5 / 0. 5) ( 0. 125 / 0. 5)s a s a ;

c) fine mesh in the adhesive layer and in the adjacent layer of ad-
herend.

< < +Y t t0 (0.125 / 0.5)s a and < <t t Y( 0.125 / 0.5) 0s a .
The length of a large element is 1/300 of total length (Lt), while

length ratio of large element to medium and small elements is 4:1 and
20:1 respectively. The full model and parts of the model with different
element sizes are shown in Fig. 3.

To simulate eight layers of composite laminate, eight volumes
through the thickness of the adherend were created. XZ-plane co-
ordinates of each volume are adjusted with respect to the fiber or-
ientation for particular layer. Each volume (layer) is divided in multiple
elements through the thickness. The number of elements through the
thickness of each ply varies along the Y-coordinate of the laminate,
depending on how close the ply in the laminate is to the adhesive layer.
There are five elements through the thickness of the ply adjacent to the
adhesive, while next three plies have two elements through the thick-
ness and the next four layers are represented only by one element.

In order to obtain the convergence of results, influence of the mesh
size on the stress values was studied. The critical region near to the end

Fig. 1. Geometry and dimensions of single-lap joint.

Table 1
CFRP, GFRP and aluminum adherends and adhesive mechanical properties.

CFRP unidirectional lamina (CF) [15]

E1 = 130 GPa G12 = 4.5 GPa v12 = 0.28 α1 = -0.9×10-6 1/K
E2 = 8GPa G13 = 4.5 GPa v13 = 0.28 α2 = 27×10-6 1/K
E3 = 8GPa v23 = 0.49 α3 = 27×10-6 1/K

GFRP unidirectional lamina (GF) [16]
E1 = 40 GPa G12 = 4GPa v12 = 0.25 α1 = 6×10-6 1/K
E2 = 8GPa G13 = 4GPa v13 = 0.25 α2 = 35×10-6 1/K
E3 = 8GPa v23 = 0.45 α3 = 35×10-6 1/K

Aluminum _ linear (Al) [17]
EAl = 71GPa vAl = 0.33 αAl = 23.1×10-6 1/K

Aluminum _ non-linear (AlN) [18]
EAl = 71GPa vAl = 0.33 αAl = 23.1×10-6 1/K

Y
Al=280MPa ET

Al= 500MPa

Adhesive _ linear (A) [17]
Ead= 2.7 GPa vad = 0.4 αad = 63×10-6 1/K

Adhesive _ non-linear (AN) [17]
Ead= 2.7 GPa vad = 0.4 αad = 63×10-6 1/K

Y
ad =10.8MPa ET

ad= 465MPa

Indexes: 1-fibres direction, 2-transverse to the fibers direction, 3-out-of-plane
direction, T-tangential. The material notations used further in the text are given
in brackets ().

N.J. Al-Ramahi et al. International Journal of Adhesion and Adhesives 87 (2018) 191–204

193



of the overlap (within singularity region) where high stress level is
expected was selected to check peel stress values. Results fully converge
as element number reaches 176,000 while already at approximately
50,000 elements the error is within 0.1% (see Fig. 4). From practical
considerations, in order to reduce the computational time (by ap-
proximately factor of 10) the model with the mesh of 50,000 elements
was selected for further calculations.

For validation purposes, the results of the developed model were
compared against data from the literature. The first case used for
comparison was SLJ consisting of composite (HT145/RS1222, Hankuk
Fiber Glass Inc., Korea) with the layup of [0]10T as adherends. The
adhesive was epoxy resin mixed with particles obtained from grinding
of carbon fiber-reinforced composite. The simulation was performed for
the C-C joint with the following dimensions: =t mm0.155a ; =t mm1.55s ;

=W mm25 ; =L mm120t and =L mm20o [19]. As well as, with the
following mechanical properties for composite and adhesive: E11=119
GPa, E22= E33=9.28 GPa, G12= G13=4.64 GPa, ν12= ν13=0.34,
ν23=0.59; Ea=2.62 GPa, νa=0.38, Y

a =46.8MPa. Good agreement
between numerical simulations (current paper and reference [19]) is
obtained, as can be seen from the comparison of global load-displace-
ment curves shown in Fig. 5.

Another comparison is done with the simulations for M-M joint of Al
and AV119 Epoxy (non-linear adhesive) with the following joint di-
mensions: =t mm0.25a ; =t mm1.6s ; =W mm25 ; =L mm112.5t and

=L mm12.5o . The stress-strain curve for AV119 Epoxy, as well as the
following mechanical properties for aluminum are used: EAl=72 GPa,
vAl =0.35 [6]. In this case also good agreement is obtained for the
global response (load-displacement curves in Fig. 6). Moreover, local
stress and strain distributions in the adhesive layer along the overlap

also agree well with the numerical simulation from reference [6] as
shown in Fig. 7 (the strain distributions are not presented here due to
the limited space). These comparisons verify that the current model
does not have any critical errors.

2.4. Coupling boundary conditions

In order to perform parametric analysis of the SLJ, the end effects
(at = ±X L t/2o a) have to be separated from the edge effects at
( = ±Z W t/2 a) due to final width of the joint, leaving the width effects
to separate study. Therefore, the initial model used in this investigation
represents the stress state in the middle of an infinitely wide structure
(adherends and adhesive layers are infinitely wide plates). To achieve
this representation a special type of BC has to be employed - coupling
applied on displacements. These boundary conditions also allow sig-
nificant improvement of the accuracy of calculations, since in absence
of edge effects very narrow model with very few elements in width
direction and a large number of elements of small size in other direc-
tions can be used. The computational time is significantly reduced be-
cause the overall number of elements is smaller. The computational
time may be cut down by the factor of 50–100 (e.g. instead of getting
solution in ten hours it can be obtained within minutes). It has to be
pointed out that simple (or standard) coupling is commonly used with
good results for isotropic materials or orthotropic composites laminates
(with no different results obtained with the currently presented
method). However, when monoclinic composite layers with off-axis
fiber orientations are present simple displacement coupling leads to
edge effects and more elaborate boundary conditions have to be used.
The comprehensive coupling conditions employed in the current model
are described in this section.

The following boundary conditions (coupling) are applied:

1. The first set of coupling is applied on the edges of the adherends and
adhesive layer on both edges separately ( =Z W t/2 a and

=Z W t/2 a, see Fig. 1). The coupling of displacement Uz is enforced
on vertical lines along each edge on which all belonging nodes are
selected and coupled together ( =U X Y W t U( , , /2 )z

k
k a z coupled

k ) and
( =U X Y W t U( , , /2 )z

k
k a z coupled

k ) as shown in Fig. 8. Note, that here
and further in the text displacement with index “coupled” is not
known a priori but is a result of the FE calculation. This means that
all nodes on one of the lines indicated in Fig. 8 will have the same
displacement Uz. This coupling is applied along the length of the
joint on every set of nodes with the same X-coordinate (on both
edges separately).

2. The second set of coupling is applied on nodes running through the
width (from =Z W t/2 a to =Z W t/2 a, at fixed Xk and Yn see Fig. 1)
of the adherends and the adhesive layer. These lines belong to ZX-
planes which can be drawn through the top and bottom faces of

Fig. 2. Stress-strain curve for a) non-linear adhesive (AN) and b) non-linear aluminum (AlN).

Table 2
Notations and mechanical properties for composite laminates with several
stacking sequence.

Material Stacking
sequence

Notation Mechanical properties

Text graphs Ex GPa BS N.m

CFRP [0/45/90/-45]S CF-QI-0 (0-layer next
to the adhesive layer)

CF1 49.6 59

CFRP [90/45/0/-45]S CF-QI-90 (90-layer
next to the adhesive
layer)

CF2 49.6 21

CFRP [08]T CF-UD-0 CF3 130 87
CFRP [908]T CF-UD-90 CF4 8 5.3
GFRP [0/45/90/-45]S GF-QI-0 (0-layer next

to the adhesive layer)
GF1 19.2 19

GFRP [90/45/0/-45]S GF-QI-90 (90-layer
next to the adhesive
layer)

GF2 19.2 9.6

GFRP [08]T GF-UD-0 GF3 40 27
GFRP [908]T GF-UD-90 GF4 8 5.4

BS: bending stiffness; Ex: axial modulus
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elements. Coupling of displacements Ux and Uy is enforced on all
nodes belonging to the horizontal line ( =U X Y Z U( , , )x

k
k n x coupled

kn )
and ( =U X Y Z U( , , )y

k
k n y coupled

kn ) as shown in Fig. 9.

2.5. Selection of the model for parametric analysis

One of the targets in the optimization of joint design is to minimize
stress concentrations and achieve as homogeneous (uniform) as pos-
sible stress distribution in the adhesive layer. The current paper focuses
on reaching this goal by using the developed numerical model to per-
form parametric analysis of SLJ. The condition for optimal stress dis-
tribution is based on analysis of peel and shear stresses in the adhesive
layer: plateau in stress distribution and the depth and heights of stress
perturbation will be considered as parameters characterizing the dis-
tribution. The parametric analysis is performed in two stages; the first
step is dedicated to establish an optimal ratio between dimensions of

Fig. 3. a) Schematics of the overall SLJ model, b) coarse mesh at the ends of the joint, c) mesh in the transition region between adherend and adhesive, d) adhesive
layer and adjacent adherend layers with fine mesh.

Fig. 4. Mesh convergence for [Al/A/Al] with =t mm0.2a ; =t t/ 10s a ; =L t/ 200o a
and =W t/ 5a . Dotted line corresponds to converging value.

Fig. 5. Comparison of simulated global load-displacement curves (current and
ref. [19]), C-C joint: =t mm0.155a ; =t mm1.55s ; =W mm25 and =L mm20o .

Fig. 6. Comparison of simulated global load-displacement curves (current and
ref. [6]), Al-Al joint: =t mm0.25a ; =t mm1.6s ; =W mm25 and =L mm12.5o .
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the joint members. Once these ratios are obtained, certain parameters
are fixed while one is varied within wide interval to see the effect of this
parameter on the stress distributions in the adhesive layer. In this
analysis the load is induced by applying macroscopic stress x equal to
60MPa at the right end of the SLJ (at =X L t/2t a) (see Fig. 1).

The adhesive thickness will be equal to =t mm0.2a . Such choice is
made based on the experimental and numerical data often reported in
literature [10,11,20,21] and it is also comparable with the typical
thickness of single ply in composite laminate ( mm0.12 0.3 ). The rest
of geometric parameters will be presented as a ratio with respect to
the adhesive thickness. The effects of the following geometrical
parameters are evaluated and these ratios with respect to adhesive
thickness will be used: a) adherend/adhesive thickness ratio

=t t/ 10, 20, 30, 40, 50s a ; b) overlap length/adhesive thickness ratio
=L t/o a 30, 50, 100, 150, 200, 250, 300. The total length/adhesive thick-

ness ratio of the SLJ is kept constant at =L t/ 1500t a . Further in the text
the adherend/adhesive thickness ratio is denoted as adherend thick-
ness, the overlap length/adhesive thickness ratio is denoted as overlap
length and the total length/adhesive thickness ratio is denoted as total
length. The parameters to be studied and the intervals within which
they are varied are chosen based on the literature review presented in
Section 1. Calculations (except Section 3.6) are performed by using
linear elastic material model. This case can be considered as the worst-

case scenario since stress concentration is not limited by the yield of
the material.

3. Results and discussion

As was mentioned earlier the analysis is focused on peel and shear
stresses in the adhesive layer of the SLJ. If no other description is
provided then the stress distributions presented in graphs are along the
overlap length from =X L t/2o a to =X L t/2o a in the middle of the
adhesive layer on =Y 0 at the center line of the joint ( =Z 0). In this
section, when the stress distribution has symmetry with respect to the
line at =X 0 only half of the distribution will be presented.

3.1. Coupling effect

In order to validate and demonstrate coupling boundary conditions
the simulation of SLJ with quasi-isotropic carbon fiber laminate (CF-QI-
0) adherends and linear elastic adhesive (A) was selected. The details of
the model, including the material properties, are described in Sections
2.1–2.4. Average stress x equal to 60MPa is applied on the free end of
the SLJ ( =X L t/2t a) by using the following joint dimensions: =t t/ 10s a ,

=t mm0.2a , =L t/ 200o a and =L t/ 1500t a . The peel and shear stress
distributions obtained from the model with and without coupling were
analyzed for joints of different width ( =W t/ 5, 50, 150a ). The stress
distributions along the length of the joint overlap (X-axis) at different
locations within the joint were mapped (on the edges and on the center
line of the joint: at =Z W t W t/2 ,0, /2a a). The results for the model
with and without coupling boundary conditions are presented in Fig. 10
and Fig. 11 respectively. The effect of coupling is very clear: there is no
difference between stress distributions on the edges and in the center of
the joint for any width if coupling is applied (Fig. 10). The model
without coupling (Fig. 11) produces different stress distributions on the
edge at =Z W t/2 a and at =Z 0 which indicates is a dependence on the
width.

To make these differences more clear the stress distributions along
Z (across the width) in the middle of the model (at =X 0and =Y 0) are
shown in Fig. 12. It is obvious that for the model without coupling there
is strong dependence of the stress level in the middle of the joint on the
joint width. While in the case when coupling is used, stress level does
not change if wider joint is modeled at the same applied stress. More-
over, as width increases for the model without coupling, stress level in
the middle of the joint approaches value obtained for the case when
coupling is applied (case of an infinitely wide plate). These results
prove that the applied coupling eliminates edge effect and thus, unless
otherwise stated, further in the calculations coupling is applied and the
joint with width of (W t/ a=5) is used for parametric analysis.

Fig. 7. Comparison of the peel stress (a) and shear stress (b) distributions in adhesive with reference [6], Al-Al joint: =t mm0.25a ; =t mm1.6s ; =W mm25 and
=L mm12.5o .

Fig. 8. Front view for coupling of displacement Uz applied on the nodes with
the same X-coordinate belonging to the vertical lines on the edge.

Fig. 9. Coupling ofUx andUy on nodes belonging to lines through the width of
the joint.
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3.2. Optimization of joint dimensions for the numerical model

This section contains results of simulations to optimize SLJ dimen-
sions for further analysis. The optimization is performed with respect to
the plateau in stress distribution – long and stable plateau should be
obtained to separate stress distributions at both ends. As well as the
acceptable depth of stress perturbation is identified. Each subsection
contains information about particular parameter which is varied and
only specific information about the model is given. However, other
details about the model, including the material properties (CF-QI-0 with
adhesive (A)) are listed in Table 1.

3.2.1. Effect of the overlap length
To study the effect of the overlap length the peel and shear stress

distributions in the overlap area will be analyzed. For such analysis, the
adherend and adhesive thickness ratio is fixed while seven different
overlap lengths are used ( =L t/ 30, 50, 100, 150, 200, 250, 300o a ). The
thickness of the adhesive layer is assigned equal to =t mm0.2a . The
adherend in SLJ for this simulation is CF-QI-0 with eight layers ([0/45/
90/-45]S), with the ply thickness of 0.25mm and the total thickness of
the adherend equal to =t t/ 10s a .

As can be seen from the peel and shear stress distributions presented
in Fig. 13, there is no plateau region for short overlap length of

=L t/ 30, 50o a and it starts to appear at =L t/ 100o a (but for rather small
distance, less than the half of the overlap length). As expected and has
been shown in other studies [7] a longer plateau region in stress dis-
tribution curves develops with increase of overlap length while the
stress concentration at the overlap ends is reduced. For the studied
system, as can be seen from Fig. 13, the distinct plateau region is
achieved at the overlap length of =L t/ 150o a . The dependence of

perturbation depth on the length of the overlap is presented in Fig. 14.
In this case the perturbation depth is defined as distance at which stress
level recovers to 97% of `plateau value (at =X 0). As seen from Fig. 14
the absolute value of the perturbation depth does not change with
overlap length equal or longer than =L t/ 150o a . Thus, for this particular
material and thicknesses of adherends the optimal overlap length in SLJ
which ensures distinct plateau region is =L t/ 200o a and it will be used
in further simulations presented in this study unless otherwise is stated.

3.2.2. Adherend thickness effect
The parametric analysis presented here is performed using fixed

length of overlap =L t/ 200o a and the adherend thickness is varied:
=t t/ 10, 20, 30, 40, 50s a . The loading case here is realized via applica-

tion of stress x . In the SLJ specimen the applied force in X-direction is
equal to the tangential force acting along the mid-plane of the adhesive
layer. From this force balance a simple expression can be derived for the
dependence of the average shear stress in the adhesive xy av

a
( ) on the

applied macroscopic stress .x

= t
Lxy av

a s x
( )

0 (1)

According to (1) increasing the adherend/adhesive thickness ratio
t t/s a, while keeping the same applied stress and dimensionless overlap
length L t/ a0 , would lead to increasing average shear stress and tan-
gential force. This would artificially skew the conclusions regarding
stress peaks in stress perturbation zones. To avoid such situation cal-
culation results for all adherend thickness values have been scaled to
the same applied force of 120 N.

The results presented in the Fig. 15 show that stress perturbation
depth increases due to increase of adherend thickness. The plateau
region in stress distribution completely disappears at =t t/ 40s a which

Fig. 10. Peel (a) and shear (b) stress distributions at the edges ( =Z W t/2 a and =Z W t/2 a) and on the center line ( =Z 0) along the X-coordinate within the
adhesive at =Y 0 for [CF1/A/CF1] for three different width ( =W t/ 5, 50, 150a ) with coupling conditions applied.

Fig. 11. Peel (a) and shear (b) stress distributions at the edge ( =Z W t/2 a) and on the center line ( =Z 0) along the X-coordinate within the adhesive at =Y 0 for
[CF1/A/CF1] for three different width ( =W t/ 5, 50, 150a ), without coupling conditions.
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means that stress concentrations from both ends overlie. Consequently,
the overlap length when stress perturbations become non-interactive
depends not only on the adhesive thickness: it increases with increasing
adherend thickness. On the other hand, the value of stress concentra-
tions at the end of the overlap decreases with increasing adherend
thickness (see Fig. 15 and Fig. 16). This result contradicts conclusion in
[5] and agrees with conclusions in [3] and [6]. However, if in simu-
lations the applied stress would be kept constant then the applied load
and resulting average shear stress in the adhesive would increase pro-
portionally to the adherend thickness. Not only the average shear stress
but also the peak value would increase as stated in reference [5].

Thus in simulations where the average shear stress in the overlap is
kept constant an increase of adherend thickness results in larger stress
transfer distance with lowered peel and shear stresses in this zone.
Therefore, the effect of the adherend thickness on the plateau value of
shear stresses may be rather weak which is confirmed by results in
Fig. 15.

A zone with compressive peel stresses can be noticed close to the
overlap end. For thinner adherends the magnitudes of the compressive
stress peak increases and moves towards the end of the overlap. This
feature may be of importance when it comes to the delay of the in-
itiation of damage or its propagation. Since lower normalized adherend
thickness corresponds to smaller stress perturbation region, the ad-
herend thickness of =t t/ 10s a is the most suitable among the inspected
values for studying stress concentrations in non-interactive regime and
thus this ratio will be used for the rest of this study.

3.2.3. Summary of the parametric analysis
The results presented in the Section 3.2 are for the SLJ of C-C (CF)

but for the verification purposes simulations were also performed on Al-

Al, (GF) C-C and on hybrid C-M (CF-Al and GF-Al) joints. The results
showed similar trends for all of those joints but due to the limited space
these data are not presented here. In all cases the adherend thickness
and overlap length had significant effect on stress distributions in SLJ:
1) the perturbation zone (depth) is stabilizing when the overlap length
is =L t/ 150o a ; 2) the stress concentration is decreasing with increasing
overlap; 3) the increase of adherend thickness results in larger pertur-
bation zones but with lower stress concentrations (see Fig. 16).

In general, it may be stated that the results and trends found in this
parametric study are applicable for the SLJ with any of the materials
used here. The only noteworthy difference is found for the shape of
stress distributions for hybrid C-Al joints. In particular, the distributions

Fig. 12. Comparison of the peel (a) and shear (b) stress distributions for [CF1/A/CF1] along the width (from =Z W t/2 a to =Z W t/2 a) in the middle of the adhesive
(at =X 0) obtained from model with (w/c) and without (wo/c) coupling.

Fig. 13. Peel (a) and shear (b) stress distributions for different overlap length in [CF1/A/CF1], with =t mm0.2a and =t t/ 10s a . The dashed line through triangles
shows trend of maximum stress value change with respect to the overlap length.

Fig. 14. Depth of stress perturbation vs total overlap length, for [CF1/A/CF1],
with =t mm0.2a and =t t/ 10s a .
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are not symmetric anymore with respect to the center of the overlap
(X=0).

Based on this parametric analysis the final dimensions of SLJ are
selected and used further in the paper for studies of the effect of ma-
terial properties: adhesive layer thickness =t mm0.2a , adherend thick-
ness =t t/ 10s a , overlap length =L t/ 200o a , total length of the joint

=L t/ 1500t a .

3.3. Adherend stiffness effect

In this section the results of the study of the effect of adherend
stiffness on the stress distribution in the adhesive layer are presented.
Three different joint types are considered: M-M, C-C as well as C-M. In
case of C-M, CF and GF composite adherends with three different
stacking sequences are considered. The stress distributions for these
cases are presented and discussed.

3.3.1. Isotropic adherends
In order to evaluate the effect of the stiffness on the stress dis-

tribution in the adhesive layer, all of the parameters of the joint are
fixed and only stiffness of the adherends is varied. It is assumed that it is
M-M joint (isotropic material) with the stiffness values of E = 140, 70
and 35 GPa (the Poisson's ratio of the aluminum in Table 1 is used, and
shear modulus is calculated). As seen from Fig. 17 the stress con-
centration is reduced (this is in agreement with results presented in
[6]), and the stress perturbation depth is increased (but the compressive
peak stress value does not change) with increase of the adherend
stiffness.

3.3.2. Different adherend material types
This section evaluates the effect of different types of adherend

materials (Al, CF and GF, including different lay-up in case of compo-
sites) used with the same adhesive (A) on stress distribution in the
overlap region of the SLJ. The simulations are performed with similar
and dissimilar adherends, with the following lay-ups for composite la-
minates: UD ([08]T and [908]T), QI ([0/45/90/-45]S).

The comparison of stress distributions in adhesive for SLJ with both
adherends of the same material (Al, CF-QI-0 or GF-QI-0) is shown in
Fig. 18. The shape of distributions and level of stresses are fairly similar
for all joints with lowest compressive peak stress value for Al closer to
the overlap ends. Also, longer plateau region and shorter stress per-
turbation depth are obtained for Al. Meanwhile, the results show also
that GF-QI-0 give the maximum stress concentration at the end of
overlap. It should be noted that Al has higher in-plane stiffness than
both of the quasi-isotropic composite laminates. Moreover, the Al is
modeled as isotropic material and SLJ with this material bends more
than the composite joint when subjected to tension. The results are in
agreement with conclusions from the previous section when CF-QI-0
and GF-QI-0 are compared but do not follow the same trend if com-
parison is made between Al and composites. This is possibly because all
materials analyzed in previous section were isotropic.

The results of simulation for SLJ with dissimilar adherends (CF-Al)
are presented in Fig. 19. The shape and level of stress distribution are
very similar for joints with composites CF-UD-0 (CF3) and CF-QI-0 (CF1)
while more differences are observed for CF-UD-90 (CF4). The most
significant difference is for the stress values at each end of the overlap.
These differences are attributed to the mismatch of bending stiffness of
adherends and can be summarized as:

1. For C(CF-QI-0)-Al, the peel stress is by 15% lower and the shear
stress is by 20% higher at =X L t/2o a (next to aluminum corner)
than at =X L t/2o a (next to composite corner).

2. For C(CF-UD-90)-Al, the peel stress at =X L t/2o a (next to alu-
minum corner) is four times lower with a big difference in the be-
havior of minimum stress and shear stress is four times higher than
at =X L t/2o a (next to composite corner).

3. For C(CF-UD-0)-Al, the peel stress is by 35% and shear stress is by
25% lower at =X L t/2o a (next to aluminum corner) than at

=X L t/2o a (next to composite corner).

3.4. Effect of ply stacking sequence in composite adherend

In this section SLJ both adherends made of the same composite
laminates are considered. The comparison is made between behavior of
UD and QI, as well as between QI with different plies adjacent to the
adhesive layer: a) [0/45/90/-45]S; b) [90/45/0/-45]S.

The results in Fig. 20 obtained for CF show that the stacking se-
quence has a major effect on stress distributions in the adhesive, the

Fig. 15. Peel (a) and shear (b) stress distributions for different adherend thickness. For [CF1/A/CF1], with =t mm0.2a and =L t/ 200o a .

Fig. 16. Maximum peel and maximum shear stresses value with respect to
different adherend thickness. For [CF1/A/CF1], with =t mm0.2a and

=L t/ 200o a .
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highest stress level is observed for the CF-UD-90 composite while the
lowest value of stress is obtained for the CF-UD-0 laminate. This is
consistent with findings in Section 3.3, since transverse 90-layer has
lowest stiffness and longitudinal 0-layer is the stiffest. The 90-layer also
gives higher peel stress in the compressive region with shorter depth of
stress perturbation. In the case of the QI lower stress concentration is
also obtained when stiff 0-layer is next to the adhesive layer rather than
when 90-layer is placed next to the bond line. Swapping 0-layer with
90-layer in the QI results in longer plateau region for peel and shear
stress with higher compressive stress peak in peel stress, as well as
higher peel and lower shear stress concentration at the end of overlap
(see Fig. 20). Thus, it can be stated that the fiber orientation in plies
adjacent to the adhesive layer has a significant effect on peel and shear
stress distribution in adhesive layer.

The same trends can be observed for GF adherends and the results
are presented in Fig. 21.

3.5. Summary of the effect of material properties on stress distributions

In Sections 3.3 and 3.4 the stress distributions in the adhesive were
analyzed for different materials and laminate lay-ups. From this ana-
lysis two parameters affecting the maximum peel stress and out-of-
plane shear stress most were identified. For peel stress it is the bending
stiffness of the adherend. In Fig. 22a the maximum peel stress data are
presented versus the composite adherend bending stiffness is given in
Table 2, and the bending stiffness for isotropic adherend is (93.3, 46.6
and 23.3 N.m) respectively from E= 140 to E= 35GPa. The maximum
value of the peel stress significantly decreases with the increase of
bending stiffness of the adherend. Different symbols in Fig. 22 denote
adherends made of different materials (GF, CF composites and isotropic

materials). It is shown that all data, independent on materials and lay-
ups, can be fitted by a power function. It is not obvious that the bending
stiffness is the responsible parameter and not the in-plane modulus.
Varying the layer sequence in quasi-isotropic laminates used as ad-
herends, the in-plane elastic constants were kept constant whereas the
bending stiffness was varied: the maximum peel stress changed fol-
lowing the trend in Fig. 22a.

The out-of-plane transverse (Ey) modulus was also found to affect
the maximum value of the peel stress, but the effect is much smaller
than the above described. Using adherend with Ex = 71 GPa (as for
aluminum) and reducing Ey to 8 GPa (instead of 71 GPa as for alu-
minum) shifts the peel stress distribution curve down by ~3MPa
without changing its shape. This explains why the peel stress data for
isotropic materials in Fig. 22a are slightly higher than the data for
composites (Ey for composite adherends is 8 GPa).

Reduction of Gxy from 27 GPa (as for Al) to 4.5 GPa (typical value
for composites), keeping other elastic constants unchanged, does not
affect the maximum value of the peel stress. Only the shape of the stress
distribution changes: for lower Gxy the maximum is approached more
rapidly and the curve becomes more linear as seen in all curves for
composites and isotropic materials (e.g. the curve in the Ex = 140GPa
case is more non-linear than in the Ex = 35GPa case, see Fig. 17).

Similar investigation was performed regarding the shear stress peak
in the adhesive on the middle-line between both adherends finding that
the main parameter affecting the maximum value is the axial modulus
(Ex of the adherend. Fig. 22b presents the dependence for a large
variety of composites and isotropic materials. Even in this case the
monotonous decrease can be fitted by power function. Analysis shows
that the out-of-plane shear modulus, Gxy also affect the maximum value:
it's decrease may lead to reduction of the maximum shear stress by

Fig. 17. The effect of stiffness variation on distributions of peel (a) and shear (b) stress in adhesive for M-M SLJ with linear adherend and adhesive material
( =t mm0.2a , =t t/ 10s a , =L t/ 200o a ).

Fig. 18. The distributions of peel (a) and shear (b) stress in adhesive for SLJ with different adherends (but both adherends are of the same material), =t mm0.2a ,
=t t/ 10s a , =L t/ 200o a .
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1–2MPa. The shear modulus effect is consistent with the shear lag type
of stress transfer analysis in damaged laminates, see for example [22]:
the shear modulus reduction causes decrease of the so called shear lag
parameter and leads to reduced shear stress maximum and increase of
the transfer zone. These data show that the axial modulus Ex and the
shear modulus Gxy have effect on shear stress concentration, with more
significant influence from the axial than from the shear modulus. The
relative significance of the Gxy and Ex can be appreciated in Fig. 22b:
the open square ([90/45/0/-45]S laminate) is below the filled square
([0/45/90/-45]S). Both QI laminates have the same axial modulus but
Gxy and Ex for the 90-layer (which in the former case is the closest to the
adhesive) is lower than for the 0-layer (see Table 1) which is the closest
in the latter case.

3.6. Influence of the material model: linear vs non-linear

This section demonstrates influence of the material model used for
adherends and adhesive: linear vs non-linear. The SLJ with metal (Al)
adherends is considered but four different combinations of material
model of adherend/adhesive are used: 1) linear/linear; 2) non-linear/
linear; 3) linear/non-linear; 4) non-linear/non-linear. The materials
properties presented in Table 1 and Fig. 2 are used in these simulations.
In order to demonstrate transition of material from linear to non-linear
response different levels of load are applied on the joint.

The first simulation is performed for the applied stress of
= 190x MPa, this will result in local stresses higher than the yield

stress of adhesive but should be below yield stress of adherend. Initially
linear material model for the adhesive is used to calculate stresses in the
adhesive assuming that the adherend is: a) linear; b) non-linear mate-
rials. Results in Fig. 23 show that in both cases the stresses are the same.
Then these calculations are performed again but this time with the

assumption that the adhesive is non-linear. The stress distributions are
different than in the previous case but there is no difference whether
the adherend is linear or non-linear. Apparently, at this load level the
type of material model used for adherend does not have any effect
because material is subjected to the stress level within the linear region
(although in some of the elements around the ends of overlap stresses
may have exceeded the yield stress of aluminum). On a contrary, the
material model for the adhesive has significant effect on the stress
distribution: the stress concentration at the ends of overlap is con-
siderably reduced (for both, peel and shear stress) as non-linear mate-
rial model is used. At the same time the plateau region of shear stress
distribution is noticeably diminished (the perturbation depth is larger
than in the linear elastic case).

In Fig. 23 on the curve for shear stress distribution for the joint with
non-linear adhesive there is slightly noticeable but abrupt transition
between linear and non-linear material behavior around =X t/ 20a . To
make this transition more clear the simulation at two different applied
load levels ( = 150x MPa and 310 MPa) is carried out. At the highest
load level (310 MPa) the adherend material also is subjected to the
stress which is higher than the yield stress. This can be seen in Fig. 24
which shows that the type of the material model has a dramatic effect
on the shape as well as on the level of peel and shear stresses. The use of
non-linear material for adherend and adhesive reduces shear stress
concentration at ends of overlap by approximately 50%. But to satisfy
the force balance the shear stress in the plateau region is higher than in
the linear case. As for peel stress, the use of non-linear material model
for adherend results in higher compressive peak and lower stress per-
turbation depth. The comparison of shear stress distribution for non-
linear adhesive shows that transition point at X t/ ~ 45a observed at
applied load = 150x MPa disappears as load is increased because most
of the material is subjected to the stress higher than yield stress. In

Fig. 20. Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of C-C (CF) SLJ varying the stacking sequence of plies in adherends,
=t mm0.2a , =t t/ 10s a , =L t/ 200o a .

Fig. 19. The distributions of peel (a) and shear (b) stress in adhesive for SLJ with dissimilar adherends, =t mm0.2a , =t t/ 10s a and =L t/ 200o a .
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order to demonstrate how this transition point moves along the joint
overlap as stress in the material is exceeding yield stress, calculations at
different applied loads are carried out and results are presented in
Fig. 25. The shear stress distributions clearly show that the transition
point moves to the left and vanishes as applied load reaches value of

= 200x MPa, thus the whole material in the adhesive layer enters non-
linear region.

4. Conclusions

Numerical model with ability to simulate behavior of single lap

joints has been formulated and verified against the published results.
The model is then extended by use of advanced boundary conditions
(coupling) to simulate monoclinic composite layers which is typically
not possible if standard boundary conditions are applied. This model
can be used to model any type of adhesive joints with similar/dissimilar
adherends, including composite materials.

Based on parametric analysis using peel and shear stress distribu-
tions in the adhesive as benchmarks, the combination of proper
boundary conditions and optimal geometry of the joint was found en-
suring that overlap end and edge (finite width) effects on the stresses in
the adhesive layer of the joint are separated. The proposed boundary

Fig. 22. Maximum peel (a) and shear (b) stress in the adhesive with respect to bending stiffness and axial modulus respectively for SLJ, =t mm0.2a , =t t/ 10s a and
=L t/ 200o a .

Fig. 23. Distributions of peel (a) and shear (b) stress in the adhesive layer for different material models (linear/non-linear) for adherend and adhesive, =t mm0.2a ,
=t t/ 10s a and =L t/ 200o a .

Fig. 21. Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of C-C (GF) SLJ varying the stacking sequence of plies in adherends,
=t mm0.2a , =t t/ 10s a , =L t/ 200o a .
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conditions (displacement coupling) allow complete elimination of finite
width effects. The model which represents stresses in the middle of
infinite width specimen makes calculation procedure very efficient in
terms of CPU time. In analysis the overlap length of the joint as well as
thickness of adherend are normalized with respect to the thickness of
the adhesive.

The simulations of joints with various geometrical parameters, di-
verse adherend properties and different material models led to these
conclusions about peel and shear stresses in the adhesive:

1. for the studied material system, it was found that the stress con-
centration is decreasing with increasing overlap length and the
depth of the perturbation zone is stabilizing when the overlap length
is higher than =L t/ 150o a ; this statement is also valid if thickness
or/and stiffness of joint members is changed (see conclusion state-
ments 2 and 3);

2. the increase of adherend thickness results in larger stress perturba-
tion zone but with lower stress concentrations;

3. for isotropic materials increasing adherend/adhesive stiffness ratio
results in lower peel and shear stress concentration and shorter
plateau region with the same shear stress level;

4. for anisotropic materials (composites) the bending stiffness is main
parameter affecting the peel stress maximum, whereas the shear
stress maximum mainly depends on the axial modulus and these
dependences can be described by simple but accurate fitting func-
tions;

5. the fiber orientation in plies adjacent to the adhesive layer has a
strong effect on peel and shear stress distribution in adhesive layer:
swapping 0-layer with 90-layer in the quasi-isotropic laminate re-
sults in longer plateau region for peel and shear stress with higher

compressive stress peak in peel stress, as well as higher peel and
lower shear stress concentration at the end of overlap;

6. in case of low stress level, there is a significant influence of the
material model used for adhesive (linear vs non-linear) on the stress
distribution (shape and values), however, the type of material used
in adherend does not produce any noteworthy difference. The in-
fluence of material model used in adherend (aluminum) appears at
higher stress level.
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Numerical stress analysis in adhesively
bonded joints under thermo-
mechanical loading

Nawres J Al-Ramahi1,2 , Roberts Joffe1 and Janis Varna1

Abstract
The objective of this work is to evaluate the effect of residual thermal stresses, arising after assembling a single-lap joint
at elevated temperature, on the inelastic thermo-mechanical stress state in the adhesive layer. The numerical analysis
(FEM) employing linear and non-linear material models, with geometrical nonlinearity accounted for, is carried out.
Simulating the mechanical response, the calculated thermal stresses are assigned as initial conditions to polymeric, com-
posite and metallic joint members to reflect the loading sequence where the mechanical strain is applied to cooled-down
structure. It is shown that the sequence of application matters and simulations with simultaneous application of tempera-
ture and strain give different result. Two scenarios for adhesive joints with composites are studied: joining by adhesive
curing of already cured composite parts (two-step process) and curing the adhesive and the composite simultaneously in
one-step (co-curing). Results show that while in-plane stresses in the adhesive are higher, the peaks of out-of-plane shear
stress and peel stress (most responsible for the joint failure) at the end of the overlap are reduced due to thermal
effects. In joints containing composite parts, the one-step joining scenario is more favorable than the two-step. The ply
stacking sequence in the composite has significant effect on stress concentrations as well as on the plateau value of the
shear stress in the adhesive.

Keywords
Composites, single-lap joint, adhesive joints, thermo-mechanical load, residual thermal stresses, similar and dissimilar
adherends, co-curing
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Introduction

In order to reduce the weight and fuel consumption in
aerospace and automotive applications, composite
materials have been widely used in modern manufactur-
ing1,2 instead of metals. For example, fuel consumption
in Boeing 787 was reduced by 20% due to decrease of
the weight by 50% achieved by use of composites, and
in Airbus A380 the energy consumption was reduced by
12% as a result of use of 25% carbon fiber reinforced
plastic (CFRP) in weight of the structure.3 These trends
to build hybrid structures (metal and composites) will
continue and more metal parts will be substituted by
composites in the future. Unavoidably, these different

materials have to be joined together, so there will be
numerous joints within the structure between similar
and dissimilar material (e.g. composite-composite and
composite-metal). Typically, three types of joints are
considered: adhesive joint, mechanical joint or
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Technology, Luleå, Norrbotten SE-971 87, Sweden.

Email: nawres.al-ramahi@ltu.se

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License

(https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work

without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://doi.org/10.1177/1687814020955072
https://journals.sagepub.com/home/ade
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1687814020955072&domain=pdf&date_stamp=2020-10-21


combination (hybrid) of both of them.4 The adhesive
bonding has unique advantages in comparison to tradi-
tional mechanical connection, they are lighter and the
joint fatigue life is improved,5 the stress distribution in
the bonding area is more uniform,6 better resistance to
environmental effects like corrosion is achieved.7 One
of the main problems concerning replacement of
mechanical joint by adhesive bonding is the residual
thermal stresses due to joining process of similar and
dissimilar materials at elevated temperatures. The resi-
dual thermal stresses arise because of mismatch of ther-
mal expansion coefficients between the adherends and
the adhesive. Moreover, the composite laminates are
usually produced at elevated temperature which causes
residual thermal stresses within the laminate itself (e.g.
in plies with different fiber orientation within multi-
axial laminate) that may have a significant impact on
joint strength. Sometimes these stresses are high enough
to cause failure within the laminate layers even before
any mechanical load is applied.8

There are a number of studies where residual ther-
mal stresses in adhesive joints with composite adher-
ends are accounted for. These studies3,9,10 were carried
out on the single-lap joint (SLJ) with similar and dis-
similar adherends. Experimental data and results of a
numerical model to predict the residual thermal stresses
in dissimilar (CFRP/aluminum) adhesively bonded
SLJs are presented.3 As expected, the residual thermal
stresses are higher if curing temperature is increased, at
the same time the thermal stresses (Von Mises stress) in
adherends (aluminum and CFRP) are higher than in
the adhesive layer. This results in compressive stress in
the CFRP and tensile stresses in the adhesive layer as
well as in the aluminum adherend. Distribution of resi-
dual thermal stresses in SLJ and double lap joint (DLJ)
with similar and dissimilar adherends was studied
numerically9 by using 2D and 3D finite element mod-
els. The results show that the 2D finite element analysis
and analytical solution are not capable to fully charac-
terize a 3D stress state, and the material and geometric
nonlinearity should be incorporated into the models
simultaneously to get accurate results. As it turns out,
the residual thermal stresses generated in longitudinal/
transverse directions and shear for DLJ of CFRP/Al/
FM73 have significantly higher levels than for the SLJ.
As well as the highest thermal stresses were obtained
for dissimilar adherends. Experimental and 2D finite
element analysis studies for hybrid SLJ with different
adherend thickness and overlap length were pre-
sented.10 The experimental curing process was studied
with curing temperature 145�C and under two different
pressures (0.1 and 0.5MPa). The maximum peel and
shear stresses are located at the overlap ends and
between the adhesive centerline and the adherend/adhe-
sive interfaces with the most critical points on the
adherend/adhesive interface along the overlap length.

Residual thermal stresses in joints developed after
the co-curing process were also studied.11–13

Experimental investigation of shear strength for co-
cured hybrid SLJ (composite-steel) under tensile load
with different bonding parameters is presented.11 It has
been shown that the increase of the overlap length
increased the overall joint load capacity but decreased
the lap shear strength. It is also shown that the fiber
orientation has a significant effect on the lap shear
strength with the maximum value obtained for the

6 45½ �4S

� �
S
laminate. Another case with co-cured SLJ

with several joint parameters (e.g. overlap length and
stacking sequence) was studied numerically.12 Residual
thermal stresses were calculated and then added to the
mechanical stresses in order to find final stress distribu-
tion. The results show that the peel and shear stress
concentration occur at the ends of the overlap, with
decrease of the peel and increase of the shear stress lev-
els as the fiber orientation angle 6 u½ �4S

� �
S

in the
stacking sequence increases. The effect of surface
roughness of the steel adherend and the stacking
sequence of the composite adherend on the stress distri-
bution as well as failure of co-cured SLJ and DLJ
under static/fatigue loads including residual thermal
stresses was studied.13 It has been demonstrated that in
SLJ the residual thermal stresses may play a positive
role in delaying failure by reducing opening of the
crack at the interface due to reduction of peel stress.
However, it is also shown that the residual thermal
stress will increase the shear stress concentration.

It seems that the residual thermal stresses and their
effect on the performance of adhesively bonded joints
are extensively studied, however, the majority of studies
deal with the combination of thermal and mechanical
stresses by means of superposition. This works for lin-
ear elastic materials, while it may produce incorrect
results for more complex cases (if non-linear material is
included). In this study a comprehensive numerical
model with special boundary conditions (developed in
previous work14) is employed. Simulation is done for
joints with inelastic constituents to predict the residual
thermal stresses due to cooling down from the curing
temperature to room temperature of adhesive and/or
composite as well as both of them. However, no tem-
perature or time dependence of material properties is
considered in this work.

Suitable application of the thermo-mechanical load-
ing in FEM is proposed and several scenarios of joint
assembly are analyzed. The approach is based on sol-
ving the thermal problem first and then using obtained
stress distribution as an initial condition to solve the
problem with only mechanical load applied. Although
failure analysis is not performed in this study, the most
important achievement of this paper is development of
a model that produces realistic and accurate stress dis-
tributions within adhesive and adherends under
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thermo-mechanical loading. This model can be used
further in the analysis of the damage initiation and fail-
ure of joints.

Description of numerical model

General considerations

A commercial FEM package ANSYS 18.0 (utilizing
APDL codes) is used to analyze a SLJ subjected to ther-
mal and mechanical load. The 3D model used for simu-
lations is based on the geometry and dimensions shown
in Figure 1.

A standard ANSYS 3D solid element (SOLID185)15

with eight nodes (each with three degrees of freedom)
are used. The model had been divided into three regions
with different elements sizes in order to optimize the
mesh with respect to the accuracy and computational
time. The following regions through the thickness of
the joint are defined:

(a) Coarse mesh with large elements away from
the bond line, close to the surface of adherends,
(0.5 j ts/ta+0.5) \ Y \ (ts/ta+0.5) and (2ts/ta
20.5) \ Y \ (20.5 j ts/ta 20.5);

(b) Medium mesh closer to the bond line, in the
middle of adherends (0.125 j ts/ta+0.5) \ Y \
(0.5 j ts/ta+0.5) and (20.5 j ts/ta 20. 5) \ Y \
(20.125 j ts/ta 20. 5);

(c) Fine mesh in the adherends layer adjacent to
the adhesive and within the adhesive layer 0 \
Y \ (0.125 j ts/ta+0.5) and (20.125 j ts/ta 20.5)
\ Y \ 0.

The length of a large element is 1/300 of total length
(Lt), while length ratio of large element to small and
medium elements is 20:1 and 4:1 respectively. The mesh
optimization (refinement and convergence of solution)
and optimization has been performed in previous

study.14 The numerical model developed earlier14 is
employed with the following dimensions: adhesive
thickness ta = 0:2mm; adherend/adhesive thickness
ratio ts=ta = 10; overlap length/adhesive thickness ratio
Lo=ta = 200 and total length/adhesive thickness ratio of
the SLJ is Lt=ta = 1500. In order to simulate infinitely
wide plate the same type of boundary conditions (cou-
pling) as in previous work14 is used (see Figure 2), with
sample width/adhesive thickness ratio W=ta = 5.

Perfect bonding between the adhesive and adherends
is assumed and the simulations are performed with lin-
ear and non-linear material models. The geometrical
nonlinearity option is activated in ANSYS in order to
improve the accuracy of the results.9,14,16,17 A standard
material model (bi-linear isotropic hardening) which is
available in ANSYS is employed to represent non-
linear material.

Experimental results supporting the model

At this point the model has not been fully validated by
experiments because the tests required to make direct
comparison with the numerical simulation are rather
complicated and it is virtually impossible to obtain
stress distribution in the middle of the adhesive layer.
However, limited number of experiments is performed
to verify that the proposed numerical model captures
characteristic behavior of SLJ. Since this is only prelim-
inary tests, the experimental part is not presented as a
separate section in the paper.

The experimental results presented here are intended
only as a qualitative assessment of the numerical model
since tests are done on materials with different proper-
ties than used in simulations and on SLJ with fixed
width. The tests were carried out for SLJ of similar
adherend (composite, T700/ET445) with Sika Power
533-MBX as adhesive. The comparison is done on
strain distribution within the adhesive layer obtained
from the simulation and the experimental strain

Figure 1. Geometry and dimensions of single-lap joint.14
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distribution in the adhesive layer measured from the
edge of SLJ by using Digital Image Correlation (DIC).
The strain distributions (normalized with respect to the
maximum value) are presented in Figure 3 for compari-
son. As expected, there is significant discrepancy in
terms of numerical values between experiment and
simulation but the shape of the distribution is captured
very well. The dissimilarity in numbers is anticipated
due to differences in material properties and boundary
conditions (edge effects in case of experimental
measurements).

The experimental strain distribution was obtained
from the full strain field captured by DIC (see

Figure 4(b)–(c)) from the specimen edge within the
overlap region (see Figure 4(a)). While the strain distri-
bution from the numerical simulation is presented in
Figure 4(d).

Material properties

The thermo-mechanical properties (Youngs modulus E,
shear modulus G, Poissons ratio n, coefficient of ther-
mal expansion a) of materials are listed in Table 1 (the
material notations are given in brackets).14 Figure 5
shows the stress – strain curves for non-linear alumi-
num and non-linear adhesive.14 It should be noted that
no time or temperature dependence of the material
properties is considered in this study, thus the material
properties are assumed to be constant during cooling
down and mechanical loading. Similar and dissimilar
adherend materials are used to present three different
types of SLJ: (1) metal-metal (M-M); (2) composite-
composite (C-C) (unidirectional as well as multi-
directional laminates); (3) composite-metal (C-M).
Four stacking sequences are considered for composite
laminates: (a) unidirectional laminate (UD: [08]T or
[908]T); b) quasi-isotropic laminate (QI) with the lay-up
[0/45/90/–45]S or [90/45/0/–45]S. The notation pre-
sented in Table 2 is used further in the text and graphs.

Combined thermo-mechanical loading

The current paper only addresses evaluation of residual
thermal stresses due to cooling from the manufacturing
to the service temperature. Other parameters affecting
material properties (e.g. ambient elevated temperature)
or stresses (relaxation due to time-dependence of
material properties) are not considered. However, the
procedure described here for simulation of thermo-
mechanical loading is also applicable at elevated (or
cryogenic) temperatures if dependence of material
properties on temperature is known.

This investigation showed that it is not always possi-
ble simply to apply thermal and mechanical loading on
the SLJ as a superposition of these loads. The proce-
dure has to be carried out in multiple stages (mimicking
the sequence of cooling down of joint after assembly
and further mechanical loading). This section describes
a method which allows accounting for the residual ther-
mal stresses developed during the cool-down and com-
bining them with mechanical stresses from tensile
loading.

The first verification of correctly applied thermo-
mechanical loading was done by considering composite
laminate (composite plate) only and then the results
obtained from ANSYS were compared with Classical
Laminate Theory (CLT). In this case thermo-
mechanical load was applied on composite laminate
and the local stresses in layers as well as global

Figure 3. A comparison of equivalent Von Mises strain
distributions in the adhesive layer for four experimental results
with the result of the numerical simulation.

Figure 2. Coupling of displacements: (a) coupling of Uz

displacement applied on the nodes with the same X-coordinate
belonging to the vertical lines on the edge (b) coupling of Ux and
Uy on nodes belonging to lines through the width of the joint.14
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Table 1. CFRP, GFRP and Aluminum adherends and adhesive mechanical properties.14

CFRP unidirectional lamina (CF)
E1 = 130 GPa G12 = 4.5 GPa v12 = 0.28 a1 =–0.9310–6 1/K
E2 = 8 GPa G13 = 4.5 GPa v13 = 0.28 a2 = 27310–6 1/K
E3 = 8 GPa v23 = 0.49 a3 = 27310–6 1/K
GFRP unidirectional lamina (GF)
E1 = 40 GPa G12 = 4 GPa v12 = 0.25 a1 = 6310–6 1/K
E2 = 8 GPa G13 = 4 GPa v13 = 0.25 a2 = 35310–6 1/K
E3 = 8 GPa v23 = 0.45 a3 = 35310–6 1/K
Aluminum _ linear (Al)
EAl = 70 GPa vAl = 0.33 aAl =23.1310–6 1/K
Aluminum _ non-linear (AlN)
EAl = 71 GPa vAl = 0.33 aAl =23.1310–6 1/K
sAl

Y = 280 MPa EAl
T = 500 MPa

Adhesive _ linear (A)
Ead= 2.7 GPa vad = 0.4 aad =63310–6 1/K
Adhesive _ non-linear (AN)
Ead= 2.7 GPa vad = 0.4 aad =63310–6 1/K
sad

Y =10.8 MPa Ead
T = 465 MPa

Indexes: 1-fibers direction, 2-transverse to the fibers direction, 3-out-of-plane direction,

T-tangential (see Figure 5). The material notations used further in the text are given in brackets ().

Figure 5. The stress-strain curve for (a) non-linear adhesive material (AN ) and (b) non-linear Aluminum (AlN ).14

Figure 4. The comparison of strain distributions in the adhesive obtained from tensile test of SLJ (a) by use of DIC (b, c) and FEM (d).
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response of the laminate were monitored. The results
showed that even using CLT the stress in thermo-
mechanical loading depends on the manner of its appli-
cation. The two scenarios (a) simultaneous application
of temperature and strain vs (b) first applying tempera-
ture and then strain will give entirely different stress
distributions in layers. That is because in case (b) the
mechanical load (strain) is applied to thermally shrunk
configuration. However, when applying the mechanical
load as stress (force) the results coincide within numeri-
cal scatter. The same dependence is found from simula-
tion for the complete SLJ: in this case a difference was
not only within composite adherend but also with stress
distribution in the adhesive layer and global response
of the SLJ. In order to investigate the global response
for SLJ, the displacement is applied at the free end (at
X = Lt=2ta) and the reaction force is calculated numeri-
cally (the thermal load was prior applied according to
the described scenarios) and then the load-displacement
curve was compared with data from the literature.
These obvious results were obtained only if the
mechanical load is applied as a displacement, which is
commonly the case for displacement controlled tensile
test.

In order to account for the combination of residual
thermal stresses (due to cooling after curing) and
mechanical load according to real test sequence to be
independent of the loading type (e.g. force vs displace-
ment) or material type (linear elastic vs inelastic), it is
more appropriate to split application of thermal and
mechanical loads into separate stages. The first stage is
to apply temperature on the joint which is not mechani-
cally constrained and is completely free to expand. This
stage generates thermal stresses in the components of
the joint. These thermal stresses are then applied as ini-
tial stresses for the joint subjected to mechanical load-
ing. Use of this procedure was verified on composite
laminate by comparing results from ANSYS and CLT.

In case of the composite adherend, the actual proce-
dure of application of thermal and mechanical loads
also depends on the way materials have been joined
together; (a) two-step assembly: first, composite is man-
ufactured and then parts are bonded to assemble the
joint (thermal history may be different); (b) one-step

assembly: adhesive and composite adherend are solidi-
fied simultaneously at the same temperature. Therefore,
two different scenarios for the simulation of the tensile
test of SLJ at room temperature are presented: two-
stage simulation for metal-metal joint (one-step manu-
facturing) and two- or three- stage simulation for the
joint with at least one composite adherend.

Metal-Metal joint. This case is modeled as a two-stage:
(1) application of temperature (to obtain residual ther-
mal stresses developed due to joining at elevated tem-
perature); (2) application of mechanical load. The
temperature applied on all of the components of the
joint in the first stage is equal to the difference between
room temperature 25�C and manufacturing tempera-
ture of adhesive 60�C. It should be noted that applied
temperature difference (DT) is negative (cooling from
the manufacturing to the room temperature). Stresses
produced during this stage are extracted from ANSYS
to generate initial stress state for the joint under
mechanical load by reapplying stresses to each node of
the FEM model (this is done by using MATLAB code
to construct ANSYS input file). Then mechanical load
is applied and the second stage of the simulation is car-
ried out.

Composite-Composite or Composite-Metal joints. In case of
one-step joining (co-curing) the adhesive layer and the
composite adherend are manufactured simultaneously.
After thermal stresses are calculated they are applied as
initial stresses and mechanical load is applied to com-
plete the simulation.

For this simulation, it is assumed that temperature
for manufacturing of the adhesive and composite is the
same. The applied temperature is equal to the differ-
ence between manufacturing temperature of composite
175�C and room temperature 25�C, thus DT =
2150�C. The procedure is the same for metal-
metal joint, except for temperature difference DT =
235�C.

In case the composite laminates are manufactured
prior to the bonding and then adhesive joint is assem-
bled, three-stage simulation is performed. Two

Table 2. Notations for composite laminates.

Material Stacking sequence Notation

CFRP [0/45/90/–45]S CF1 (0-layer next to the bond adhesive layer)
CFRP [90/45/0/–45]S CF2 (90-layer adjacent to the bond adhesive layer)
CFRP [08]T CF3

CFRP [908]T CF4

GFRP [0/45/90/–45]S GF1 (0-layer next to the bond adhesive layer)
GFRP [90/45/0/–45]S GF2 (90-layer adjacent to the bond adhesive layer)
GFRP [08]T GF3

GFRP [908]T GF4
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simulations are carried out to calculate initial stress
state in the joint prior to the application of mechanical
load. First calculation (due to cooling of composite
adherend) generates thermal stresses in layers of the
laminate and the second calculation (due to cooling of
adhesive) gives the total residual thermal stresses in the
adhesive and adherends. The final result is obtained in
the third stage when only mechanical load is applied.

The applied temperature in the first calculation is
equal to the difference between the manufacturing tem-
perature of the adhesive 60�C and the manufacturing
temperature of the composite 175�C, thus DT1 =
2115�C. The temperature is applied only on the com-
posite laminate and this generates initial stresses in the
plies of the composite laminate. The temperature
applied in the second calculation is equal to the differ-
ence between the room temperature 25�C and the man-
ufacturing temperature of the adhesive 60�C, thus DT2

= 235�C. This temperature is applied over the whole
joint (note that the initial stress state in the composite
is already applied) to generate next stress state prior to
application of the mechanical load.

The sequence of application of thermal and mechan-
ical loads is shown in the form of flowchart in Figure 6.
The notations 1S and 2S are used for one-step and two-
step manufacturing, respectively.

Results and discussion

The analysis here is focused on peel and shear stresses
in the adhesive layer of the SLJ with the future goal to
analyze the adhesive failure using different strength
based criteria. The stress distributions presented in the
graphs are along the overlap length from
(X =� Lo=2ta) to (X = Lt=2ta) in the middle of the

adhesive layer (Y = 0) at the centerline of the joint (Z
= 0). It should be mentioned that when the stress dis-
tribution has symmetry with respect to X = 0 only half
of the distribution is presented. Calculations are done
by using two types of mechanical load (applied at
X = Lt=2ta): (1) applied displacement corresponding to
average strain ex = 0:1% in case of comparing different
methods for applying thermal load (in sections
‘‘Different schemes to apply thermal load’’ and ‘‘Effect
of material non-linearity’’); (2) stress sx = 60MPa

applied for all other simulations. In this section addi-
tionally to peel (sy) and shear stresses (txy) other stress
components (sx and sz) are also presented for
comparison.

Effect of material model (linear vs non-linear) and
method of application of thermal load

This section describes the effect of residual thermal
stresses developed during the cooling process after cur-
ing the composite or the adhesive or both of them on
stress distribution within the adhesive layer of SLJ.
Cases with linear and non-linear material models (for
adhesive and adherends (e.g. aluminum)) are presented.
Simulations are performed according to the three
schemes described in section ‘‘Combined thermo-
mechanical loading’’ (1) T&M, thermal and mechanical
loads are applied simultaneously; (2) T+M, thermal
and mechanical loads are applied separately and the
total stress is obtained as superposition of results from
these two calculations (similar approach in other stud-
ies12,13); (3) T/M, two-stage simulation with results
from the thermal load used as initial conditions for the
stage where mechanical load is applied. In order to
demonstrate the difference between these three schemes

Figure 6. Flowchart for the numerical simulation sequence.
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in case of a displacement controlled tensile test, the
simulations are done by application of strain ex = 0:1%
as a mechanical load.

Different schemes to apply thermal load. This section
describes the difference between T&M (simultaneous)
and T+M (separate, superposition) application of ther-
mal and mechanical loads. Linear adherend and adhe-
sive materials are used within SLJ with similar
adherends. The differences between stress distributions
obtained from T&M and T+M simulation methods for
[Al/A/Al] and [CF1/A/CF1] are shown in Figures 7
and 8, respectively.

In case of [Al/A/Al] joint (Figure 7) the differences
of stress distributions in the adhesive layer are much
more significant than in case of a joint with composite
adherends (Figure 8). That is expected because the CF
joint has almost zero macroscopic thermal shrinkage
and therefore there is no noticeable difference in stres-
ses distribution dependent on the way how to apply the
mechanical load (before or after the cool-down). The

same agreement is obtained for [GF1/A/GF1] as for
[Al/A/Al] with a little bit higher difference in case of
[GF1/A/GF1] but stress distributions for this material
are not presented here due to limited space. If one
looks at global response of the joint, rather than local
stress distributions the difference between T&M and
T+M cases is also obvious. For example, global force
acting on joint calculated at the free end of the joint (at
X = Lt=2ta) in case of T&M for [Al/A/Al] is 252.8N
and 112.1N for [CF1/A/CF1], in case of T+M these val-
ues are 134.6N and 95.3N for [Al/A/Al] and [CF1/A/
CF1] respectively (difference of ;50% for Al and
;15% for composite). Moreover, when stresses are
analyzed inside the composite laminate on the ply level
T&M method may produce false results: the simulation
show that application of thermal load and mechanical
strain simultaneously T&M produces incorrect results
for local stress distributions in the laminate, adhesive
as well as for global response of the joint if mechanical
load is applied as displacement. This is because the
T&M scheme represents the plate cooling down within
displacement constrained conditions and this is not

Figure 7. The comparison of stress distributions in the adhesive layer of [Al/A/Al] SLJ for T&M and T+M simulation methods,
ta = 0:2mm, ts=ta = 10 and Lo=ta = 200, 0.1% strain and DT = 235�C are applied.
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representative for the real case scenario: in reality the
plate is freely cool-down first and after that the
mechanical load is applied (as a strain).

Effect of material nonlinearity. The comparison between
T+M (superposition) and T/M (thermal stresses as initial
conditions) is shown in Figures 9 and 10 for aluminum-
aluminum SLJ with linear and non-linear material model
for adherends and adhesive materials. There is a very
small difference between stresses obtained from either of
the methods (which is likely due to the numerical error)
in case of linear material model is considered (see
Figure 9).

However, if non-linear material model is used the
difference between in-plane sx and sz stresses is evident
as can be seen in Figure 10, although peel and shear
stresses do not differ. The difference between sx and sz

is very significant and cannot be attributed to the accu-
racy of simulation (numerical error). Moreover, with
increase of thermal load or/and mechanical load this
difference will grow because the thermal and

mechanical stresses together (when applied simultane-
ously or in sequence) will shift even more material
behavior toward non-linear region. However, if the
thermal and mechanical loads are applied in two unre-
lated calculations and then stresses are superimposed, it
may happen that the material is still in the linear region
under each of the loads separately, thus the final result
will be incorrect. Therefore, in the case of non-linear
material the in-plane stresses obtained from T/M
scheme are always lower than results from the T+M
simulation. In order to demonstrate this effect more
clearly the simulation is done by applying ex = 0:16%
(equivalent to sx = 110MPa) as presented in previous
work14 when only mechanical load is applied.

The comparison between the stress distributions of
three cases (only mechanical load vs T+M vs T/M) is
presented in Figure 11. The results in Figure 11 show
that transition from linear to non-linear behavior
occurs at the same location in case of application of
mechanical load only or superposition of thermal and
mechanical stresses T+M. However, when T/M
approach is used (thermal stresses applied as initial

Figure 8. The comparison of stress distributions in the adhesive layer of [CF1/A/CF1] SLJ for T&M and T+M simulation methods,
ta = 0:2mm, ts=ta = 10 and Lo=ta = 200, 0.1% strain and DT = 235�C are applied (with initial conditions on composite DT =
2115�C).
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conditions) there is obvious difference – the transition
point is shifted to the left (similarly to that observed for
the increase of the mechanical load14) and it means that
the material behavior becomes more non-linear. This
supports the statement that simple superposition of
stresses in the non-linear region produces results which
lack accuracy and the real transition point between the
linear and non-linear regions in shear stress distribution
cannot be detected. Thus, for more accurate stress cal-
culations and future failure analysis of the joint (as well
as for failure of the composite adherend) the T/M
method has to be used. According to the previous
investigations, the model presented here can handle
any type of material at different conditions. To ensure
higher accuracy of results the, T/M method is used in
the remaining parts of this paper.

Effect of residual thermal stresses on the total stress
distribution in a joint with linear material model

In this section, only linear material model is considered
in order to prevent the interaction between non-linear

behavior (transition from linear to non-linear behavior
within adhesive material) with other effects (e.g. one or
two-step assembly, stacking sequence of the composite
laminate, etc.).

Influence of residual thermal stresses on the total stress
distribution. In case of C-C and M-M joints two compo-
nents of the residual thermal stresses inside the adhe-
sive are rather high: in-plane normal stress components
sx and sz. These stresses will shift the rather low
mechanical stresses (for this particular load case) to
much higher level, as shown in Figure 12 for SLJ with
linear adherends (Al) and linear adhesive.

Although the overall level of sx and sz in adhesive is
increased by the residual thermal stresses, the peel
stress concentration at the ends of the overlap joint as
well as level of shear stress within the plateau region,
presented in Figure 13, are reduced, which is in agree-
ment with other results.13 In case of [Al/A/Al] joint this
effect is clear in peel stress but it is almost negligible in
shear stress (see Figure 13) while for C-C joints in
Figure 14 this change is fairly noticeable for peel and

Figure 9. The comparison of different stress components in the adhesive layer of [Al/A/Al] SLJ for T+M and T/M simulation
methods, ta = 0:2mm, ts=ta = 10 and Lo=ta = 200, 0.1% strain and DT = 235�C are applied.

10 Advances in Mechanical Engineering



shear stresses. As shown in Figure 14 for [CF1/A/CF1],
the concentration of peel stress at the ends of the over-
lap and shear stress level within the plateau region are
reduced by ; 2.4 and ; 5 times, respectively (similar
trend is also obtained for [GF1/A/GF1]). This may

work favorable with respect to the delayed initiation of
local damage and suppress (or at least significantly
delay) premature failure of the joint. In order to verify
this feature more numerical simulations as well as
experimental evidence are required.

Figure 10. The comparison of different stress components in the adhesive layer of [AlN /AN /AlN] SLJ T+M and T/M simulation
methods, ta = 0:2mm, ts=ta = 10 and Lo=ta = 200, 0.1% strain and DT = 235�C are applied.

Figure 11. The comparison of different stress components in the adhesive layer of [AlN /AN /AlN] SLJ for only mechanical load,
T+M and T/M simulation methods, ta = 0:2mm, ts=ta = 10 and Lo=ta = 200, 0.16% strain and DT = 235�C are applied.
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Influence of processing, one-step versus two-step. This sec-
tion discusses the results of the simulations performed
for similar (CF1 and GF1 adherends) and dissimilar

(Al-C joint with one of the adherends being CF1) joint.
The results show that one-step assembly may be more
favorable than the two-step joining: the reduction of

Figure 12. The influence of residual thermal stresses developed after the curing on (a) sx and (b) sz stress distributions in the
adhesive layer of [Al/A/Al] SLJ, 60 MPa and DT = 235�C are applied.

Figure 13. The comparison of peel (a) and shear (b) stress distributions in the adhesive layer of [Al/A/Al] SLJ with and without
residual thermal stresses accounted for, 60 MPa and DT = 235�C are applied.

Figure 14. The comparison of peel (a) and shear (b) stress distributions in adhesive layer for [CF1/A/CF1] SLJ with and without
residual thermal stresses accounted for, 60 MPa and DT = 235�C are applied (with initial conditions on composite DT = 2115�C).
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the peel stress concentration at the ends of the overlap
and the stress level of shear within the plateau region is
more significant in joints assembled by one-step method
rather than by the two-step procedure. This positive
effect in the one-step procedure is likely a result of the
curing temperature in one-step being 175�C, whereas
the adhesive curing in the second step of the two-step
procedure is at 60�C. This means that increasing the
curing temperature results in lower peel and shear
stress. This is shown in Figure 15 for C-C joints with
similar materials (CF1 and GF1 composite adherends).
For dissimilar joints the peel stress in one-step case is
reduced at X =� Lo=2ta (next to aluminum corner) and
shifted from tensile to compressive stress at X = Lo=2ta
(next to composite corner; see Figure 16(a)). However,
the shear stress in joint with dissimilar materials in one-
step case will be significantly increased at X =� Lo=2ta
and swapped from positive to negative values for shear
stress at X = Lo=2ta, as shown in Figure 16(b).

Effect of stacking sequence of the composite laminate. In this
section SLJs assembled in one-step with similar materi-
als in adherends are considered. The comparison is
made between behavior of UD and QI laminates, as
well as between QI laminates with different stacking
sequence (fiber orientation in plies adjacent to the adhe-
sive layer is varied: (a) [0/45/90/–45]S; (b) [90/45/0/–
45]S).

The highest peel and shear stress concentration with
longer plateau region (lower stress perturbation zone)
are observed for the [908]T composite. The lowest peel
stress concentration is obtained for the QI with the lay-
up [90/45/0/–45]S (see Figure 17). In the case of the QI
laminate, more favorable stress distribution (with lower
stress concentration) is obtained when 90-layer is next to
the adhesive layer rather than when stiff 0-layer is placed
next to the bond line. Swapping 0-layer with 90-layer in
the QI laminate results in reduced peel stress concentra-
tion at the end of the overlap to ;30% (see Figure 17)

Figure 15. The comparison of peel and shear stress distributions in adhesive for SLJ with [CF1/A/CF1] (a, b) and [GF1/A/GF1] (c, d)
fiber composite adherends for different manufacturing methods of joints (one-step vs two-step method), with and without residual
thermal stresses accounted for, 60 MPa and DT = 2150�C for one-step curing and DT = 235�C (with initial conditions on
composite DT = 2115�C) for two-step curing are applied.
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as well as longer plateau region for shear stress is
obtained. The thermal effect is apparent when maximum
stresses caused by mechanical load14 are compared with
the result of combination of thermal and mechanical
loading (see Figure 17 and Table 3). As follows from this
comparison, for CF the stress concentration at the end
of the overlap is reduced by 40% to 65% (except for
CF2 reduction by ;90%), while for GF the reduction of
the stress concentration is by 35% to 50% (except for
GF2 reduction by ;70%). Thus results for the thermo-
mechanical loading show that drastically lower peel
stress concentration for QI can be achieved simply by
swapping 0 and 90 plies within the laminate (this will not
change the in-plane stiffness of the laminate, although
the bending stiffness will be affected).

Adherend stiffness effect on thermal stresses. In this section
the effect of the adherend stiffness on stress distribution
in the adhesive with applied thermal load only is
demonstrated. In order to evaluate this effect, all the

parameters of the joint are fixed and only the stiffness
of the adherends is varied. M-M joint (isotropic mate-
rial) is analyzed with the stiffness values of E = 140, 70
and 35 GPa (n = 0.33 and shear modulus is
calculated).

The results of applying thermal load (DT = 235�C)
are presented in Figure 18. These data show that four
times increase of the adherend stiffness results in the
decrease of the peel stress at the ends of the overlap by
;10%. Similar trend is observed for the shear stresses
but with much higher magnitude (comparison is done
for relative, not absolute values). Increase of the stiff-
ness of the adherends four times, results in ;2.5 times
decrease of the shear stress at the ends of the overlap.
It can be noted from Figure 18 that stresses are rather
small, especially the shear stress component. However,
the stress values will increase with increase of curing
temperature, furthermore these values also depend on
the mismatch between thermal expansion coefficients
of the joint members. Since the external force is equal

Figure 16. The comparison of peel (a) and shear (b) stress distributions in adhesive for SLJ with dissimilar materials [CF1/A/Al] for
different manufacturing methods of joints (one-step vs two-step method), with and without residual thermal stresses accounted for,
60 MPa and DT = 2150�C for one-step curing and DT = 235�C (with initial conditions on composite DT = 2115�C) for two-step
curing are applied.

Table 3. Comparison between the stress concentrations at the end of the overlap for different stacking sequence

Stacking sequence GF CF

Peel stress
(MPa)

Shear stress
(MPa)

Peel stress
(MPa)

Shear stress
(MPa)

Only mech.14 Therm.
and mech.

Only mech.14 Therm.
and mech.

Only mech.14 Therm.
and mech.

Only mech.14 Therm.
and mech.

[0/45/90/–45]S 27.5 16.3 23.3 21.3 21.7 9.2 17.2 15.2
[90/45/0/–45]S 30.1 9.7 21.2 23.6 26.8 3.3 16.3 19.8
[08]T 26.1 13.0 18.5 17.6 20.1 7.1 13.1 11.7
[908]T 33.3 21.9 29.5 29.1 33.5 20.1 30.2 29.7
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to zero, the resulting shear stress should be also zero
but locally there is very small shear stress concentration
at the ends of the overlap.

Summary of the effect of material properties on thermo-
mechanical stress distributions. Finally, the analysis show-
ing the effect of thermal stresses on the total stress

Figure 17. The comparison of the stress distributions in the adhesive layer of C-C SLJ with different stacking sequence of plies in
adherends, 60 MPa and DT = 2150�C are applied.

Figure 18. The effect of stiffness variation on distributions of peel (a) and shear (b) stress in adhesive for M-M SLJ with linear
material model with only thermal load applied DT = 235�C.
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distribution within the adhesive layer is done by com-
paring the result from previous work14 with T/M calcu-
lations obtained in this paper, see Figure 19. The results
show that the maximum value of the peel stress is
reduced with the increase of the bending stiffness of the
adherend. But the maximum value of the shear stress is
reduced with increase of the axial modulus (Ex) of the
adherend. These trends can be described by power func-
tion and it is valid for the behavior of GF and CF com-
posites. The T/M results follow the same trend when
only mechanical load is present14 but the level of peel
stress is significantly lower.

Conclusions

A comprehensive methodology to account for residual
thermal stresses developed during the cool-down after
curing process of adhesive/composite was worked out
by comparing different sequences of application of ther-
mal and mechanical loads. The most common approach
used in many publications of simple superposition of
thermal and mechanical stresses works well only for lin-
ear materials. This approach produces inaccurate results
if material is non-linear, since uncoupled thermal and
mechanical loads when applied separately may not be
high enough to bring material into non-linear region.
The model and simulation technique presented in the
current paper rectifies this issue and accurate stress dis-
tributions are obtained. Analysis of stress distributions
in different single-lap joints has led to the following con-
clusions concerning the stress state in the adhesive layer:

– As expected, high processing temperature causes
high in-plane normal stresses inside the adhesive
layer for composite-composite as well as for
metal-metal joints.

– The residual thermal stresses will reduce the peel
stress concentration at the ends of the overlap
and the shear stress within the plateau region.

– The one-step assembly (the adhesive and the
composite are manufactured simultaneously) for
composite-composite joint and composite-metal
joint will reduce the peel stress concentration at
the ends of overlap more than in two-step joining
(the composite is manufactured first and the
adhesive is cured when the joint is assembled).
The level of the shear stress within the plateau
region will be also lower for the one-step curing
than for the two-step process.

– In case of a joint with quasi-isotropic composite
adherends (CFRP and GFRP) more favorable
stress distribution is obtained when the 90-layer
rather than the 0-layer is the closest to the adhe-
sive layer. Swapping the 0-layer with the 90-layer
will reduce the peel stress at the ends of the over-
lap by approximately 60% to 70%.
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Abstract. A comprehensive stress analysis by means of Finite Element Method (FEM) for 

single-lap joint subjected to thermal and mechanical loads is presented in this paper. 

Simulation is used to predict the effect of residual thermal stresses (caused by difference of 

temperature of use and elevated temperature during the assembly of the joint) on stress 

distribution within adhesive layer. The residual thermal stresses are assigned to joint members 

as initial condition before the mechanical load is applied. The FEM model employs linear and 

nonlinear material model and accounts for geometrical nonlinearity. It is confirmed that the 

difference between the manufacturing and the ambient temperature results in high residual 

thermal stresses, especially in axial and lateral directions of the joint. The calculation of total 

stress as superposition of thermal and mechanical stresses works only for linear materials. 

Moreover, simultaneous application of temperature and mechanical load (applied strain in case 

of displacement controlled test) in FEM produces inaccurate results, since in real situation the 

strain is applied to already thermally loaded structure. It is also found that the residual thermal 

stresses may reduce the peel and shear stress concentration in the adhesive at the ends of 

overlap and the shear stress within the overlap. 

1. Introduction

The fuel consumption and pollution emission are the main concerns for the modern transportation

industry. These problems may be mitigated by reducing the weight of the vehicle structure (e.g. using

composites in some parts of the structures instead of steel). There is active development within the

automotive and aerospace industries towards these objectives [1,2]. For instance, Boeing 787  [3] is

one of the successful examples in the aerospace industry (uses up to 50wt % composites in structures),

while BMW i3 [4] shows progress in the automotive industry. Considering such hybrid structures the

joining of composites with similar and dissimilar materials becomes an important research topic. In

case of composite material, the most suitable joining to achieve best mechanical performance is by use

of adhesives. The composite manufacturing as well as the adhesive joining is done at an elevated

temperature although the temperature of use is typically much lower. This means that the residual

thermal stresses are generated inside the composite and the adhesive layer. The knowledge about these

stresses is a key factor for design of reliable adhesive joints. To gain understanding about these

stresses requires an accurate numerical model for the stress analysis of adhesive joints under thermo-

mechanical loading.

This information allows accounting for the residual thermal stresses (due to cooling-down from the 

manufacturing temperature to temperature of use) as well as prediction of the failure initiation within 

the adhesive layer and composite laminate. The work on this subject is on-going and there are various 

numerical and experimental studies [5–10] to investigate the mechanical performance of adhesive 
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joints under mechanical load by using different joint parameters such as (material properties, 

geometry, etc.). However, only few of these investigations [11–13] deal with thermal residual stresses 

in double lap joint and single lap joint (SLJ). One drawback of these studies is use of the linear 

superposition to obtain the total stresses caused by thermal and mechanical loads because such 

approach may work well for linear material but it produces incorrect results if non-linear material is 

considered. The work on the problems associated with residual thermal stresses on the adhesive joint 

strength is on-going and with more recent publications available [14–17]. 

The main purpose of this study is to develop a realistic numerical model that can produce accurate 

data for the analysis of stresses within the joint members under thermos-mechanical loads. As well as 

demonstrates the possible errors which may be introduced if thermal and mechanical loads are 

introduced simultaneously in one step. The importance to account the residual stresses is also shown in 

relation with use of appropriate type of material model (linear vs non-linear). The simulations are 

performed only on metal-metal SLJ by using a general numerical model (independent on the loading 

type, geometry as well as material behavior). 

2. Finite element geometry and material properties 

A commercial FEM package ANSYS 2019 R3 (employing APDL codes) with numerical model 

described in [18] is used in this study for the stress analysis of SLJ. A 3D solid element (SOLID185) 

[19] with eight nodes is used to create the mesh. In order to get more accurate results, a refined mesh 

is used for the adhesive layer (from               to             ) as well as at the 

singularity regions. To accommodate mesh with varying element size, the thickness of adherend plate 

is divided into three parts. A very fine mesh is used for the adhesive layer and the part of the adherend 

next to the adhesive layer, while a medium mesh/coarse mesh is applied for the middle and surface 

respectively. The size of elements is chosen to maintain length ratio between elements in different 

locations: small/large = 1:20 and the medium/large = 1:4, while the length of large elements to the 

total length (  ) is 1:300. The convergence of the results was obtained by monitoring the influence of 

the mesh size on the stress value at the singularity region. The full convergence was achieved at 50000 

elements and this number of elements will be used for the calculations. 

The geometry and dimensions of the 3D model of SLJ are shown in Figure 1. The following 

boundary conditions are applied: the load is applied on the free end (at 𝑋=      / 𝑎) with other 

displacements fixed (𝑈𝑦=𝑈𝑧=0) while another end (𝑋=−      / 𝑎) is fully clamped. The following 

dimensions are used: adhesive thickness          ; total length/adhesive thickness ratio       
    ; overlap length/adhesive thickness ratio          ; width/adhesive thickness ratio      
 ; and adherend/adhesive thickness ratio         . The lower and upper adherends are of the same 

thickness. It should be noted that in order to make the results applicable for a wide range of joint 

configurations, the adhesive thickness    is used to normalize other geometrical parameter. To avoid 

any interaction between the joint ends (at 𝑋=±       / 𝑎) and the overlap region (           
     ), the load is applied far away from the overlap region. Moreover, in order to get more accurate 

results, the geometrical non-linearity options within ANSYS is activated [18,20,21]. The standard non-

linear material model implemented in ANSYS (bi-linear isotropic hardening) is used for simulations. 

The stress-strain curves for non-linear aluminum and non-linear adhesive are shown in Figure 2 [22].  

In order to separate the effect of the overlap ends (at 𝑋             ) from the edge effects (at 

𝑋           ), the infinite plate is modelled by applying special boundary conditions (coupling) 

(see Section 3 for more details).   
The metal-metal [M/A/M] joint with the material properties in Table 1 is considered. 
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Figure 1. Geometry and dimensions of SLJ [18]. 

Table 1. Mechanical properties of the adhesive and Aluminum adherends. 

Material Type 
E 

(GPa) 

ET 

(MPa) (MPa) 

v
α 

(10-6/K) 

Aluminum_linear (Al) [23]  71 - - 0.33 23.1 

Adhesive_linear (A) [23]  2.7 - - 0.4 63 

Aluminum _ non-linear (Aln) [19] 71 500 280 0.33 23.1 

Adhesive _ non-linear (An) [23]  2.7 465 10.8 0.4 63 

The notations in the brackets are used in the text and graphs to identify materials. 

Figure 2. Stress-strain curve for a) non-linear adhesive material (An) and b) non-linear Aluminum 

(Aln) [22]. 

2.1.  Coupling boundary conditions 

As mentioned above, to eliminate the width (edge) effect (at 𝑋           ) due to finite width 

and separate them from the end effect (at 𝑋            ), special type of boundary conditions are 

utilised. This allows accurate representation of the middle of an infinite plate by using a very narrow 

model. By using this type of coupling, a very fine mesh can be used within the layers and at the 

interface of the joint while reducing computational time by 90%. 

The application of the boundary conditions is done by the following procedures: a) at the edges A 

and B (as shown in Figure 3) the coupling is applied through the thickness (on nodes with the same X-

coordinate, those nodes are located on the vertical lines), thus all the selected nodes will have the same 

displacement 𝑈 ; b) the nodes having the same X-coordinate and Y-coordinate (placed on the 

horizontal lines across the width from (           ) to (           )) are coupled 

together. This coupling imposes the same displacements 𝑈  and 𝑈  (see Figure 4) on the selected 

nodes. The full details concerning these boundary conditions have been explained in [22]. 
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Figure 3. Coupling with respect to the displacement 𝑈  [22]. 

Figure 4. Coupling with respect to the displacement 𝑈  and  𝑈  [22]. 

2.2.Thermo-mechanical loading 
There are three different possible ways to apply the thermal and mechanical loads in order to 

investigate the effect of the residual thermal stresses: 1) apply thermal and mechanical load 

simultaneously (denoted as “T&M”); 2) apply the thermal and mechanical loads in fully separated 
simulation and calculate the final stresses as a linear superposition (as presented in [11–13]) (denoted 

as “T+M”); 3) the thermal and mechanical loads are applied in two successive phases, the stresses 
induced by thermal loading are calculated first and then applied as an initial condition for the phase 

with mechanical loading (denoted as “T/M”). The initial stress state for the joint under mechanical 
load is obtained by applying thermal load only and extracting the stresses generated in each node then 

these stress values are arranged (MATLAB code used) into ANSYS input file (it is opened prior to 

application of mechanical load). To clarify the succession of how the thermal and mechanical loads 

are applied the corresponding flowchart is presented in Figure 5. It should be mentioned to that the 

third scenario (“T/M”) can be used for any types of joint independently on material behaviour as well 
as the type of applied load. For the [M/A/M] the adhesive has to be cured prior to tensile test at 

temperature of 60
0
C (according to the adhesive datasheet [23]). The residual stresses are generated 

within the joint members due to cooling down from the curing temperature (60
0
C) to the ambient 

temperature (25
0
C), thus ΔT = -35ºC is applied as thermal load.  
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Figure 5. The progression of steps used in the simulation. 

3. Results and discussion

The discussion is based on the analysis of the stress distributions along the overlap length at the centre

of the adhesive layer from                 to              )  Since in case of SLJ these

distributions are symmetric with respect to X=0 (middle of the joint), only half of the overlap length is

considered (and in figures stress distributions are presented over this distance). The analysis of

influence of various parameters on stress distributions is presented here. In order to verify the model, a

very simple case study on single composite laminate was performed. A composite laminate with

unidirectional and quasi-isotropic layup is simulated to compare stresses in the layers obtained from

ANSYS with results from Classical Laminate Theory (CLT). The following cases were checked: 1)

only mechanical load is applied; 2) only thermal load is applied; 3) thermal load and then mechanical

load are applied in two sequential steps. The comparison shows that results from CLT and FEM are

almost identical, thus the suitability of boundary conditions in numerical model is validated.

3.1.  Various scenarios for application of thermal load 

The effect of application of thermal load is discussed in this section assuming three different 

scenarios: 1) the thermal and mechanical loads are applied simultaneously; 2) two independent 

calculations are performed for thermal and mechanical loads, then the resulting stress is obtained by 

using superposition; 3) the calculation is performed for thermal load to obtain stresses which are used 

as initial condition for the case with mechanical load only. 

The main focus for discussion here is to demonstrate the difference between these three scenarios 

in case of linear and non-linear material considering displacement controlled tensile test. The 

simulations are carried out by applying strain (ɛx = 0.1%) as a mechanical load. 

3.1.1.  Linear material model 

The results of calculation for abovementioned scenarios with use of linear material model (for 

adherend and adhesive) are presented in Figure 6. As can be seen from Figure 6 there is no difference 

between the stress distributions in case of T+M (superposition) and T/M (thermal stresses as initial 

conditions) but there is a significant difference in case of T&M (simultaneous). This is due to 

misrepresentation of real test/manufacturing conditions by the assumptions in the T&M: the cooling 

down occurs while the joint is constrained by applied load, thus in general stress levels obtained from 

this case are higher. In reality the joint is cooled down unconstrained and then the mechanical load 

(strain) is applied during the test. This is how T+M and T/M simulations are carried out: the thermal 

stresses are calculated on the unconstrained model (free boundary condition) and then the mechanical 

load is applied with some constraints on the joint end. This means that the T&M scenario should be 

avoided as unrealistic and study should focus only on the T+M and T/M scenarios. 
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Figure 6. Comparison of stress components in the adhesive layer of [Al/A/Al] SLJ using T&M, T+M 

and T/M simulation methods, 0.1% strain and ∆T = -35
0
C are applied. 

3.1.2.  Non-linear material model 

The comparison between the T+M and T/M scenario for the non-linear material model (for adherend 

and adhesive) is discussed in this section. The results of simulations are presented in Figure 7.  First of 

all, it can be noted that thermal residual stresses (or simulation scenario) do not dramatically affect 

shear stress xy, moreover, the peel stress y is absolutely unaffected. On the other hand, the in-plane 

normal stresses (   𝑎       see Figure 7c and 7d) are affected by the presence of thermal stresses as 

well as by the scenario of how loads are applied. Besides, this difference will increase as load level 

(either thermal or mechanical) is increased, since stresses will be shifted to higher level and non-linear 

region of stress-strain curves of the material will be reached. While the influence of the loading 

scenario on the shear stress distribution is not very significant in terms of stress levels, there is 

noticeable change of the shape of the curve, especially if kinking on the curve is observed. This kink 

represents the transition point between linear and non-linear material model. It can be stated that this 

transition point is the same for mechanical loading or T+M case, but it is shifted to the left for T/M (as 

it was observed for the increase of the mechanical load in [18]). This means that for the T+M scenario 

the material is still behaving the same with respect to linearity/non-linear under each loading 

component separately, consequently the final result is incorrect because non-linear behaviour is not 

captured. Therefore it can be stated that T+M scenario cannot be employed in case when material is 

non-linear. 
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Figure 7. Comparison of stress components in the adhesive layer of [Aln/An/Aln] SLJ for only 

mechanical load, T+M and T/M simulation methods, 0.1% strain and ∆T = -35
0
C are applied.    

3.2 Evaluation of magnitude of mechanical vs thermal loads 

In this section, the effect of increasing the mechanical load is compared against changes caused by the 

increase of the thermal load (the peel and shear stress distributions are analysed). In order to 

demonstrate these effects the simulation is done at mechanical load which ensures that the whole 

material is in the linear-elastic mode (applied strain of ɛx = 0.08% corresponding to stress of    = 

53MPa) and temperature difference of ∆T = -35
0
C. Then these parameters are increased by factor of 2 

to see changes in stress distribution they cause separately and combined together. As seen from the 

Figure 8a the increase of temperature does not affect the peel stress distribution. However, the 

mechanical load has a notable influence on the peak stress next to overlap ends as well as on the 

maximum peel stress at the overlap ends. This behaviour is likely due to the eccentricity of the load in 

SLJ that results in intensification of the bending of the joint as applied load is increased which gives 

rise of the peak and maximum peel stress.  

As expected, the increase of applied mechanical load moves the values of shear stress upwards but 

the shape of the stress distribution is not affected so much. On the other hand, the variation of 

temperature results in a visible (although local) change of the shape of shear stress distribution (see 

Figure 8b). The linear/non-linear material transition point (observed at around X/ta = 80 for T = -

35
0
C) disappears when the temperature difference reaches -70

0
C. This is because all material within 

the monitored region starts to behave non-linearly. However, twice as high mechanical load only shifts 

transition point to the left but it does not completely disappear (some of the material still behaves 

linearly). 

In order to exemplify this phenomenon additional calculations are performed by keeping the same 

mechanical load and changing only the temperature. The comparison is done by analyzing the shear 

stress component and the linear/non-linear transition point is monitored. The simulation is done for 

mechanical load of 0.08% combined with four different temperatures T: 0
0
C (only mechanical load), 

-17.5
0
C, -35

0
C and -40

0
C. The results in Figure 9 show that the increase of temperature leads to shift
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of the transition point to the left (to the middle of the joint) and it is almost gone at -40
0
C. This 

explains why the transition point disappeared when the temperature difference reaches -70
0
C in Figure 

7b (this temperature is high enough to push material within analyzed region into non-linearity). Based 

on these observations it is possible to state that the thermal load has an important effect on the stress 

distribution within the overlap of the SLJ. Furthermore, this effect locally can be more significant (for 

comparative magnitudes of changes for the load level) than the mechanical load. 

Figure 8. Comparison of peel and shear stress in the adhesive layer of [Aln/An/Aln] SLJ for T/M 

simulation methods, two different mechanical load level (0.08% and 0.16% strain) and two different 

temperature (∆T = -35
0
C and -70

0
C) are applied. 

Figure 9. Comparison of shear stress in the adhesive layer of [Aln/An/Aln] SLJ for T/M simulation 

methods, 0.08% strain and four different temperature (∆T =0, -17.5 
0
C, -35

0
C and -40

0
C) are applied. 

4. Conclusions

It has been demonstrated that in order to obtain accurate and reliable stress distributions in SLJ the

thermal and mechanical loads have to be applied in two consecutive steps. Moreover, if the non-linear

material is used in the joint the superposition method to combine thermal and mechanical loadings are

not applicable and will produce incorrect result. It has been also noted that the increase of temperature

will increase level of thermal residual stress and this increase may have more significant effect on

local material behaviour (linear vs non-linear) in the adhesive layer of SLJ than variation of

mechanical load (at least for the same magnitude of the changes of loads).
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Abstract 

A numerical study for the double-lap adhesive joint made of similar adherends subjected to tensile and 

thermal loads is presented. A novel displacement coupling conditions which are able to correctly 

represent monoclinic materials (off-axis layers of composite laminates) are used to build a 

comprehensive numerical model. Two types of double-lap joints are considered in this study: metal-

metal and composite-composite. In case of composite laminates, four lay-ups are evaluated:  

unidirectional ([08]T and [908]T) and quasi-isotropic laminates ([0/45/90/-45]S and [90/45/0/-45]S). The 

effect of different parameters (adherend stiffness, ply stacking sequence, adherend thickness, one-step 

or two-step manufacturing of the joint) on peel and shear stress distribution in the middle of the adhesive 

is studied. The comparison of the behaviour of single-lap and double-lap joint in relation to these 

parameters is made. The maximum peel and shear stress at the ends of the overlap with respect to the 

axial modulus of the adherends are presented in a form of the master curves. The analyses of results 

show that: the maximum peel and shear stress concentration at the overlap ends is reduced with the 

increase of the axial modulus of the adherend; the stress distribution in the adhesive layer can be 

improved (lower stress concentrations and level-out the curve) by changing the fibre orientation (which 

affect the stiffness) in plies connected to the adhesive layer. 

 

Keywords: Double-lap joint; Adhesive joints; Thermo-mechanical load; Residual thermal stresses; 

Finite element method. 

1- Introduction 

The general trends in design of modern vehicles are reduction of the fuel consumption and pollution 

emissions. In order to achieve these goals, the vehicles need to be lighter but at the same time safety 

should not be compromised. This means that some of the metal within the structure should be substituted 

by other, lighter materials with the same mechanical performance. The polymer composite material suits 

this requirement due to excellent mechanical properties to weight ratio. However, since not all metal 

parts can be substituted by composites, dissimilar materials will be present in the structure. These parts 

have to be assembled together in the structure but traditional mechanical fastening (e.g. bolts, rivets, and 

welding) is rather difficult or even impossible to use with the composite material [1]. Therefore, the 

adhesive bonding is the best solution for joining composite with other composite or metal within the 

structures [2]. Moreover, in general the adhesive joint has many advantages compared to other joint 

types [3–5]. Among the numerous adhesive bonding types, there are three types of joints that are most 
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commonly used: single-lap, double-lap and scarf joint [6]. On the other hand, one of the major problems 

concerning the change of the traditional mechanical fastenings to adhesive is curing of the joint and 

composite at elevated temperature. Due to differences between service and curing temperature, the 

Residual Thermal Stresses (RTS) within the joint and composite itself will be generated. In some cases, 

these RTS will be high enough to cause a failure within the joint or composite laminate under a very 

small (or even without any) mechanical load [7].  

There are several studies [8–11] dedicated to the experimental, numerical and theoretical investigation 

of double-lap adhesive joints (DLJ). The experimental and numerical study of a double-lap adhesive 

joint presented in [8] analysed three different types of adhesives with aluminium adherends, and four 

different overlap length. Analysis by Extended Finite Element Method for damage initiation and 

propagation showed that the maximum load is increased with increasing the overlap length and this 

improvement enhances with the use of more ductile adhesive. Moreover, it is demonstrated that the use 

of maximum nominal stress and quadratic nominal stress criteria gives accurate predictions for damage 

initiation and growth in the joint. An analytical and numerical study for DLJ under tensile load is 

presented in [9]. A three-parameter elastic foundation model was developed to satisfy all boundary 

conditions at free edges (zero-shear stress boundary condition) of the adhesive layer and then the results 

are compared with finite element analysis. The effect of three parameters (adhesive thickness, adhesive 

stiffness, adherend stiffness) on the stress distribution in the adhesive was studied. The results show that 

there is a significant effect for the adhesive thickness and stiffness ratio (adherend/adhesive stiffness) 

on peel and shear stress distribution, it should be mentioned that a very good agreement between the 

analytical and numerical results was obtained. Another paper [10]  presents a 3D finite element method 

(FEM) for analysis of the DLJ of composite adherends subjected to a tensile load. The effect of width 

and length of the overlap as well as the fibre orientation ([04]S, [904]S and various off-axis laminates) are 

investigated. It is shown that the failure load increases with increasing the overlap length, while highest 

peel stress is obtained in case of using a laminate with 0 fibre orientation  ([04]S) as adherend. Another 

study [11] uses 3D FEM to investigate the effect of such parameters as stacking sequence of plies in the 

laminate and ply thickness of composite adherends on stresses inside the adhesive of DLJ. Six different 

layer stacking sequences with non-linear adhesive and adherend material are considered. It was observed 

that change of joint member stiffness due to fibre orientation in plies of the laminate and use of hybrid 

composite laminate (changing the type of fibres in layers which are adjacent to the adhesive layer) have 

a significant effect on the level of the maximum peel, shear and von Mises stress at the end of the 

overlap. 

Another route to optimize the performance of the adhesive joints was investigated in [12,13] by 

evaluating possibility to use bi-adhesive bonding. The experimental and numerical study of stress 

concentration at the ends of a joint bonded by two adhesives with different stiffness was carried out [12]. 

It is shown that the strength of the joint bonded with multiple adhesive materials increase compared to 

the conventionally bonded joint if adhesive with low modulus is used at the ends of the overlap. 

Similarly, a 3D model was used in [13] to simulate DLJ bonded with two types of adhesives in the 

overlap region. As a parameter the bond-length ratio (ratio between flexible and stiff adhesive zones) 
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was varied (ratios of 0.2, 0.4, 0.7 and 1.3 were considered). It was shown that the peel and shear stress 

can be optimized (reduced) by using appropriate bond-length ratio. 

In order to assemble the joint members, the adhesive need to be cured at an elevated temperature. Each 

joint member has different mechanical properties, including different coefficient of thermal expansion 

(CTE). Due to mismatch of CTE residual thermal stresses are generated within the adhesive layer as 

well as within the adherend composite plate (as joint is cooled down after the manufacturing). Therefore, 

thermal residual stresses should be taken into account in order to get accurate failure predictions for the 

joint and its composite members. 

There is a number of studies [14–18] for DLJ which account for RTS. An experimental and numerical 

study for co-cured dissimilar adherends (composite/steel) DLJ subjected to tensile load with several 

joint parameters (such as overlap length, layup, and surface roughness) was presented in [14]. The 

obtained results show that the tensile load-bearing capacity reduces with increasing the fiber orientation 

angle. Another experimental and numerical study for similar and dissimilar DLJ (aluminium/aluminium 

and aluminium/composite) to investigate the thermal residual and mechanical strains was presented in 

[15]. It has been shown that the joint with dissimilar adherends has more significant RTS in the adhesive 

layer than joint with the same adherends. Several joint parameters were considered in [16] (stacking 

sequence, manufacturing pressure, surface roughness, contact area, and adhesive thickness) to study the 

effect of RTS on tensile load bearing capacity experimentally and numerically (3D FEM). A linear 

superposition technique was used to combine thermal and mechanical load. It has been found that the 

tensile load bearing capacity of joint can be increased significantly by controlling the pressure during 

the manufacturing of the joint together with an increase in the surface roughness for metallic adherend. 

A 2D and 3D FEM  for SLJ and DLJ with similar and dissimilar adherends were used in [17] to study 

the effect of RTS on stress distribution within adhesive layer. The obtained results show that the RTS 

for SLJ are lower than for DLJ. Furthermore, the RTS for similar adherends are lower than for dissimilar 

adherends. Moreover, in order to get accurate result, the geometrical non-linearity should be considered. 

The effect of curing process on the joint efficiency of dissimilar adhesive joint (steel/CFRP) was studied 

experimentally in [18] under different environmental loading (such as temperature and humidity). It was 

found that the curing at elevated temperature resulted in longer time-to-failure. Therefore, the curing 

temperature has a major effect on the ultimate joint strength if the joint tested at elevated temperature, 

but it has no affect if the test is done at room temperature. 

The main objective of this paper is to improve understanding of the behaviour of a double-lap adhesive 

joint under thermo-mechanical loads. This includes identification of joint parameters which have major 

effect on the peel and shear stress distributions within the adhesive layer as well as the way these stresses 

are affected by the RTS. The current study utilizes the same type of boundary conditions and scenarios 

of application of thermo-mechanical load which were developed in [19] and [20] respectively. The 

methodology of numerical simulation presented in this study and detailed analysis of stress 

concentrations in the adhesive of the joints as affected by various parameters will help in development 

and design of more advanced, stronger joints. It should be however noted that no temperature or time 

dependence of material properties are considered in this study. 
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2- General considerations and boundary conditions 

The numerical simulations are carried out by using a commercial FEM package ANSYS 19.2 (utilizing 

APDL codes [21]). The 3D model is based on the geometry shown in Fig. 1 with the following 

dimensions (further in the text and graphs, all the dimensions are normalized with respect to the adhesive 

thickness 𝑡𝑎): adhesive thickness 𝑡𝑎 = 0.2 mm; adherend/adhesive thickness 𝑡𝑠/𝑡𝑎 = 10; overlap 

length/adhesive thickness 𝐿𝑜/𝑡𝑎 = 200; width/adhesive thickness 𝑊/𝑡𝑎 = 5 and total length/adhesive 

thickness 𝐿𝑡/𝑡𝑎 = 1500. In order to simulate tensile test for the DLJ (see Fig. 1), the symmetry 

boundary condition is applied on the left end of the model (at 𝑋 = − 𝐿𝑡 2𝑡𝑎⁄ ) while load in X-direction 

(arbitrary chosen average stress 𝜎𝑥 = 120𝑀𝑃𝑎) is applied (at 𝑋 = 𝐿𝑡 2𝑡𝑎⁄ ) with other displacements 

fixed (𝑈𝑦 = 𝑈𝑧 = 0). The number of finite elements in the model is reduced by applying the symmetry 

boundary condition on the top surface of the middle plate (at 𝑌 = 0.5 + 𝑡𝑠1/𝑡𝑎) to simulate one quarter 

of DLJ (see Fig. 1). Because of this symmetry, eight layers (through the thickness) are used to represent 

the outer plate while only four layers are needed to simulate the inner plate. To simulate infinitely wide 

plate  the same type of boundary conditions (coupling) as in [19] are employed (see Fig. 2) and the same 

scenarios of application of thermo-mechanical load as in [22,23] are used to account for the RTS due to 

cooling from the curing to the room temperature (more details are given in section 3). Bonding between 

the adhesive and adherends is assumed to be perfect and the geometrical nonlinearity is included.  

The suitability of the mesh with respect to the element size and sensitivity of values of the stresses close 

to the singularity region has been investigated in a previous study [19] and a convergence of the results 

was achieved. 

 

 

Figure (1) Schematic representation of the DLJ with boundary conditions and dimensions. 
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Figure (2) Coupling of displacements: (a) coupling of 𝑈𝑍 displacement applied on the nodes with the 

same X-coordinate belonging to the vertical lines on the edge; (b) coupling of 𝑈𝑋 and 𝑈𝑌 on nodes 

belonging to lines through the width of the joint [19]. 

 

The thermo-mechanical properties of the materials (Young’s modulus E, shear modulus G, Poissons 

ratio v, coefficient of thermal expansion α) are listed in Table 1, with the material notations given in 

brackets. 

  

Table (1) CFRP, GFRP and aluminium adherends and adhesive mechanical properties  

CFRP unidirectional lamina (CF) [24] 

E1 = 130 GPa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4.5 GPa 

G13 = 4.5 GPa 

v12 = 0.28 

v13 = 0.28 

v23 = 0.49 

α1 = -0.9×10-6 1/K 

α2 = 27×10-6 1/K 

α3 = 27×10-6 1/K 

GFRP unidirectional lamina (GF) [25]  

E1 =  40  GPa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4 GPa 

G13 = 4 GPa 

v12 = 0.25 

v13 = 0.25 

v23 = 0.45 

α1 =   6×10-6 1/K 

α2 = 35×10-6 1/K 

α3 = 35×10-6 1/K 

Aluminium _ linear (Al) [26] 

𝐸𝐴𝑙 =  71 GPa  vAl  = 0.33 αAl  = 23.1×10-6 1/K 

Adhesive _ linear (A) [26] 

𝐸𝑎𝑑= 2.7 GPa  vad  = 0.4 αad  = 63×10-6 1/K 

Indexes: 1-fibres direction, 2-transverse to the fibres direction, 3-out-of-plane direction.  
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The adherend materials to simulate two different types of DLJ are: 1) metal-metal (M-M); 2) composite-

composite (C-C) (unidirectional as well as multi-axial laminates). The composite laminates are assumed 

to have one of the four stacking sequences: a) unidirectional laminate (UD): [08]T or [908]T; b) quasi-

isotropic laminate (QI) with the lay-up [0/45/90/-45]S or [90/45/0/-45]S. Two types of composite 

materials are considered: glass fibre reinforced polymer (GFRP); carbon fibre reinforced polymer 

(CFRP). The notations for laminates further used in the text and in graphs are presented in Table 2. In 

the same table the axial and bending stiffness of the laminates are presented for comparison. 

 

Table (2) Mechanical properties and notations for composite laminates with several stacking sequence  

Material Stacking sequence 
Notation Mechanical properties 

Text graphs Ex  GPa Db N.m 

CFRP [0/45/90/-45]S CF-QI-0 CF1 49.6 59 

CFRP [90/45/0/-45]S CF-QI-90 CF2 49.6 21 

CFRP [08]T CF-UD-0 CF3 130 87 

CFRP [908]T CF-UD-90 CF4 8 5.3 

GFRP [0/45/90/-45]S GF-QI-0 GF1 19.2 19 

GFRP [90/45/0/-45]S GF-QI-90 GF2 19.2 9.6 

GFRP [08]T GF-UD-0 GF3 40 27 

GFRP [908]T GF-UD-90 GF4 8 5.4 

Db: bending stiffness; Ex: axial modulus; QI-0: 0-layer next to the adhesive layer; QI-90: 90-layer next 

to the adhesive layer. 

 

3- Results and discussion 

This section presents the analysis of the peel and shear stresses distributions along the overlap length 

(from 𝑋 = − 𝐿𝑜 2𝑡𝑎⁄  to 𝑋 = 𝐿𝑜 2𝑡𝑎⁄ ) in the middle of adhesive layer (on 𝑌 = 0) at the center line of the 

joint (𝑍 = 0). All the simulations are performed with the similar adherends only. The analysis and all 

comparisons are based on the characteristic values obtained from stress distributions as shown in Fig. 3. 

 

 
Figure (3) Schematic representation of typical stress distribution and characteristic values that are 

considered in the analysis. 
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3.1 Adherend stiffness effect  

The effect of adherend stiffness on the peel and shear stress distributions is analysed in this sub-section. 

Two types of joint are considered: M-M and C-C. The results are obtained for four different stacking 

sequences of laminates: unidirectional [08]T or [908]T; quasi-isotropic with the lay-up [0/45/90/-45]S or 

[90/45/0/-45]S. 

 

3.1.1 Isotropic adherends, M-M 

In order to monitor the effect of the adherend stiffness on the peel and shear stress distributions, an 

isotropic adherend material (M-M joint) is considered by assuming three arbitrary values of stiffness E 

= 140, 70 and 35 GPa (with the Poisson’s ratio v  = 0.33), while shear modulus is calculated G = E/2(1+v). 

As seen in Fig. 4 the stress distributions at opposite ends of the overlap are completely different, unlike 

what was observed for SLJ in [19]. The peel stress concentration at the overlap end (𝑋 = 100) and the 

peak value of compressive stress next to it are reduced with increase of the adherend stiffness. The same 

effect is detected at the opposite end at (𝑋 = −100) but with different values of stresses (this is in 

agreement with results presented in [9]). Likewise, the shear stress concentration and plateau region is 

reduced with increase of the adherend stiffness (this also agrees with results presented in [9]). This 

behaviour is the same for SLJ in [19] except for unsymmetrical shear stress distribution relative to the 

middle of adhesive layer at (𝑋 = 0). 

 

   

Figure (4) The effect of stiffness variation on peel (a) and shear (b) stress distributions in the adhesive 

for [M-M] DLJ, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

 

3.1.2 Effect of ply stacking sequence in composite adherend 

The comparison is made between behaviour of UD and QI laminates as adherend to evaluate the effect 

of different ply stacking sequence on the stress distribution in the adhesive. In Fig. 5 the results for CF 

composite [CF/A/CF] show that there is a major effect of the stacking sequence on stress distributions 

in the adhesive. The highest concentration of tensile and compressive peel stress is detected for the CF-

UD-90 composite (at 𝑋 = 100 and 𝑋 = −100 respectively). 
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Figure (5) Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of [CF/A/CF] 

DLJ by using different ply stacking sequence in adherends, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

The highest compressive peak stress value with shorter depth of stress perturbation in peel and longest 

plateau region in shear stress is also observed for the CF-UD-90 laminate. On the other hand, the lowest 

value of tension and compression stress is obtained for the CF-UD-0 laminate at both overlap ends (𝑋 =

100 and 𝑋 = −100, respectively). The lowest shear stress concentration and shortest plateau region is 

observed for this laminate. This result is in line with data presented in Section 3.1.1, since longitudinal 

0-layer has the highest stiffness while transverse 90-layer has the lowest one.  

In case of QI, both lay-ups have the same stiffness globally but different stiffness locally with respect 

to adhesive layer and these stacking sequences give different values in peel and shear stress 

concentration. The peel stress concentration is reduced when stiff 0-layer is next to the adhesive layer 

whereas stress increases when softer 90-layer is located there. Moreover, swapping 0-layer by 90-layer 

within the QI laminate results in longer plateau region in peel and shear stress with higher compressive 

peak stress at the end of the overlap. These results prove that the stress distribution in the adhesive layer 

can be improved (reduce the peel stress concentration and increase the plateau region) by changing the 

fibre orientation (and resulting stiffness) in plies next to the adhesive layer. 

The same trends are observed for the GF composite [GF/A/GF] as shown in the Fig. 6. 

   

Figure (6) Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of [GF/A/GF] 

DLJ by using different ply stacking sequence in adherends, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 
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3.1.3 Effect of adherend stiffness 

The effect of using different types of adherend materials with different stiffness (e.g. Al, CF and GF) on 

the peel and shear stress distribution is evaluated in this section. In case of composite materials, QI 

laminate is used with 0-layer adjacent to adhesive layer. The results in Fig. 7 show that the stress 

concentration is reduced (at 𝑋 = 100) with increase of the adherend stiffness. In this comparison, the 

aluminium has higher stiffness than any of the composite adherends, for this reason, the aluminium 

gives the lowest stress concentration at the end of the overlap. While at 𝑋 = −100 it does not follow 

the same trend and the stress concentration for aluminium is higher than for CF-QI-0. This means that 

the maximum stress level (at overlap end 𝑋 = −100) depends on another parameter rather than axial 

stiffness. According to the results in Fig. 7 the peel stress level (at 𝑋 = −100) is reduced with increasing 

the adherend bending stiffness. The bending stiffness of the adherends equals to 59, 47.3 and 19 N.m 

for CF, Al and GF respectively (the axial stiffness values are shown in Table 2 and Table 1), and the 

maximum peel stress concentration (at 𝑋 = −100) follows ranking of the bending stiffness of the 

adherends. Meanwhile, the magnitude of the shear stress concentration follows the ranking of adherend 

axial stiffness at both ends as shown in Fig. 7. 

In order to understand this phenomenon more clearly, the displacement of the inner and outer plates in 

the thickness direction Y is analysed. The Y displacement of the nodes at (𝑌 = ±1/2) is used to perform 

the comparison (see Fig. 8). It is obvious from Fig. 8 that there is no bending in the inner plate but a 

significant bending at the outer plate. This bending is outside the adhesion zone and it may affect the 

peel stress concentration at (𝑋 = −100) but it is not the main parameter which causes this behaviour. 

 

   

Figure (7) The distributions of peel (a) and shear (b) stress in adhesive for DLJ with different adherends 

material (but both adherends are of the same material), 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 
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Figure (8) The displacement in Y direction of outer and inner plate at (𝑌 = ±1/2) of [Al/A/Al], 𝑡𝑎 =

0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200, 𝐿𝑡 𝑡𝑎⁄ = 1500. 

 

To verify reasoning about different trends in changes of peel stress at each of the overlap ends, 

simulation for the extreme case scenario is performed by forcing one more boundary condition on the 

bottom surface of the outer plate: movement in Y direction is restricted to avoid the bending in the outer 

plate as well as eliminated the effect of out-of-plane displacement which is related to the out-of-plane 

modulus. The results of this simulation presented in Fig. 9 show that in absence of bending and out-of-

plane modulus effect in the outer plate, ranking of stress values at both overlap ends follow the ranking 

of axial modulus. This finding proves that the different behaviour (at overlap end 𝑋 = −100) is a result 

of change in the bending stiffness and out-of-plane modulus (Ey).  

 

   

Figure (9) The distributions of peel (a) and shear (b) stress in adhesive for DLJ with different adherends 

material (but both adherends are of the same material) when bending of the adherend is restricted, 𝑡𝑎 =

0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 
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3.1.4 Main stiffness parameters for stress concentration reduction 

Let’s start with revealing common trends in Figs. 4  ̶ 7 and identification of the most important 

parameters that would help to reduce the peel and shear stresses in the adhesive. According to Fig. 4, 

three equally possible explanations (hypotheses) are possible for the observed reduction of both stress 

components: a) increasing axial modulus of the adherend; b) increasing bending stiffness; c) increasing 

axial modulus of the material in a close vicinity of the adhesive (that would be the elastic modulus of 

the closest layer in a case of a laminated adherend). Inspecting Fig. 5 for the role of these three 

explanations, the peel and the shear stresses have to be analysed separately. 

It appears that for the shear stress, the bending stiffness (which is much larger for the quasi-isotropic 

laminate with surface 0-layer) has rather small effect. The effect is “negative” compared to Fig. 4b in 

the sense that in Fig. 5b higher bending stiffness results in larger shear stress. This excludes the bending 

stiffness from the list of the main factors for the reduction of shear stress concentration. Explanation c) 

does not hold either in Fig. 5b: it can be seen comparing both quasi-isotropic laminates with the CF-

UD-90. This means that increasing axial modulus of the adherend is the only relevant parameter for the 

shear stress reduction, this conclusion is further confirmed after analysis of results in Fig. 6b. The axial 

modulus increase explains also shear stress data in Fig. 7b. It seems that there is some kind of asymptotic 

behaviour in the dependence: the difference between CF-QI-0 and Al adherends (both with high 

modulus) is small. 

The peel stress behaviour is different in the tensile zone close to 𝑋 = 100 and in the compressive zone 

close to 𝑋 = −100. By focussing first on the tensile zone in Fig. 5a and the three hypotheses, it can be 

observed that there is a very strong correlation between the increase of the axial modulus and the peel 

stress reduction, whereas bending stiffness has a very small effect that, in fact, contradicts the hypothesis 

b). However, the small difference between both QI laminates can be explained by the modulus effect of 

the closest layer (hypothesis c)).  The same conclusion can be drawn from Fig. 6a for GF/EP adherends. 

Analysis of the compressive zone leads to the same conclusions.  

Summarizing: a) the shear stress concentrations may be reduced by increasing the adherend axial 

modulus; b) the main parameter for the peel stress reduction is an increasing axial modulus of the 

adherend but the modulus of the closest to the adhesive layer (case of a laminate) has additional positive 

effect. According to the previous discussion, the dependence of the maximum peel and shear stress on 

axial modulus in a form of the master curves are presented in Fig. 10. Since compressive peel stress is 

not critical for the performance of joint, only the stresses in the tensile zone are analysed. The results 

show that the maximum values of the peel and shear stress are reduced with the increase of the axial 

modulus (Ex) of the adherend. These trends can be described by power function and it is valid for the 

behaviour of GF and CF composites as well as for isotropic material. 

This statement has to be confronted with the data in Fig. 7. The above conclusions hold for shear stresses 

and for peel stresses in the tensile zone. However, they do not hold in the compressive zone of the peel 

stress in Fig. 7a: the stress in the Al substrate case is higher than for the CF-QI-0 laminate. This is likely 

happening because of high out-of-plane (in the thickness direction) elastic modulus of the Al substrate, 

thus Al is almost undeformed under compression but it causes larger deformation (and stresses) in the 
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adhesive. This effect of the out-of-plane modulus in addition to the major axial modulus effect can 

explain the rather small differences also in the tensile region. 

A new quasi-isotropic laminate with modified layer properties was introduced (proportionally reducing 

GF/EP properties in Table 1) to have a laminate with axial modulus equal to 𝐸2 as in Table 1 and with 

bending stiffness as for GF4 in Table 2. It was used to study the role of out-of-plane stiffness components 

on peel stress. First the ply sequence in the laminate was varied leading to the bending stiffness variation 

about two times. The maximum peel stresses did not change by more than 1%, confirming the 

conclusions above. The out-of-plane elastic modulus was kept constant equal to values in Table 1. 

Slightly surprisingly, the maximum peel stress value was about 30% lower than for a pure 90-layer 

adherend. The explanation is in Poisson’s ratio which for quasi-isotropic laminate is closer to the 

Poisson’s ratio of the adhesive than the minor Poisson’s ratio of the UD composite, thus reducing all 

stresses. 

Analysis showed that even dramatic changes of out-of-plane shear moduli of layers had negligible effect 

on peel stress (less than 1% change). However, the 𝐸3 effect was very strong: reducing the modulus by 

half, the peel stress was reduced by 30%. This explains the slightly peculiar value of the peel stress for 

Al adherend in Fig. 7a. 

 

   

Figure (10) Maximum peel stress (a) and maximum shear stress (b) in the adhesive with respect to axial 

modulus of adherends for DLJ, 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

 

3.2 Effect of changing the outer plate length  

In order to study the effect of outer plate (strap) length on the stress distribution in the adhesive layer, 

different distance between the inner adherends (length a in Fig.1) is introduced. In this investigation, 

both adherends have the same thickness and material (aluminium). The results in Fig. 11 show that there 

is no effect of the distance between the inner adherends on peel and shear stress distribution at (𝑋 =

100). However, the effect appears at ( 𝑋 = −100) when the distance between the inner adherends 

becomes small and is comparable with the adherend thickness (𝑎/𝑡𝑠𝑜 = 5). The maximum compressive 

peel stress decreases and the maximum shear stress increases as the ratio of (𝑎/𝑡𝑠𝑜) is reduced. It is in 

line with the results of Section 3.1.3: the bending of shorter outer plate is decreased (due to increase of 



143 

 

bending stiffness) and it causes reduction of the peel stress concentration while the shear stress 

concentration is increased. 

 

   

Figure (11) The distributions of peel (a) and shear (b) stress in adhesive for DLJ with different distance 

between the inner adherends for [Al/A/Al], 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200. 

 

 

3.3 Effect the adherend thickness  

In order to study the effect of adherend thickness on the stress distribution in the adhesive layer, two 

cases are considered: 1) both adherends have the same thickness; 2) different adherend thicknesses. To 

compensate for the change of the cross-section area due to change of the adherend thickness, the force 

120 N (which is the force equal to the overall average stress for the original dimension) is applied instead 

of average stress. Two thickness of adherends are used 𝑡𝑠 𝑡𝑎⁄ = 10 and 𝑡𝑠 𝑡𝑎⁄ = 20, the adherend 

material is aluminium. 

The peel and shear stress concentration is reduced, and the perturbation zone is increased due to increase 

in the thickness of both adherends as shown in Fig. 12.  

 

   
Figure (12) Comparison of peel (a) and shear (b) stress distributions in case of both adherends have the 

thickness (𝑡𝑠 𝑡𝑎⁄ = 10) and (𝑡𝑠 𝑡𝑎⁄ = 20). For DLJ with [Al/A/Al], 𝑡𝑎 = 0.2 𝑚𝑚, 𝐿𝑜 𝑡𝑎⁄ = 200. To = 

thickness of outer plate, and Ti = thickness of inner plate. 
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In case of increasing the thickness of one plate and keeping the thickness of another plate the same (see 

Fig. 13), the peel stress concentration also reduces at both ends. The effect more visible at the overlap 

end near the corner of the thinner adherend. But the shear stress concentration increases at the overlap 

end next to thicker adherend corner and reduced at the other end. 

 

   

Figure (13) Comparison of peel (a) and shear (b) stress distributions in case of one of the adherends has 

the thickness (𝑡𝑠 𝑡𝑎⁄ = 10) and another plate has the ratio (𝑡𝑠 𝑡𝑎⁄ = 20). For DLJ with [Al/A/Al], 𝑡𝑎 =

0.2 𝑚𝑚, 𝐿𝑜 𝑡𝑎⁄ = 200. To = thickness of outer plate, and Ti = thickness of inner plate. 

 

The thickness of the adherend changes its bending stiffness (but not axial modulus) and the results in 

Fig. 13 show that the bending stiffness affects only the peel stress concentration at the overlap end which 

is next to the inner plate corner (at  𝑋 = −100). In order to investigate this effect in more details, the 

displacement of the nodes along Y axis at (𝑌 = ±1/2) vs total length of DLJ is plotted in Fig. 14. As 

can be observed from Fig. 14, there is no bending in the inner plate while significant change of 

displacement (indicating bending) is observed on the outer plate. 

 

 

Figure (14) The displacement in Y direction of outer and inner plate at (𝑌 = ±1/2) for different 

thickness ratios of adherends for DLJ with [Al/A/Al], 𝑡𝑎 = 0.2 𝑚𝑚, 𝑡𝑠 𝑡𝑎⁄ = 10, 𝐿𝑜 𝑡𝑎⁄ = 200, 

𝐿𝑡 𝑡𝑎⁄ = 1500. To = thickness of outer plate, and Ti = thickness of inner plate. 
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3.4 Application of thermo-mechanical load 

As demonstrated in [15–18,22] for SLJ, the RTS has a significant effect on peel and shear stress 

distributions. In order to study how peel and shear stress distributions are affected by RTS in case of 

DLJ, the composite laminate is considered as an adherend material in this section. The same curing 

scenarios as presented in [22,23] concerning application of thermal and mechanical loads are used here. 

Two cases are of interest: 1) one-step (1S) curing (use the same resin of the composite as an adhesive 

material and assemble the parts in one-shot); 2) two-step (2S) curing (curing the composite first and 

then assembling the parts together by curing the adhesive). The flowchart in Fig.15 demonstrates 

sequence of the simulation for these scenarios.  

 

 

Figure (15) Flowchart for the numerical simulation sequence of different scenarios of application of the 

thermo-mechanical load. 

 

 

3.4.1 Effect of joint manufacturing (1S vs 2S)  

In this section QI laminate with 0-layer next to the adhesive is used to investigate the effect of RTS. The 

results in Figs. 16  ̶17 show that the manufacturing method has a significant effect on peel and shear 

stress distributions. The thermal load reduces the peel stress concentration at tension side (at 𝑋 = 100) 

by ⁓ 10% and ⁓ 50% in case of 2S and 1S respectively. However, the thermal load increases the 

compressive peel stress at compression side (at 𝑋 = −100) by 50% in 2S case, while increase for 1S 

case is 300%. A very small effect of RTS can be observed on shear stress concentration as can be seen 

in Fig. 16 for [CF/A/CF]. Almost the same behaviour is observed for [GF/A/GF] with a small difference 

at tension side (at 𝑋 = 100).  
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Figure (16) Comparison of peel (a) and shear stress (b) distributions in the adhesive for DLJ with 

[CF1/A/CF1] for different manufacturing methods of joints (one-step vs two-step curing), with and 

without residual thermal stresses accounted for. Applied loads: 120MPa and 𝛥𝑇 = −150°𝐶 for one-step 

curing and 𝛥𝑇 = −35°𝐶 for two-step curing.  

 

The peel stress concentration at the tension side is reduced by ⁓ 5% in case of 2S while 1S manufacturing 

results in reduction of the peel stress concentration by ⁓ 30%. Moreover, when RTS is accounted for, 

the compression peel stress increases (at 𝑋 = −100) by ⁓ 35% and by 300% for 2S and 1S respectively, 

as shown in Fig. 17.  

 

   

Figure (17) Comparison of peel (a) and shear stress (b) distributions in the adhesive for DLJ with 

[GF1/A/GF1] for different manufacturing methods of joints (one-step vs two-step method), with and 

without residual thermal stresses accounted for. Applied loads: 120MPa and 𝛥𝑇 = −150°𝐶 for one-step 

curing and 𝛥𝑇 = −35°𝐶 for two-step curing. 

 

These results demonstrate that there is a very significant effect of the RTS to delay the initiation of 

failure, especially in case of 1S manufacturing. 
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3.4.2 Effect of ply stacking sequence with RTS accounted for 

As stated in the previous section, the manufacturing of joint in one-step has a major effect on stress 

distribution in the adhesive and therefore such case is studied in this section. The following stacking 

sequences are considered: a) UD laminate: [08]T or [908]T; b) QI laminate with the lay-up [0/45/0/-45]S 

or [90/45/0/-45]S. In order to investigate the effect of RTS on peel and shear stress distributions, the 

comparison is made between Fig. 5 and Fig. 18. The results in Fig. 18 for [CF/A/CF] with RTS 

accounted for show that there is no difference in the ranking of maximum peel and shear stress 

concentration at the ends of the overlap for UD laminate, the same as in Fig. 5. However, in case of QI 

laminate taking into account RTS and swapping 0 and 90 plies causes some changes which are 

contradicting the case when thermal stresses are neglected: QI-90 will have the highest compression 

peel stress (at 𝑋 = −100). Moreover, when thermal stresses are present all the maximum stress values 

are shifted down with different percentage depending on the stacking sequence of the laminate. The 

shifts of peel stress values (at 𝑋 = 100) are as follows: the maximum reduction in peel stress 

concentration is noticed for UD-0 and QI-90 by ~ 85%, while the smallest reduction is for UD-90 by ~ 

20% and for QI-0 by ~ 60%. The maximum compression peel stress (at 𝑋 = −100) is ~ 8 times higher 

for UD-0 and ~ 2 times higher for UD-90, while for QI laminates this increase is ~ 4 times for QI-0 and 

~ 13 times for QI-90. Meanwhile, there is no significant effect of the RTS on the shear stress 

concentration as shown in Fig. 18.  

 

   

Figure (18) Comparison of peel (a) and shear stress (b) distributions in the adhesive layer of [CF/A/CF] 

DLJ with different stacking sequence of plies in adherends. Applied loads: 120MPa and 𝛥𝑇 = −150°𝐶. 

 

Similar behaviour is obtained for [GF/A/GF] with slightly lower reduction of stress values as shown in 

Fig. 19. This means that when RTS are accounted for, the stress concentration in QI laminate is very 

significantly reduced by swapping 0-layer by 90-layer. 
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Figure (19) Comparison of peel (a) and shear stress (b) distributions in the adhesive layer of [GF/A/GF] 

DLJ with different stacking sequence of plies in adherends. Applied loads: 120MPa and 𝛥𝑇 = −150°𝐶. 

 

 

4- Conclusions 

The analysis of stress distributions in the adhesive layer of DLJ with various parameters and different 

assembly strategies to manufacture the joint are led to the following conclusion: 

• the maximum peel stress concentration at the overlap end (next to outer plate corner) and the peak 

value of compressive stress next to it are reduced with increase of the axial modulus of the adherend;  

• the value of compressive stress at the overlap end (next to inner plate corner) mostly depends on the 

out-of-plane (thickness direction) modulus of adherend.  If it is more compliant compressive stresses 

are lower; 

• the shear stress concentration at the overlap ends and the plateau region are reduced with the increase 

of the axial modulus of the adherend;  

• in case of composite adherends, the highest peel stress concentration among all composites is 

detected for the CF-UD-90 laminate, while the lowest peel stress value is obtained for the CF-UD-0 

laminate at both overlap ends (tensile and compressive zone);  

• out of all composites laminates, the lowest shear stress concentration with shortest plateau region is 

observed for the CF-UD-0, while the highest shear stress concentration with longest plateau region 

is observed for the CF-UD-90. 

• the maximum compressive peel stress decreases and the maximum shear stress increases as the ratio 

of (𝑎/𝑡𝑠𝑜) is reduced; 

• the stress concentration in QI laminate is very significantly reduced by swapping 0-layer by 90-layer 

in case when RTS are accounted for; 

• a very small effect of RTS can be observed on shear stress concentration in both manufacturing 

processes (1S and 2S), while the peel stress concentration at the tensile zone is reduced by ⁓ 30% 

and the peel stress concentration at the compressive zone is increased by ⁓ 300% in case of 

manufacturing the joint in 1S. 



149 

 

 

Acknowledgements 

The research leading to these results was financially supported by Middle Technical University 

(Baghdad, Iraq), by Polymeric Composite Materials group at Luleå University of Technology (Luleå, 

Sweden) and by the strategic innovation programme LIGHTer provided by Vinnova (Sweden). 

 

References 

[1] K Puchała, E Szymczyk JJ. FEM design of composite – metal joint for bearing failure analysis 

FEM design of composite – metal joint for bearing failure analysis 2015. 

[2] Silva MRG. Impact of CFRP adhesive joints for the automotive industry 2015. 

[3] Wahab MMA. Fatigue in adhesively bonded joints: a review. ISRN Mater Sci 2012;2012. 

[4] Kim K-S, Yi Y-M, Cho G-R, Kim C-G. Failure prediction and strength improvement of uni-

directional composite single lap bonded joints. Compos Struct 2008;82:513–20. 

[5] Pramanik A, Basak AK, Dong Y, Sarker PK, Uddin MS, Littlefair G, et al. Joining of carbon 

fibre reinforced polymer (CFRP) composites and aluminium alloys-A review. Compos Part A 

Appl Sci Manuf 2017;101:1–29. 

[6] Li J, Yan Y, Zhang T, Liang Z. Experimental study of adhesively bonded CFRP joints subjected 

to tensile loads. Int J Adhes Adhes 2015;57:95–104. doi:10.1016/j.ijadhadh.2014.11.001. 

[7] Hahn HT. Residual stresses in polymer matrix composite laminates. J Compos Mater 

1976;10:266–78. 

[8] Santos TF, Campilho RDSG. Numerical modelling of adhesively-bonded double-lap joints by 

the eXtended Finite Element Method. Finite Elem Anal Des 2017;133:1–9. 

doi:10.1016/j.finel.2017.05.005. 

[9] Amidi S, Wang J. An analytical model for interfacial stresses in double-lap bonded joints. J 

Adhes 2018;8464:1–25. doi:10.1080/00218464.2018.1464917. 

[10] Sülü İY. Mechanical behavior of composite parts adhesively jointed with the insert double-lap 

joint under tensile load. Weld World 2018;62:403–13. doi:10.1007/s40194-017-0543-9. 

[11] Mokhtari M, Madani K, Belhouari M, Touzain S, Feaugas X, Ratwani M. Effects of composite 

adherend properties on stresses in double lap bonded joints. Mater Des 2013;44:633–9. 

[12] Pires I, Quintino L, Durodola JF, Beevers A. Performance of bi-adhesive bonded aluminium lap 

joints. Int J Adhes Adhes 2003;23:215–23. 

[13] Özer H, Özkan Öz. Three dimensional finite element analysis of bi-adhesively bonded double 

lap joint. Int J Adhes Adhes 2012;37:50–5. 

[14] Shin KC, Lee JJ. Tensile load-bearing capacity of co-cured double lap joints. J Adhes Sci 

Technol 2000;14:1539–56. doi:10.1163/156856100742366. 

[15] Jumbo F, Ruiz PD, Yu Y, Swallowe GM, Ashcroft IA, Huntley JM. Experimental and numerical 

investigation of mechanical and thermal residual strains in adhesively bonded joints. Strain 

2007;43:319–31. 

 



150 

 

 

[16] Adherends CFC. Bond Parameters to Improve Tensile Load Bearing Capacities of Co-cured 

Single and Double Lap Joints with Steel and Carbon Fiber-epoxy Composite Adherends. J 

Compos Mater 2003;37. doi:10.1106/002199803031040. 

[17] Jumbo FS, Ashcroft IA, Crocombe AD, Abdel Wahab MM. Thermal residual stress analysis of 

epoxy bi-material laminates and bonded joints. Int J Adhes Adhes 2010;30:523–38. 

doi:10.1016/j.ijadhadh.2010.03.009. 

[18] Nguyen T-C, Bai Y, Zhao X-L, Al-Mahaidi R. Curing effects on steel/CFRP double strap joints 

under combined mechanical load, temperature and humidity. Constr Build Mater 2013;40:899–

907. 

[19] Al-Ramahi NJ, Joffe R, Varna J. Investigation of end and edge effects on results of numerical 

simulation of single lap adhesive joint with non-linear materials. Int J Adhes Adhes 

2018;87:191–204. doi:10.1016/j.ijadhadh.2018.10.007. 

[20] Al-Ramahi N. Numerical stress analysis in hybrid adhesive joint with non-linear materials. Luleå 

University of Technology, 2018. 

[21] ANSYS 16–Structural Analysis Guide, (2014-2015). 

[22] Al-Ramahi NJ, Joffe R, Varna J. Numerical stress analysis in adhesively bonded joints under 

thermo-mechanical loading. Adv Mech Eng 2020;12. doi:10.1177/1687814020955072. 

[23] Al-Ramahi NJ, Joffe R, Varna J. Numerical stress analysis for single-lap adhesive joint under 

thermo-mechanical load using non-linear material. IOP Conf Ser Mater Sci Eng 2020;881. 

[24] Shin KC, Lee JJ. Effects of thermal residual stresses on failure of co-cured lap joints with steel 

and carbon fiber–epoxy composite adherends under static and fatigue tensile loads. Compos Part 

A Appl Sci Manuf 2006;37:476–87. 

[25] Mechanical properties of glass fiber reinforced polymer unidirectional lamina. These material 

properties from the website of Performance Composites Limited company. URL 

〈http://www.performance-composites.com/carbonfibre/ mechanicalproperties_2.asp〉. 

[26] Wahab MA. The Mechanics of Adhesives in Composite and Metal Joints: Finite Element 

Analysis with ANSYS. DEStech Publications, Inc; 2014. 



151 
 

 

 

Paper E 

 

Numerical stress analysis in adhesive joints under thermo-

mechanical load using model with special boundary 

conditions 

 

 

Authors: 

Nawres J. Al-Ramahi, Roberts Joffe, Janis Varna 

 

Paper Published in: 

IOP Conference Series: Materials Science and Engineering, Volume 518, Issue 3, June 2019. 

 

 

 

 



152 
 

 

 

 

 

 

 

 

 

 

 

 



IOP Conference Series: Materials Science and Engineering

PAPER • OPEN ACCESS

Numerical stress analysis in adhesive joints under thermo-mechanical
load using model with special boundary conditions
To cite this article: Nawres J. Al-Ramahi et al 2019 IOP Conf. Ser.: Mater. Sci. Eng. 518 032061

 

View the article online for updates and enhancements.

This content was downloaded from IP address 130.240.141.83 on 24/06/2019 at 12:33

https://doi.org/10.1088/1757-899X/518/3/032061
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/614785488/Middle/IOPP/IOPs-Mid-MSE-pdf/IOPs-Mid-MSE-pdf.jpg/1?


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

2nd International Conference on Sustainable Engineering Techniques (ICSET 2019)

IOP Conf. Series: Materials Science and Engineering 518 (2019) 032061

IOP Publishing

doi:10.1088/1757-899X/518/3/032061

1

 

 

 

 

 

 

Numerical stress analysis in adhesive joints under thermo-

mechanical load using model with special boundary conditions 

Nawres J. Al-Ramahi
1,2

, Roberts Joffe
1,3 

and Janis Varna
1 

1
Division of Materials Science, Luleå University of Technology, SE-971 87 Luleå, Sweden.  

2
Institute of Technology / Baghdad, Middle Technical University, Baghdad, Iraq. 

3
Swerea SICOMP AB, Box 271, SE 941 26, Piteå, Sweden 

E-mail: nawres.al-ramahi@ltu.se (Nawres J. Al-Ramahi) 

Abstract. A numerical study of the adhesivejoint made of similar and dissimilar adherends 

subjected to thermo-mechanical loading is presented. A comprehensive numerical model was 

used for this purpose with the novel displacement coupling conditions which are able to 

correctly represent monoclinic materials (off-axis layers of composite laminates). The 

geometrical nonlinearity as well as nonlinear material model are also taken into account. Three 

different types of single-lap and double-lap adhesive joints are considered in this study: a) 

metal-metal; b) composite-composite; c) composite-metal. In case of composite laminates, four 

lay-ups are evaluated: uni-directional ([08]T and [908] T) and quasi-isotropic laminates 

([0/45/90/-45]S and [90/45/0/-45]S). This paper focuses on the parameters which have the 

majoreffect on the peel and shear stress distribution within adhesive layer at the overlap ends. 

The comparison of behaviour of single-and double-lap joints in relation to these parameters is 

made. The master curves for maximum stress (peel and shear) at the ends of the overlap with 

respect to the bending stiffness and axial modulus of the adherends are constructed by 

analysing stress distributions in the middle of the adhesive.The main conclusions of this paper 

are: the maximum peel stress value for SLJ is reduced with increase of the adherend bending 

stiffness and for DLJ,similar behaviour was observed at the end next to the inner plate corner, 

while, at the end next to the outer plate corner peel stress is reduced with increase of adherend 

axial modulus. 

1.  Introduction 

The fuel consumption in modern vehicles is one of the issues which have to be dealt with in order to 

reduce pollution emissions and exploitation costs.These goals can be achieved if the vehicle's weight is 

reduced by substitutionof some metal parts in structures by composites. However, while use of 

compositesensures reduction of weight, it should not affect safety of the vehicle (actually sometimesit 

can be even improved due to unique properties of composite materials). These considerations motivate 

most of the automotive and aerospace industries to employ composites in their structures [1], [2].Two 

most recent and well known examples from aircraft manufacturers are Boeing 787 and Airbus A380 

[3]. The fuel consumption is decreasedby ~ 20% in the Boeing 787 due to use of composite material in 

structure (~50% by weight), similarly energy consumption is reduced by ~12% in Airbus A380 

because 25% of weight of the structure is carbon fiber reinforced plastic (CFRP).In order to 

accommodate metals and polymer composites within one structure, the effective joining of parts is 

required. Thus, development of joints to connect similar and dissimilar materials is needed (e.g. 

composite-composite and composite-metal joints). There are three categoriesof joints that are typically 

considered: mechanical joint, adhesive joint or combination (hybrid) of both of them [4]. The adhesive 

joint has several advantages compared with other forms of joining [5], [6], [7].The most common type 

mailto:nawres.al-ramahi@ltu.se
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of joint, due to its simplicity and effectiveness, is single-lap joint. Numerous studies are dedicated to 

the analysis of this type of joint. However, the stress state in single-lap joint is not most favorable 

because of inherent load eccentricity, causing misbalance and bending of the joint. Another most 

common type of joint is double-lap joint, since it is symmetric, it is generally considered to be better in 

terms of more uniform stress distribution. However, this advantage may not be as significant as it is 

thought of and it needs more comprehensive investigation. Therefor the current study presents the 

comparison between local stress distributions in the adhesive layer of single- and double- lap joints.  

Numerous numerical and experimental studies have beenperformed on  double-lap [8], [9], [10], 

11] and single-lap [12–14] joints. However, often these investigations didnot consider thermal residual 

stresses which arise during the manufacturing of polymer composites and adhesive joints. 

The adhesive joints arefrequentlycured at an elevated temperature and because of mismatch of 

thermal expansion coefficients for the joint members the residual thermal stresses arise when joint is 

cooled down to the temperature of use (e.g. room temperature). These stresses increasewith increase of 

the curing temperature for the adhesive. High thermal residual stresses may cause premature initiation 

of damage in joint which will result in catastrophic failure at rather low mechanical loads. Thus, 

thermal residual stresses must be included in the stress analysis of adhesive joints. 

On the other hand, the composites are also manufacturedat elevated temperature and this will cause 

residual thermal stresses within the laminate itself (e.g. in plies with different fiber orientation in case 

of multi-axial laminate). These stresses sometimes cause the failure within the composite plate before 

any mechanical load is applied [15], which of course also means catastrophic failure of the joint and 

the whole structure. 

There aresome attempts to account for residual thermal stresses for analysis of joint 

performance[16–21]. The effect of co-cured process on tensile load bearing capacity wasinvestigated 

experimentally and numerically for dissimilar (steel and composite adherend) DLJ in [16]. A 3D finite 

element model was used to combine thermal and mechanical load by means of linear superposition. 

The following parameters were taken in account: surface roughness; stacking sequence of the 

composite adherend; manufacturing pressure which is applied during the bonding process; contact 

area; adhesive thickness. The results showed that the tensile load bearing capacity of joint can be 

improved significantly by increasing the surface roughness for metallic adherend as well as by 

controlling the pressure during the manufacturing process.Another experimentally and numerically 

investigation for co-cured DLJ under tensile load with several design parameters was carried out in 

[17]. It was shown that increasing the fiber orientation in the [±θ]4S stacking sequence results in 

decreasing the tensile load-bearing capacity.Experimental and numerical investigations of thermal 

residual as well as mechanical strains in DLJ (aluminum/aluminum and aluminum/carbon fiber-

reinforced polymeradherends) werecarried out in [18]. The obtained results showed that more 

significant residual thermal stress is present in the adhesive layer in case of dissimilar compare to 

similar adherends. An experimental study for dissimilar adhesive joint (steel/CFRP) is presented in 

[19] to study the effect of the curing process on the joint efficiency under cyclic environmental loading 

(temperature and humidity). It was shown that the test conditions have a substantialeffect on the 

ultimate strength of the joint. The curing temperature didnot affect the ultimate joint strength if the test 

was done at room temperature but hada significant effect if the joint tested at elevated temperature.A 

2D and 3D finite element models wereused in [20] to study the distribution of residual thermal stresses 

in SLJ and DLJ with similar and dissimilar adherends.The results showed that the geometrical and 

material non-linearity should be taken into account simultaneously in order to get accurate results. 

Moreover, the residual thermal stresses for the dissimilar adherendswerehigher than for similar 

adherends. Meanwhile, the residual thermal stresses (shear, longitudinal and transverse) for DLJ 

werehigher than for SLJ.The thermal stresses for DLJ with dissimilar adherends 

(aluminium/composite) was studied in [21]by using 3D finite element analysis.Two types of boundary 

conditions (constrained and free expansion concerning the width and length directions) were 

considered with four different type of composites adherends(boron/epoxy, graphite/epoxy, glass/epoxy 

and GLARE).It was shown that the higher thermal stresses are present for aluminium adherend in case 

of free expansion condition when the composite adherend (outer plate) had lower thermal expansion 

coefficient and higher longitudinal modulus in comparison toaluminium (inner plate). But in the case 
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of constraint conditions, theshear stress reducesin the composite corner and at the same time, it 

increasesin aluminium corner. While the peel stress (out-of-plane stress) slightly increasesat the 

aluminium corner and it changesfrom compression to tension at composite corner. Moreover, there 

was a significant increase in the in-plane normal stress components in length and width directions due 

to constraint conditions. 

The objective of this paper is to study differences between the single and double-lap adhesive joints 

in terms of stress distributions and improve understanding of main parameters which influence the peel 

and shear stresses within the adhesive layer. Moreover, the influence of residual thermal stress on the 

peel and shear stress distributions as well as maximum values of these stresses areevaluated. In order 

to achieve these goals,special coupling boundary conditions developed in previous work [22] were 

employed in numerical model. The different scenariosto apply thermo-mechanical load were 

considered, similar to those described in [23]. 

2.  Boundary condition and material properties 

The stress analysis for DLJ and SLJ under mechanical load as well as thermo-mechanical loads 

wasdone by using the commercial finite element method (FEM) package ANSYS 19.2 (employing 

APDL codes).The geometry and dimensions for DLJ and SLJ are shown in Figure 1 and Figure 2 

respectively.  

 

 
 

Figure 1. Geometry and dimensions of double-lap joint. 

 

The 3D model used in this investigation has the following dimensions: adhesive thickness   
      ; overlap length/adhesive thickness ratio          ; total length/adhesive thickness ratio 

          ; adherend/adhesive thickness ratio         ; and width/adhesive thickness ratio 

      . All the geometrical parameters were normalized with respect to the adhesive thickness    

thus results are valid for wide range of joints with different dimensions. In case when only mechanical 

load is applied on DLJ the load (as an average stress           ) was applied at the end of the 

inner plate (at          see Figure 1) along the length of the joint, whiledisplacements along the 

width and thickness (       ) were fixed. Moreover, the symmetry boundary condition was 

applied on the opposite end of the outer plate (at          ) as well as on the top surface of the 

inner plate (at                 ). Thus, only one-quarter of the whole model (see Figure 1) is 

used for the simulation, which results in fewer elements and shorter solution time. But in case of SLJ 

the symmetry boundary conditions are removed and fully clamped boundary condition is applied at 

one end (at          ) with average stress (         ) applied at the opposite end at   
      (see Figure 2). 

In this investigation a novel boundary conditions are applied in order to separate the edge effects (at 

        ) from the end effects (at          ), essentiallythis is representation of an infinite 

plate; more details about these conditions are given in section 2.1.  

 



2nd International Conference on Sustainable Engineering Techniques (ICSET 2019)

IOP Conf. Series: Materials Science and Engineering 518 (2019) 032061

IOP Publishing

doi:10.1088/1757-899X/518/3/032061

4

 

 

 

 

 

 

 
 

Figure 2. Geometry and dimensions of single-lap joint[22]. 

 

In order to prevent the interaction between ends of the joint (at          ) and the overlap 

region, the load wasapplied a far away from the overlap ends (         ). To ensure the accuracy 

of results as demonstrated in[20], [22], [24], the geometrical non-linearity option wasactivated in 

FEM. It should be noted that the geometrical non-linearity option will not affect the results in case of 

DLJ due to an absence of global bending and large local deformations but it was activated in order to 

have the same simulation options for DLJ and SLJ. 

 

Table 1. Thermo-mechanical properties of adherends and adhesive materials. 

CFRP unidirectional lamina (CF) [25] 

E1 = 130 Gpa 

E2 =    8  GPa 

E3 =    8  Gpa 

G12 = 4.5 GPa 

G13 = 4.5 GPa 

v12 = 0.28 

v13 = 0.28 

v23 = 0.49 

α1 = -0.9×10
-6 

1/K 

α2 = 27×10
-6 

1/K 

α3 = 27×10
-6 

1/K 

GFRP unidirectional lamina (GF) [26] 

E1 =  40  Gpa 

E2 =    8  GPa 

E3 =    8  GPa 

G12 = 4 GPa 

G13 = 4 GPa 

v12 = 0.25 

v13 = 0.25 

v23 = 0.45 

α1 =   6×10
-6 

1/K 

α2 = 35×10
-6 

1/K 

α3 = 35×10
-6 

1/K 

Aluminium _ linear (Al) [27] 

    =  71 GPa  vAl= 0.33 αAl  = 23.1×10
-6

 1/K 

Adhesive _ linear (A) [27] 

   = 2.7 GPa  vad  = 0.4 αad  = 63×10
-6 

1/K 

1-fibresdirection. 

2-transverse to the fibre’s direction. 

3-out-of-plane direction. 

T-tangential.  

The material notations used further in the text are given in brackets (). 

 

Three different types of joint were considered in this study (the notations used: “M” – metal; “A” – 

adhesive; “C” – composite): a) metal-metal ([M/A/M]); b) composite-composite ([C/A/C]); c) metal-

composite ([M/A/C]). In case of composite material, two types of polymer composites were used: 

glass fibre (GF) laminate ([GF/A/GF]); carbon fibre (CF) laminate ([CF/A/CF]), with four different 

stacking sequences [08]T, [908]T, [0/45/90/-45]S and [90/45/0/-45]S. 

The material properties along with notations used further in the text and graphs are given in Table 1 

and Table 2 respectively (it should be noted that axial and bending stiffness of laminates are also 

presented in Table 2). 
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Table 2. Axial modulus and bending stiffness with notations for composite laminates. 

Material 
Stacking 

sequence 

Notation Mechanical properties 

Text graphs Ex GPa EBN.m 

CFRP [0/45/90/-45]S 
CF-QI-0 (0-layer next to the 

adhesive layer) 

CF1 49.6 59 

CFRP [90/45/0/-45]S 
CF-QI-90 (90-layer next to the 

adhesive layer) 

CF2 49.6 21 

CFRP [08]T CF-UD-0  CF3 130 87 

CFRP [908]T CF-UD-90  CF4 8 5.3 

GFRP  [0/45/90/-45]S 
GF-QI-0 (0-layer next to the 

adhesive layer) 

GF1 19.2 19 

GFRP  [90/45/0/-45]S 
GF-QI-90 (90-layer next to the 

adhesive layer) 

GF2 19.2 9.6 

GFRP [08]T GF-UD-0  GF3 40 27 

GFRP [908]T GF-UD-90  GF4 8 5.4 

EB: bending stiffness.  

Ex: axial modulus. 

2.1.  Coupling conditions 

Special types of boundary conditions weredeveloped in order to prevent the stress concentration (due 

to finite width) at the edges (at         ) to affect stress distribution within the adhesive 

layer.These conditions allow eliminating the width effect, in this case, a very narrow model can be 

used to simulate infinite plate with accurate results.This allows using a very fine mesh for the adhesive 

layer as well as the layers adjacent the adhesive, while only a couple elements are needed in width 

direction,whichdramatically shortens computation time. It should be mentioned that the boundary 

conditionsemployed here are different from the simple coupling which is often used in FEM 

simulations to enforce periodic structure. The boundary conditions in Figure 3 and Figure 4 can be 

used to simulate all material types(isotropic; orthotropic; as well as monoclinic composite layers with 

off-axis fibre orientations) with accurate results. 

These boundary conditions were applied in two steps: a) first step, the coupling was applied on the 

all nodes within the vertical lines (through the thickness of the sample) at the edge A and B which 

have the same X-coordinate, this type of coupling forces selected nodes to have the same displacement 

  as shown in Figure 3; b) second step, the coupling was applied on the nodes through the width of 

the sample from (        ) to (        ). The selected nodes, in this case, should have the 

same X-coordinate and Y-coordinate. These nodes will be forced to have the same displacements    

and    as shown in Figure 4. More details regarding these boundary conditions can be found in [22]. 

 

 
Figure 3. First set of coupling displacement   [28]. 
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Figure 4. Second set of coupling displacement   and    [22]. 

2.2.  Thermo-mechanical loading 

To study the effect of thermal load on the stress distribution within the adhesive layer, the same 

strategy which is explained in [23]was used. Two types of joint manufacturing wereconsidered here: 

a)one-step curing; b) two-step curing. Depending on the manufacturing route the simulation has to be 

performed in two- or three- stages. In order to simulate [M/A/M] joint, two-stage simulation is 

required: 1) calculate thermal residual stresses (only temperature is applied); 2) application of the 

mechanical load. For this case, the residual thermal stresses werecalculated for the curing at 

60
0
C(      0

C is applied). But in case of simulating [C/A/C] or [M/A/C] there are two possible 

ways to perform calculations: I) two-stage simulation, this corresponds to the case when adhesive and 

composite adherend are cured simultaneously (co-curing), thus, the matrix of the composite also acts 

as an adhesive (the curing wasdone at 175
0
C and        0

C is applied);II) three-stage simulation, 

this is the case when the composite laminate wascured first and then joint wasassembled with different 

adhesive materialwhich wasalso cured (        
0
Cwasapplied for the composite curingand 

       
0
C wasapplied for the adhesive curing).TheFigure 5 shows the sequence of application of 

thermal and mechanical loads in form of the flowchart. 

Further, in the figures, the following notations are used: (1S) - thermal load wasapplied once 

(curing of the adhesive only or adhesive and composite simultaneously); (2S) - thermal load 

wasapplied twice (first calculation for the thermal stresses in the composite and then in the whole 

joint). 
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Figure 5. Flowchart, represent the sequence of numerical simulation[29]. 

3.  Results and discussion 

In this section, the stress analysisis focused on the peel and shear stress distributionswithin adhesive 

layer, along the overlap length from (         ) to (        ) at the centre of the adhesive 

layer.In order to study the differences in behaviour between the SLJ and DLJ, the obtained results are 

compared for similar and dissimilar adherends. Moreover, to study the effect of thermal residual 

stresses on the stress distribution within the adhesive layer, the results from mechanical loading only 

are compared with thermo-mechanical loading.In all cases (except dissimilar adherends) the SLJ has a 

symmetric stress distribution with respect to the line at     (half of the joint) because of that only 

half of the distribution is presented. 

The trends for peel and shear stresses are completely different in case of SLJ or DLJ. For the DLJ 

the peel stressat the overlap end which is next to inner plate corner is always compressive. This means 

that it is a safer end in comparison with SLJ (compressive peel stresses in DLJ will not initiate failure). 

Moreover, for DLJ there is no symmetry in stress distribution with respect to the middle of adhesive. 

3.1.  Effect of adherend stiffness on stress distribution 

Three different types of material wereused in this section in order to study the effect of adherend 

stiffness on the stress distribution within the adhesive layer: 1) isotropic material; 2) CFRP composite 

laminate; 3) GFRP composite laminate. Both adherends were considered of the same material.In case 

of an isotropic material, all the joint parameters werefixed and only the material stiffness was changed, 

three stiffness values wereused E = 140, 70 and 35 GPa (the aluminum Poisson’s ratio wasused to 

calculate shear modulus). In case of anisotropic material (composite)the four different stacking 

sequences wereevaluated:CF-QI-0; CF-QI-90; CF-UD-0 and CF-UD-90.As shown in Figure6 for 

isotropic material, the adherend stiffness has a significant effect on the peel and shear stress 

distribution in the adhesive layer. The peel and shear stress concentration are reduced with the increase 

of the adherend stiffness in both cases with more significant effect for DLJ than SLJ, as well as the 

stress perturbation zone is increased with the increase of the stiffness. On the other hand the peel stress 

concentration for DLJ is lower than for the SLJ with larger perturbation zone, while higher shear stress 

concentration with lower plateau region is obtained for DLJ.  
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Figure 6. The effect of changing the adherend stiffness on peel (a) and shear (b) stress distributions in 

adhesive layer for [M/A/M] SLJ and DLJ,          ,     ⁄    ,    ⁄     . 

 

In case of composite adherends,as shown in Figure 7, the maximum peel and shear stress 

concentration is obtained for CF-UD-90 which has the lowest stiffness, but the minimum peel and 

shear stress concentration is observed for CF-UD-0 which is the stiffest laminate. This behaviour is 

similarto the trends observed for isotropic material. The highest peel and stress concentration at the 

end of overlap in DLJ is found when the adherends have low stiffness, while with the high adherend 

stiffness in the DLJ the lowest peel and shear stress concentration level at overlap end is observed in 

comparison with SLJ.Moreover, if quasi-isotropic laminate is considered the peel and shear stress 

concentration have approximately the same value for SLJ and DLJ.  

 

 
 

Figure 7. Comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

[CF/A/CF]SLJ and DLJ with different stacking sequence of plies,         ,     ⁄    ,    ⁄  
   . 

 

In this part the comparison wasmadebetween the aluminium, CF-QI-0 and GF-QI-0. The axial 

modulus of adherend materials were (71, 49.6 and 19.2) for aluminium, CF-QI-0 and GF-QI-0 

respectively. According to the previous conclusion, theranking of maximum peel stress at the end of 

the overlap should be the following: Al, CF and GF and it is satisfied for DLJ at (        )as can 

be seen in Figure8. Howeverin case of SLJ as well as the DLJ at (         ), different behaviour is 

obtained: peel stress in Al is between stress levels in CF and GF composites. Meanwhile the previous 

conclusions hold the same for the shear stress component. It means that there is other than stiffness 
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parameter whichaffects the maximum peel stress for SLJ and DLJ at the end next to inner plate corner. 

This behaviour is compatible with findings in [22]: the maximum peel stress depends on the bending 

stiffness of the plate and it follows the same trend (see Table 2 for values of bending stiffness).  

 
 

Figure 8. Comparison of peel (a) and shear (b) stress distributions in adhesive for SLJ and DLJ with 

different adherends material,         ,     ⁄    ,    ⁄     . 

3.2.  Effect of the adherendthickness 

In this section,threedifferent adherend thicknesses were considered to study effect of this parameter on 

peel and shear stress distribution. In the first part,the same thickness for both adherends was used 

(    ⁄    and     ⁄    ) as shown in Figure9. 

 

 
 

Figure 9. Comparison of peel (a) and shear (b) stress distributions for two different adherend 

thickness. For DLJ and SLJ with [Al/A/Al],          ,    ⁄     . 

In the second part, one of the adherend was kept the same but the other was changed as shown in 

Figure 10 and Figure 11. In order to prevent change of the force as the cross-section area was changed, 

the force (120 N) was applied instead of average stress. The Al was considered to be adherend 

material. Regarding the case when both adherends have the same thickness (see Figure 9), the results 

show that for DLJ the peel stress concentration reduces at both ends with increase of the adherend 

thickness, which may be due to the increase of the bending stiffness of the adherend plate. The stress 

perturbation zone is increased with increasing the adherend thickness. On the other hand, the shear 

stress concentration at the ends of the overlap is reduced with increase of the adherend thickness, as 
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well as the plateau region is reduced and the level of it is increased, which is likely due to the 

reduction of the σx. But in case of SLJ the peel stress concentration and stress perturbation zone are 

increased with increasing the adherend thickness, moreover, the shear stress concentration is reduced 

with increase of the adherend thickness; the plateau level is also reduced and the length of the plateau 

becomes shorter. 

 

 
 

Figure 10. Comparison of peel (a) and shear (b) stress distributions for adherends with the same 

thickness ratio (    ⁄    ) and for the outer plate thickness with the adjusted ratio (    ⁄    ). For 

DLJ and SLJ with [Al/A/Al],          ,     ⁄     . 

 

 

 
 

Figure 11. Comparison of peel (a) and shear (b) stress distributions for adherends with the same 

thickness ratio (    ⁄    ) and for the inner plate thickness with the adjusted ratio (    ⁄    ). For 

DLJ and SLJ with [Al/A/Al],          ,     ⁄     . 

In case of the DLJ increasing the thickness of one adherend plate while keeping the second adherend 

plate constant show the following results: thickness increase of outer or inner plate causes  reduction 

of the stress concentration at the end of the overlap, with more significant effect when increasing the 

inner plate thickness two times (see Figure 10 and Figure 11). But in case of SLJ, the peel stress 

concentration increased at the overlapping end which is next to the corner of the thicker plate and 

reduced on the other end. Also, the shear stress concentration for DLJ and SLJ increased at the 

overlapping end which is set next to thicker plate corner and it reduced at the other end. 
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3.3.  The effect of manufacturing process on stress distribution 

In order to evaluate the effect of residual thermal stress on peel and shear stress distribution, the stress 

results under mechanical load only (OM) werecompared with thermo-mechanical loading. Three types 

of DLJ and SLJ wereconsidered in this section: [Al/A/Al], [CF/A/CF] and [CF/A/Al].In both cases 

(DLJ and SLJ) the peel and shear stress distribution have the same trend, but with lower maximum 

stress at the ends of the overlapping for thermo-mechanical load. In case ofisotropic material (Al), only 

one-step of curing is presented, the peel stress for DLJ reduced by ⁓20% at (        ) and by ⁓50% 

at (         ) as well as for SLJ reduced by ⁓10% due to thermal load, but with approximately the 

same maximum shear stress value, as shown in Figure12.In case of CF (a quasi-isotropic stacking 

sequence with 0-layer adjacent to adhesive layer) two types of manufacturing (one-step of curing and 

two-step of curing) are presented and compared with OM case as shown in Figure13. The peel stress 

concentration is reduced in both cases (DLJ and SLJ) due to residual thermal stress with a more 

significant effect for one-step curing.The maximum peel stress for SLJ reduces more than for DLJ at 

(        ),while the DLJ show increase in peel stress approximately 3 times at (         ). 
Theseresults show that the manufacturing of joint in one-step gives the lowest value of peel and shear 

stress concentration at the ends of overlap. Therefore, only one-step curing was considered for 

comparison between the peel and shear stress distribution with a different stacking sequence of plies in 

adherends. 

 

 
 

Figure 12. The comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

[Al/A/Al] DLJ and SLJ with and without residual thermal stresses accounted for, 120MPa and 60 MPa 

for DLJ and SLJ respectively and       0
C are applied. 

 

In order to investigate the effect of residual thermal stress on the stress distribution (e.g. the 

maximum peel and shear stress at the overlap ends) of different composite stacking sequence, the 

comparison of four different stacking sequences was performed. This was done in the same way as 

described section 3.1. The maximum and minimum peel and shear stresses are observed for DLJ with 

90-layer and 0-layer respectively as can be seen in Figure 14. These results also show that the peel and 

shear stress concentration at the overlap ends are shifted down with approximately the same value in 

both cases, SLJ or DLJ (the comparison wasdone between Figure 7 and Figure 14). In case ifthermal 

stresses weretaken into account, the peel stress concentration is reduced as follows (the relative 

difference in stress values between simulations with and without thermal stresses is presented): 1) in 

case of SLJ with CF-QI-90 by ⁓90%, CF-UD-0 by 65%, CF-QI-0 by ⁓60%, CF-UD-90 by 40%; 2) in 

case of DLJ with CF-QI-90 by ⁓90%, CF-UD-0 by 80%, CF-QI-0 by ⁓55%, CF-UD-90 by 25%. The 

abovementioned means that the peel stress can be significantly reduced by swapping 0-layer by 90-

layer in the quasi-isotropic laminate. Moreover, for DLJ the stiffer laminate (CF-UD-0) causes larger 

reduction than for the SLJ, while for SLJ the softer laminate (CF-UD-90) causeseven more significant 

decrease than for the DLJ. On the other hand as a result of these differencesin the reduction of 
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maximum peel and shear stress, the valuesof stresses in these laminate will differ also in case when 

only mechanical load is applied. 

 

 
 

Figure 13. The comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

[CF1/A/CF1] DLJ and SLJ with and without residual thermal stresses accounted for, 120MPa and 60 

MPa for DLJ and SLJ respectively,        0
C for one-step curing and       0

C for two-step 

curing are applied. 

 

 
 

Figure 14. The comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

[CF/A/CF] DLJ and SLJ with different stacking sequence of plies in adherends, 120MPa and 60 MPa 

for DLJ and SLJ respectively,        0
C for one-step curing are applied. 

 

Two types of materials were used as adherend material, isotropic material (Al) and anisotropic 

material (CF-QI-0).In this case the SLJ has also unsymmetrical peel and shear stress distributions, 

because of that full curves are presented.The peel stress concentration is reduced significantly in both 

cases (DLJ and SLJ) at both ends when residual thermal stress was accounted for.Moreover, the peel 

stress for DLJ and SLJ move to compressive stress at (        ) which is next to composite corner 

(outer plate corner) with a very high compressive stress value and with longer perturbation zone for 

DLJ as shown in Figure15. This means that a very safe adhesive joint can be constructed by using DLJ 

with dissimilar adherends. 
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Figure 15. The comparison of peel (a) and shear (b) stress distributions in the adhesive layer of 

[CF1/A/Al] DLJ and SLJ with and without residual thermal stresses accounted for, 120MPa and 60 

MPa for DLJ and SLJ respectively,        0
C for one-step curing are applied. 

3.4.  Comparison of master curves in case if thermal stresses are accounted for 

In the previous sections the peel and shear stress distributions were investigated in the adhesive layer 

for different adherend material as well as different laminate lay-ups. The analysis of the results shows 

that there are two parameters which have the major effect on the maximum of peel and shear stress. 

These parameters are adherend bending stiffness for maximum peel stress and adherend axial modulus 

for maximum shear stress.The adherend bending stiffness which is given in Table 2,is presented versus 

the maximum peel stress in Figure16a. Figure 16 shows that the maximum peel stress value reduces 

with increasing the bending stiffness of the adherend. This finding is satisfied for SLJ at both ends as 

demonstrated in [22]. But for DLJ it is valid at the end which is next to the inner plate corner but the 

stress at the second end which is next to the outer plate corner dependents on the axial modulus of 

adherend. The curing in one-step and two-step have the same effect on the stress level (the trend is the 

same as can be seen in Figure 16a), but with lower maximum peel stress value when the joint was 

manufactured in one-step. The DLJ curves mirror SLJ curves with higher shift between one-step and 

two-step curves. The maximum shear stress is presented vs the adherend axial modulus (given in Table 

2) in Figure 16b. The maximum shear stress is reduced with increasing adherend axial modulus, but 

the behaviour is slightly different between the DLJ and SLJ. 

 
Figure 16. Maximum peel (a) and shear (b) stress under thermos-mechanical load in the adhesive with 

respect to bending stiffness and axial modulus respectively for DLJ and SLJ. 
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4.  Conclusions 

The analysis of stress distributions in the adhesive layer of various types of SLJ and DLJ manufactured 

with different assembly strategies led to the following conclusion: 

1- The increase of thickness of all adherendsdifferently affects peel stress concentration for DLJ and 

SLJ: it is reduced for DLJ but increased for SLJ. Meanwhile, the shear stress concentration is 

reduced in both types of joints. 

2- Increase of the thickness either of inner or outer adherend platewhile keeping the other adherend 

the same causes a reduction of the peel stress concentration at the overlap ends of DLJ. In case of 

SLJ, the increase of thickness of one of the adherend causes an increase in the peel stress 

concentration at the overlap end next to the corner of the thicker plate but it is reduced on the other 

end. 

3- The shear stress concentration for DLJ and SLJ is increased at the overlap end next to thicker plate 

corner but it is reduced at the other end due to the increase of thickness of inner or outer adherend 

plate. 

4- The manufacturing of adhesive joint in one-step results in lowest value of peel and shear stress 

concentration at the ends of overlap. 

5- In case of the quasi-isotropic laminate adherend, the strength of SLJ and DLJ can be significantly 

improved by using 90-layer adjacent to the adhesive layer (instead of 0-layer). 

6- The minimum peel stress concentrations for SLJ can be achieved by using dissimilar adherends. 

Moreover, in case of DLJ the peel stress concentration is compressive. 

7- For SLJ the maximum peel stress value is reduced with increase of the adherend bending stiffness. 

Similarly it is reduced for DLJ at the end next to the inner plate corner.However, at the end next to 

the outer plate corner it is reduced with increase of adherend axial modulus.  

8- The maximum shear stress value is reduced with increase the adherend axial modulus for both, SLJ 

and DLJ. 

References 

[1] Kweon J-H, Jung J-W, Kim T-H, Choi J-H and Kim D-H 2006 Failure of carbon composite-to-

aluminum joints with combined mechanical fastening and adhesive bonding Compos. Struct.75 

192–8 

[2] Khashaba U A, Sallam H E M, Al-Shorbagy A E and Seif M A 2006 Effect of washer size and 

tightening torque on the performance of bolted joints in composite structures Compos. Struct.73 

310–7 

[3] Li X, Guan Z, Li Z and Liu L 2014 A new stress-based multi-scale failure criterion of composites 

and its validation in open hole tension tests Chinese J. Aeronaut.27 1430–41 

[4] Puchała K, Szymczyk E and Jachimowicz J 2012 About mechanical joints design in metal-

composite structure J. KONES19 381–90 

[5] Wahab M M A 2012 Fatigue in adhesively bonded joints: a review ISRN Mater. Sci.  

[6] Kim K-S, Yi Y-M, Cho G-R and Kim C-G 2008 Failure prediction and strength improvement of 

uni-directional composite single lap bonded joints Compos. Struct.82 513–20 

[7] Pramanik A, Basak A K, Dong Y, Sarker P K, Uddin M S, Littlefair G, Dixit A R and 

Chattopadhyaya S 2017 Joining of carbon fibre reinforced polymer (CFRP) composites and 

aluminium alloys-A review Compos. Part A Appl. Sci. Manuf.101 1–29 

[8] Santos T F and Campilho R D S G 2017 Numerical modelling of adhesively-bonded double-lap 

joints by the eXtended Finite Element Method Finite Elem. Anal. Des.133 1–9 

[9] Amidi S and Wang J 2018 An analytical model for interfacial stresses in double-lap bonded joints 

J. Adhes.8464 1–25. 

[10] Sülü İ Y 2018 Mechanical behavior of composite parts adhesively jointed with the insert double-

lap joint under tensile load Weld. World62 403–13. 

[11] Mokhtari M, Madani K, Belhouari M, Touzain S, Feaugas X and Ratwani M 2013 Effects of 

composite adherend properties on stresses in double lap bonded joints Mater. Des.44 633–9. 

[12] Grant L D R, Adams R D and da Silva L F M 2009 Experimental and numerical analysis of 

single-lap joints for the automotive industry Int. J. Adhes. Adhes.29 405–13. 

https://doi.org/10.1016/j.compstruct.2006.04.013
https://doi.org/10.1016/j.compstruct.2006.04.013
https://doi.org/10.1016/j.compstruct.2006.04.013
https://doi.org/10.1016/j.compstruct.2005.02.004
https://doi.org/10.1016/j.compstruct.2005.02.004
https://doi.org/10.1016/j.compstruct.2005.02.004
https://doi.org/10.1016/j.cja.2014.10.009
https://doi.org/10.1016/j.cja.2014.10.009
https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=About+mechanical+joints+design+in+metal-composite+structure&btnG=
https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=About+mechanical+joints+design+in+metal-composite+structure&btnG=
http://dx.doi.org/10.5402/2012/746308
https://doi.org/10.1016/j.compstruct.2007.02.005
https://doi.org/10.1016/j.compstruct.2007.02.005
https://doi.org/10.1016/j.compositesa.2017.06.007
https://doi.org/10.1016/j.compositesa.2017.06.007
https://doi.org/10.1016/j.compositesa.2017.06.007
https://doi.org/10.1016/j.finel.2017.05.005
https://doi.org/10.1016/j.finel.2017.05.005
https://doi.org/10.1080/00218464.2018.1464917
https://doi.org/10.1080/00218464.2018.1464917
https://doi.org/10.1007/s40194-017-0543-9
https://doi.org/10.1007/s40194-017-0543-9
https://doi.org/10.1016/j.matdes.2012.08.001
https://doi.org/10.1016/j.matdes.2012.08.001
https://doi.org/10.1016/j.ijadhadh.2008.09.001
https://doi.org/10.1016/j.ijadhadh.2008.09.001


2nd International Conference on Sustainable Engineering Techniques (ICSET 2019)

IOP Conf. Series: Materials Science and Engineering 518 (2019) 032061

IOP Publishing

doi:10.1088/1757-899X/518/3/032061

15

 

 

 

 

 

 

[13] Broughton W R and Hinopoulos G 1999 Evaluation of the single-lap joint using finite element 

analysis (National Physical Laboratory. Great Britain, Centre for Materials Measurement and 

Technology) 

[14]  Y Yang L Wu Y G Z Z 2011 Effect of adherent thickness on strength of single-lap adhesive 

composites joints Int. Conf. Heterog. Mater. Mech. 679–682. 

[15] Hahn H T 1976 Residual stresses in polymer matrix composite laminates J. Compos. Mater.10 

266–78. 

[16] Shin K C and Lee J J 2003 Bond parameters to improve tensile load bearing capacities of co-

cured single and double lap joints with steel and carbon fiber-epoxy composite adherends J. 

Compos. Mater.37 401–20. 

[17] Shin K C and Lee J J 2000 Tensile load-bearing capacity of co-cured double lap joints J. Adhes. 

Sci. Technol.14 1539–56. 

[18] Jumbo F, Ruiz P D, Yu Y, Swallowe G M, Ashcroft I A and Huntley J M 2007 Experimental and 

numerical investigation of mechanical and thermal residual strains in adhesively bonded joints 

Strain43 319–31. 

[19] Nguyen T-C, Bai Y, Zhao X-L and Al-Mahaidi R 2013 Curing effects on steel/CFRP double 

strap joints under combined mechanical load, temperature and humidity Constr. Build. 

Mater.40 899–907. 

[20] Jumbo F S, Ashcroft I A, Crocombe A D and Wahab M M A 2010 Thermal residual stress 

analysis of epoxy bi-material laminates and bonded joints Int. J. Adhes. Adhes.30 523–38 

[21] Rastogi N, Soni S R and Nagar A 1998 Thermal stresses in aluminum-to-composite double-lap 

bonded joints Adv. Eng. Softw.29 273–81. 

[22] Al-Ramahi N J, Joffe R and Varna J 2018 Investigation of end and edge effects on results of 

numerical simulation of single lap adhesive joint with non-linear materials Int. J. Adhes. 

Adhes.87 191–204. 

[23] Al-Ramahi N 2018 Numerical stress analysis in hybrid adhesive joint with non-linear 

materialsLicentiate thesis(Luleå University of Technology,ISBN: 978-91-7790-034-4) 

[24] Apalak M K and Gunes R 2002 On non-linear thermal stresses in an adhesively bonded single lap 

joint Comput. Struct.80 85–98. 

[25] Shin K C and Lee J J 2006 Effects of thermal residual stresses on failure of co-cured lap joints 

with steel and carbon fiber–epoxy composite adherends under static and fatigue tensile loads 

Compos. Part A Appl. Sci. Manuf.37 476–87. 

[26] Mechanical properties of glass fiber reinforced polymer unidirectional lamina. These material 

properties from the website of Performance Composites Limited company. URL 

〈http://www.performance-composites.com/carbonfibre/mechanicalproperties_2.asp〉. 
[27] Wahab M A 2014 The Mechanics of Adhesives in Composite and Metal Joints: Finite Element 

Analysis with ANSYS (DEStech Publications, Inc). 

[28] Al-Ramahi N, Joffe R and Varna J 2018 FEM analysis of stresses in adhesive single-lap joints 

with non-linear materials under thermo-mechanical loading ECCM18-18th European 

Conference on Composite Materials Athens, Greece, 24-28th June 2018. 

[29]  Al-Ramahi N J, Joffe R and Varna J 2018 Numerical stress analysis in adhesively bonded joints 

with non-linear materials under thermo-mechanical loading Eng. Struct. 

Acknowledgement 

The research leading to these results was financially supported by Middle Technical University 

(Baghdad, Iraq), by Polymeric Composite Materials group at Luleå University of Technology (Luleå, 

Sweden) and by the strategic innovation programme LIGHTer provided by Vinnova (Sweden). 
 

https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=Broughton+W+R+and+Hinopoulos+G+1999+Evaluation+of+the+single-lap+joint+using+finite+element+analysis+%28National+Physical+Laboratory.+Great+Britain%2C+Centre+for+Materials+Measurement+and+Technology%29&btnG=
https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=Broughton+W+R+and+Hinopoulos+G+1999+Evaluation+of+the+single-lap+joint+using+finite+element+analysis+%28National+Physical+Laboratory.+Great+Britain%2C+Centre+for+Materials+Measurement+and+Technology%29&btnG=
https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=Broughton+W+R+and+Hinopoulos+G+1999+Evaluation+of+the+single-lap+joint+using+finite+element+analysis+%28National+Physical+Laboratory.+Great+Britain%2C+Centre+for+Materials+Measurement+and+Technology%29&btnG=
https://doi.org/10.1177/002199837601000401
https://doi.org/10.1177/002199837601000401
https://doi.org/10.1177/0021998303037005040
https://doi.org/10.1177/0021998303037005040
https://doi.org/10.1177/0021998303037005040
https://doi.org/10.1163/156856100742366
https://doi.org/10.1163/156856100742366
https://doi.org/10.1111/j.1475-1305.2007.00328.x
https://doi.org/10.1111/j.1475-1305.2007.00328.x
https://doi.org/10.1111/j.1475-1305.2007.00328.x
https://doi.org/10.1016/j.conbuildmat.2012.11.035
https://doi.org/10.1016/j.conbuildmat.2012.11.035
https://doi.org/10.1016/j.conbuildmat.2012.11.035
https://doi.org/10.1016/j.ijadhadh.2010.03.009
https://doi.org/10.1016/j.ijadhadh.2010.03.009
https://doi.org/10.1016/S0965-9978(97)00079-3
https://doi.org/10.1016/S0965-9978(97)00079-3
https://doi.org/10.1016/j.ijadhadh.2018.10.007
https://doi.org/10.1016/j.ijadhadh.2018.10.007
https://doi.org/10.1016/j.ijadhadh.2018.10.007
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A1174747&dswid=9390
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A1174747&dswid=9390
https://doi.org/10.1016/S0045-7949(01)00139-0
https://doi.org/10.1016/S0045-7949(01)00139-0
https://doi.org/10.1016/j.compositesa.2005.03.031
https://doi.org/10.1016/j.compositesa.2005.03.031
https://doi.org/10.1016/j.compositesa.2005.03.031
http://www.performance-composites.com/carbonfibre/mechanicalproperties_2.asp
https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=Wahab+M+A+2014+The+Mechanics+of+Adhesives+in+Composite+and+Metal+Joints%3A+Finite+Element+Analysis+with+ANSYS+%28DEStech+Publications%2C+Inc%29&btnG=
https://scholar.google.se/scholar?hl=en&as_sdt=0%2C5&q=Wahab+M+A+2014+The+Mechanics+of+Adhesives+in+Composite+and+Metal+Joints%3A+Finite+Element+Analysis+with+ANSYS+%28DEStech+Publications%2C+Inc%29&btnG=
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A1237207&dswid=9390
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A1237207&dswid=9390
http://www.diva-portal.org/smash/record.jsf?pid=diva2%3A1237207&dswid=9390


169 
 

 

 

Paper F 

 

Criteria for crack path deviation in adhesive layer of bi-

material DCB specimen 

 

 

Authors: 

Nawres J. Al-Ramahi, Roberts Joffe, Janis Varna 

 

Paper Submitted to: 

Composites Part A: Applied Science and Manufacturing, 2020. 

 

 

 

 



170 
 

 

 

 

 

 

 

 

 

 

 



171 
 

Criteria for crack path deviation in adhesive layer of bi-material DCB 

specimen 
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Abstract 

An alternative to traditional fracture mechanics methodology to predict direction for crack propagation 

in the adhesive layer of bonded stiff materials is demonstrated. The approach is based on the analysis of 

the location of maximum of the hoop stress in relation to the existing crack tip. Such method is very 

convenient and fast as it does not require a lot of computational resources and is easy to implement 

compared to other known numerical methods dealing with similar problems (e.g. X-FEM). The method 

is validated by fracture mechanics approach using energy release rate to predict crack propagation 

direction. The verification is done by using bi-material DCB specimen with relatively thick adhesive 

layer as an example. 

After proving the applicability of the maximum hoop stress criterion the parametric study on factors 

affecting crack propagation in the adhesive layer is carried out. Such parameters as bending stiffness of 

beams, thickness of the adhesive layer, distance to the bond-line, length of the initial pre-crack are 

analyzed. 

 

Keywords: Unbalanced bi-material DCB; Finite element method; Crack path; Maximum hoop stress 

criterion; Energy release rate; Crack closure. 

1. Introduction 

The use of dissimilar materials (e.g. metals, polymer composites) in design of lightweight structures is 

rapidly increasing with adhesive bonding being one of the most promising solutions for such assemblies.  

Therefore, studies of optimization of the adhesive bonding with respect to the prediction of performance 

of joints are getting more attention. Moreover, the adhesive bonding is useful not only for assembling 

structures but it is also relevant for the repair of composite parts (applying patches) during the service 

[1,2]. Often the crack is initiated within the adhesive or at the interface with one of the bonded materials. 

After that it changes path and moves towards the interface with one of the bonded materials with 

probability of further deviation into the structural composite components thus jeopardizing the structural 

integrity. Therefore, an ability of predicting the crack propagation path becomes very important. 

Typically crack initiation has been predicted from stress analysis calculating energy density and 

separating its dilatational and distortional parts in criteria to account for cavitation forming or shear 

yielding [3] while linear elastic fracture mechanics (LEFM) deals with propagation [4,5]. 

For complex loading cases and structures the stress states required for LEFM analysis do not have 

analytical solutions and numerical simulation (FEM) have to be employed. A typical limitation of this 
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method, when meshing with standard finite elements, is that the crack path is pre-determined 

(constrained) by the mesh. In many cases (fiber/matrix debonds, interlayer delaminations) it is known 

that the crack path is along the interface (then the mesh is not a problem) but almost always there is a 

chance of crack deviation with an unknown direction. 

The most common and widely used method for predicting the crack path is the extended finite element 

method (X-FEM) [6,7]. This method allows the crack to run through finite elements, permitting of crack 

increments in directions that do not depend on the mesh. The cracking simulated by X-FEM is an 

element-by-element crack propagation. The crack propagates through the element in the direction 

transverse to the local maximum tensile stress. The crack propagation occurs when the criterion in terms 

of Energy Release Rate (ERR) is satisfied. The ERR modes are usually calculated using the virtual crack 

closure technique (VCCT). An example of X-FEM application in micromechanics of composites is the 

study of crack kinking in the matrix of a fiber/matrix debond initiated from broken fiber in longitudinal 

tension [8]. The ERR of the kinked crack was almost a pure Mode I. Similar experimental and numerical 

findings were also reported in [9,10]. In studies of damage in homogenized plies, linear cohesive law 

and X-FEM to study evolution of intralaminar cracks was used in [11]; in [12] cracks and interface 

failure in a cross-ply laminate were analyzed in tension and bending using cohesive elements; in [13] 

transverse cracking was studied applying X-FEM with a single element per ply. 

The X-FEM analysis becomes very time and resource consuming for a large structural elements under 

complex loading and alternative (simpler) approaches for following the crack path would be preferable. 

The current paper offers alternative methodology to predict direction of the crack growth which is based 

on analysis of the stress state at a finite distance from crack tip. The stress is analyzed on boundary of a 

relatively large circle (much larger than the used finite element size in that region or the local stress 

singularity region) around the crack tip and the direction for crack propagation corresponds to the 

direction where the hoop stress has a maximum. This concept is not new, in fact the idea is implemented 

on an element scale in X-FEM. It was used also in [14] analyzing kinking of the fiber/matrix debond 

into matrix. The difference with X-FEM is that the circle radius in the suggested approximate approach 

may be much larger than the finite element size. The results are verified using a criterion based on the 

released energy calculating the work needed to close the finite crack increment. 

A bi-material double cantilever beam (DCB) with two stiff beams joined by a finite thickness adhesive 

layer is chosen as an example to demonstrate and to validate this idea comparing predictions with 

criterion where the propagation direction is determined based on maximum value of the ERR. 

This methodology is developed with the aim to implement it in the future for the analysis of adhesive 

joints. Many papers are published on analysis of crack propagation in adhesive joints, for example in 

[15,16] where fracture mechanics criterion was used to analyze DCB and ENF specimens.  Investigation 

of an interface crack in DCB based on cohesive zone modeling was presented in [17]. An experimental 

and numerical investigation of Mode I fracture behavior of a bi-material DCB was presented in [18] 

showing that the crack travels from the lower beam to upper beam within the adhesive layer with kinking 

angle 60°. Several energy methods for calculating the ERR were used to explain results. In general, the 
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current understanding of the effect of structural and material parameters on the kinking angle is not 

sufficient. 

The objective of this paper is to contribute to the understanding of “rules” for crack path deviation 

direction, analyzing the bi-material DCB specimen. The main approach, which we believe due its 

simplicity has a potential for practical applications, is based on finding the direction where the hoop 

stress on the perimeter of a relatively large circle (outside the local singularity region at the crack tip)  

has a maximum. The advantage of this approach for crack path determination, which becomes obvious 

when large structures are analyzed, is that it does not require very fine mesh in the crack tip region. 

Nevertheless, in the presented work, the potential of rough mesh calculations was not investigated and 

a very fine mesh was used through-out the paper. We would like to stress that a very fine mesh is not 

prerequisite for using hoop stress criterion but it is needed for the validation to calculate ERR.  

Encouraged by results of the comparison, the maximum hoop stress approach was used to reveal trends 

in the effect of different geometrical and stiffness parameters on the direction of crack propagation. We 

expect that this methodology can be useful for predicting the crack path also in other structures, for 

example within the adhesive layer in a single-lap and double-lap joints. 

 

2. Criteria for crack growth direction 

In this paper two criteria for determination of the crack growth direction are employed and compared, 

one of them is based on stress distribution and the other on analysis of the energy released in result of 

the crack increment in a selected direction. 

 In the first criterion, which due to its simplicity is the one that is promoted in this paper, the propagation 

direction is determined based on stress distribution on a circular line at certain distance 𝑟 = 𝑟𝑖  from the 

crack tip, see Fig 1a for notations. The hoop stress 𝜎𝜃 distribution along this line is calculated using 

FEM and the angle 𝜃 = 𝜃1 where this stress component has a maximum is found and defined as the 

direction of the crack increment. This is the same criterion as used in X-FEM, just on a different scale. 

Instead of using it for “splitting” very small elements at crack tip, we suggest to use it at the boundary 

of a relatively large zone containing many finite elements. Doing so, the stress at the crack tip does not 

have to be analyzed and there is no need for very small elements. Nevertheless in the performed study 

we use very fine mesh, see Section 3, in order to avoid this additional parameter (accuracy of stress 

calculation on the circle perimeter) when evaluating the suggested criterion. Obviously, the analyzed 𝜎𝜃 

distribution depends on the selected value of the distance 𝑟𝑖. Selecting two values 𝑟1 and 𝑟2 results in 

two values of propagation angles. The effect of the choice of 𝑟𝑖 on the predicted propagation direction 

is analyzed in Section 4, showing its robustness of the method.  

Thus, according to the hoop stress criterion, the crack extension direction will be determined by the 

direction of the maximum hoop stress 𝜎𝜃. The crack increment is drawn so that the new crack tip is at 

the point of the maximum on the circle boundary, see Fig. 1b. In terms of fracture mechanics, the hoop 

stress distribution on this line is the “opening” stress that defines the Mode I ERR. Results presented in 

[8–10] also show that if the crack direction is selected according to the hoop stress criterion, the Mode 

I ERR for growth in that direction is much higher than ERR for Mode II.  Since the fracture toughness 



174 
 

in Mode I is the lowest and the ERR in this mode is the highest, the crack will propagate in the direction 

as predicted by the hoop stress criterion.  

 

   

                              a)                                          b)  

Figure (1) Mechanics of crack growth: a) stress components in the vicinity of the crack tip in polar 

coordinate system; b) crack deviation angle with respect to the initial crack. 

 

The described role of the hoop stress in Mode I propagation motivates introduction of the second, 

energy-based criterion: defining the direction of the crack growth as the one in which the energy release 

would be the largest. The reasonable expectation is that both criteria will lead to similar results. The 

energy criterion is much more computational time consuming than the hoop stress method, because 

crack increments have to be introduced in several directions and for each introduced relatively large 

increment the work to close the finite increment is calculated.  

The work to close the increment can be calculated using the equation below where 𝑎 is the initial crack 

length and ∆𝑎 is the length of the crack increment.  

 

𝑈 =
1

2
∫ [𝜎𝜃

𝑎(𝑟)∆𝑢𝜃
𝑎+∆𝑎(𝑟) + 𝜎𝑟𝜃

𝑎 (𝑟)∆𝑢𝑟
𝑎+∆𝑎(𝑟)]𝑑𝑟

𝑎+∆𝑎

𝑎
                              …………………. (1) 

 

Due to the large length of the increment, numerically the calculation of the work to close the crack is 

performed in two simulations. The procedure is straight forward: one calculation is done for the crack 

length 𝑎 to obtain stress distributions 𝜎𝜃
𝑎 and 𝜎𝑟𝜃

𝑎  along the path of the increment and another for the 

crack length 𝑎 + ∆𝑎 to obtain the displacement gap distributions ∆𝑢𝜃
𝑎+∆𝑎(𝑟) and ∆𝑢𝑟

𝑎+∆𝑎(𝑟). Then 

equation (1) is employed.  

The direction corresponding to the largest work is to the direction with the largest released energy. The 

first term in (1) corresponds to Mode I ERR. 
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3. Material DCB model 

3.1 Definition of used models 

The two criteria for direction of the crack increment described in Section 2 (the hoop stress based and 

the energy release based) are used in this paper to analyze reasons for deviation of the crack path from 

initial horizontal direction in a modified DCB consisting of three different materials, see  Fig.2. The 

DCB specimen does not have symmetry because the two beams are made of different materials (one is 

steel with thickness 𝑡𝑆𝑇  and the other one is carbon fiber (CF) composite with thickness 𝑡𝐶𝐹). They are 

joined together using a polymer adhesive with thickness 𝑡𝑎𝑑𝑣 . The length of the horizontal pre-crack 

𝑎0 on the middle-line of the polymer is much larger than the thickness of the adhesive 𝑡𝑎𝑑𝑣 . 

Stress analysis for the bi-material DCB with applied displacement to the left end of the model in Fig. 2 

is carried out using the commercial FEM package ANSYS 2019 R3 (utilizing APDL codes). 

Displacement in vertical direction (along Y-axis) is applied at the ends of the DCB specimen at 𝑋 =

−𝑎𝑜 (from now on the bonded members of the DCB are referred as “beams”). The displacement 𝑈𝑌 is 

applied on ends of the upper (𝑈𝑌 = ∆/2) and lower (𝑈𝑌 = −∆/2) beams with other displacements there 

constrained (𝑈𝑋 = 0).  

The model in Fig. 1a and Fig. 2 is used to calculate stress distribution before the first crack increment. 

The stress distribution has been used a) in the hoop stress criterion to find the crack deviation angle for 

the first increment, b) to calculate the work to close the crack in the energy criterion (see eq. (1)).  

Another FEM model with inclined crack increment (the length of the increment is 0.16 to 0.27 of  𝑡𝑎𝑑𝑣) 

introduced at the end of the horizontal crack, see Fig. 1b, was used a) to calculate crack face 

displacements to find the work to close the increment (see eq. (1)) required in the energy criterion; b) to 

find the direction for the second crack increment using max stress criterion. 

 

 

Figure (2) The geometry and dimensions of the reference [Steel/Adhesive/Composite] DCB model.  

 

Standard ANSYS 2D plane strain elements such as plane182 (or plane183 in some cases) [19] with four 

and eight nodes respectively are used for meshing. The model is divided into multiple regions with 
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different elements sizes in order to optimize the mesh with respect to the accuracy and computation 

time. A coarse mesh (fairly large elements) is used to mesh the areas away from stress perturbations 

while a very fine mesh (small elements) is utilized for the region close to the crack tip and the 

intermediate mesh is in the transition zone between those areas (see Fig. 3). The effect of the element 

size close to the crack tip on the value of the stresses has been studied in order to get a convergence of 

the results (results are not presented in the paper).  

 

 
Figure (3) An overview of the model (a) with coarse/intermediate mesh around the area with crack tip 

(b) and a very fine mesh around the crack tip (c and d). 

 

 

3.2 Multi-scale calculations 

The applied displacements 𝑈𝑌 are large and the crack tip in the unbalanced bi-material DCB specimen 

has large global displacements due the difference in bending of the two beams. The global deformation 

of the model is several orders of magnitude larger than the small displacement gaps attributed to the 

ERR calculation and it was not possible to obtain them with sufficient accuracy. It should be noted that 

the problem occurs in the vicinity of the crack tip and even very fine mesh did not yield reliable results. 

To minimize the error with the crack face displacement gap a multi-scale approach was used. Once 

again, it should be pointed out that this is done only for the validation of the stress based criterion to 

calculate energy release rate and the stress analysis itself does not require any additional steps.  

The procedure consists of two subsequent numerical simulations. At first the calculation is performed 

on the “complete” DCB model. Then a sub-domain of the model around the crack is selected such that 
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it is much smaller than the complete model but large enough to contain crack tip which does not interact 

with the border of the chosen area. In the thickness direction the cut-out model contained the whole 

adhesive layer and a small part of the upper and lower beams (with thickness 𝑡𝐶𝐹 8⁄  and 𝑡𝑆𝑇 8⁄ ), whereas 

the horizontal size is set equal to 20 ∙ 𝑡𝑎𝑑𝑣  with the crack tip in the middle. The displacements applied 

on the boundary of the sub-domain are from the solution of the “complete” model corrected with respect 

to the ” rigid body” movement of the sub-domain (the calculated crack tip displacement from the 

“complete” model was subtracted from the displacements on the boundary, see Fig. 4). The only 

difference between “complete” model and cut-out model is in size and boundary conditions, otherwise 

the mesh is exactly the same. There is, obviously, a great potential for efficient calculations using a 

course mesh in the “complete” model, but we did not want to have this question as a part of our study. 

 

 
Figure (4) Schematic view of the cut-out model and the applied displacement boundary conditions 

corrected with respect to the “rigid-body” movement of the crack tip (A). 

 

To verify that the size of the cut-out model does not affect the results and that the obtained stress 

distributions are correct, the calculations were performed for two length values (20 ∙ 𝑡𝑎𝑑𝑣  and 40 ∙ 𝑡𝑎𝑑𝑣) 

of the cut-out model (note that the thickness of the cut-out is also doubled). This was done for a 

symmetrical layup DCB specimen with the same material (steel) and thickness of both beams. The end 

of the bottom beam was fully clamped and the displacement was applied at the same end of the upper 

beam in order to avoid any bending and to maintain a uniform global vertical displacement of the middle-

plane.  

The stress distribution in front of the crack tip and displacement distribution before the crack tip for both 

cut-out models are compared with results from the “complete” model. The results from all three models 

are presented in Fig. 5. The displacement and stress distributions are exactly the same, independently of 

the size of the model which proves that the developed procedure is valid. Also, the hoop stress 

distributions around the crack tip have been validated.   
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Figure (5) Displacement distribution before the crack tip (a), stress distribution in front of the crack tip 

(b) for the complete model and two cut-out models of different sizes for [ST/A/ST] DCB. 

 

 

3.3 Material properties 

Linear elastic material model was used for the isotropic adhesive and the orthotropic composite (carbon 

fiber and glass fiber (GF)). The non-linear material model was used for the steel beam, however all 

calculations were performed at rather low loads and material behavior was within linear region. A 

standard material model (Multilinear Isotropic Hardening) that is available in ANSYS is employed to 

represent the non-linear material. Three different lay-ups of bi-material DCB are considered in this 

study: a) Composite/Adhesive/Composite [CF/A/CF], b) Steel/Adhesive/Steel [ST/A/ST], c) 

Steel/Adhesive/Composite [ST/A/CF]. The composite is carbon fiber unidirectional (UD) laminate [05]T 

(pre-preg T700/E445) while the metal beam is steel (AlSi-coated boron steel) and the adhesive is epoxy 

(Sika Power-533 MBX). The elastic properties (Young’s modulus E, shear modulus G, Poisson’s ratio 

) are listed in Table 1.  

Table 1 Mechanical properties of composites, steel and epoxy adhesive  

CF unidirectional lamina [20] 

𝐸1
CF = 113.6 GPa 

𝐸2
CF = 7.7     GPa 

𝐸3
CF = 7.7     GPa 

𝐺12
CF = 4 GPa 

𝐺13
CF = 4 GPa 

𝑣12
CF

 = 0.36 

𝑣13
CF

 = 0.36 

𝑣23
CF

 = 0.42 

GF unidirectional lamina  [21]  

𝐸1
GF =40 GPa 

𝐸2
GF =8  GPa 

𝐸3
GF =8  GPa 

𝐺12
GF = 4 GPa 

𝐺13
GF = 4 GPa 

𝑣12
GF= 0.25 

𝑣13
GF

 = 0.25 

𝑣23
GF

 = 0.45 

AlSi-coated boron steel [22] 
*𝐸𝑆𝑇=  206 GPa   𝑣𝑆𝑇

 = 0.3 

Sika adhesive [23] 

𝐸𝑎𝑑= 0. 859 GPa  𝑣𝑎𝑑
  = 0.32 

Indexes: 1- fibers direction, 2-transverse to the fibers direction, 3-out-of-plane direction. 

*initial Young’s modulus (within linear region). 
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4. Hoop stress criterion: direction of the first crack increment 

As described in Section 2 the maximum hoop stress criterion is one of the candidates for identification 

of the direction of crack propagation (deviation from its previous horizontal path). The direction of the 

first crack increment is characterized by the angle between the horizontal orientation of the pre-crack 

and the increment. The angle is obtained by analyzing hoop stress distribution around the pre-crack tip. 

The angle defining crack deviation may depend on the distance from the crack tip 𝑟𝑖 used in finding the 

maximum. The notation for the angles obtained using two different distances 𝑟1 and 𝑟2  are 𝜃1
𝑟1 , and  𝜃1

𝑟2  

, see Fig 1&2.  It should be noted that in presented results the clockwise direction from horizontal is 

defined as positive. Finding the hoop stress maximum, the angular distance between nodes on the 

perimeter of the circle was approximately 3.2° (which defines the accuracy of the angles for the 

maximum obtained from simulations).  In following the dashed and dotted curves in hoop stress 

distributions correspond to 𝑟2 and 𝑟1 values given in Fig. 2.  We may expect that the hoop stress criterion 

is applicable when the hoop stress is the dominant stress component, which was the case analyzing the 

bi-material DCB test.  

In the next section the DCB consisting of beams with different materials but the same bending stiffness 

is considered, this case is denoted as “equi-D” (and DCB is considered to be balanced). 

 

 

4.1 Crack growth direction in balanced DCB 

The case with both beams in the bi-material DCB having the same bending stiffness (balanced DCB) 

was analyzed first in order to demonstrate the validity of hoop stress criterion for the cases when we 

know or expect certain result.  

For the beams with different materials, thickness for steel and composite beams should be adjusted in 

order to have the same bending stiffness (𝐷11
𝑆𝑇 =  𝐷11

𝐶𝐹). With this aim, the thickness of the composite 

beam has been calculated with respect to the thickness of steel by using the following equation: 

𝐸𝑆𝑇  𝑡𝑆𝑇
3

12
=  𝐷11 =

𝐸1
𝐶𝐹  𝑡𝐶𝐹

3

12
 →  

𝑡𝑆𝑇

𝑡𝐶𝐹
=  √

𝐸1
𝐶𝐹

𝐸𝑆𝑇

3

                                           …………………. (2) 

 

where 𝑡𝑆𝑇  is the steel thickness, 𝑡𝐶𝐹  is the UD composite thickness, 𝐸𝑆𝑇 is the steel Young’s modulus 

and 𝐸1
CF is the composite Young’s modulus in fiber direction.  

Since the thickness of the steel plate is 1.2 mm, the thickness of the composite calculated by equation 2 

with data in Table 1 is 1.46 mm. The [ST/A/CF] DCB is used for this investigation with thickness values 

in Fig. 2. The bending stiffness for the steel beam and the composite beam is approximately the same 

(≈28 N.m). 

In cases of DCB’s ([CF/A/CF], [ST/A/ST] and balanced [ST/A/CF]), the FEM hoop stress analysis gives 

the expected result. As can be seen in Fig 6a for [ST/A/ST], the crack will not change direction (𝜃1 =

00).  The result for the “equi-D” [ST/A/CF] in Fig. 6b is interesting: in bi-material DCB with the same 

bending stiffness of both beams, the crack is not deviating from the initially horizontal direction.  
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Figure (6)  Hoop stress distribution around the crack tip for DCB specimens, a) symmetrical [ST/A/ST] 

and b) balanced [ST/A/CF]. 

 

 

4.2  Trends in crack path deviation for beams with different bending stiffness 

If the DCB is not balanced then the crack propagation direction is not known/obvious. Global 

rotation of the whole structure takes place and not only the crack opening (hoop) stresses are 

large but also other stress components have to be considered. Moreover, the direction of the 

hoop stress maximum is affected and it is likely that the crack will deviate from the initial path. 

The magnitude of this deviation will depend on the amount of the global bending as well as on 

the ratio of properties (geometrical and mechanical) between both beams and the adhesive. The 

effect of differences in bending stiffness of beams are investigated in this section. 

The beam bending stiffness can be changed by changing the beam thickness or the stiffness of 

the material. When the thickness of one of the beams is doubled and its bending stiffness 

becomes eight times larger, see Fig. 7, the crack deviates from the horizontal plane in the 

direction to the more flexible (thinner) beam. Comparing Fig. 7a with Fig. 7b we see that it is 

not only the bending stiffness ratio that determines the deviation angle: the ratio in Fig. 7a is 

larger than in Fig. 7b but the deviation angle is smaller.  

Doubling of the material Young’s modulus (either for steel or for composite) the bending 

stiffness of the adherend is also doubled. In both cases the deviation of the crack plane is by the 

same angle (≈12.9⁰) but in the opposite directions (towards more flexible material) as shown in 

Fig. 8. The smaller deviation angle in Fig. 8 is consistent with the smaller change in the bending 

stiffness of the beam (x8 and x2 increase when increasing the thickness and Young’s modulus 

respectively).  
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Figure (7) Hoop stress distribution for [ST/A/CF] DCB with thickness of one of the beams doubled: a) 

from 1.2 to 2.4 mm for steel beam (the bending stiffness ratio 𝐷11
𝑆𝑇/𝐷11

𝐶𝐹 = 9.13); b) from 1.4 to 2.8 mm 

for composite (bending stiffness ratio 𝐷11
𝐶𝐹/𝐷11

𝑆𝑇 = 7.0). 

 

      
Figure (8) Hoop stress distribution for [ST/A/CF] DCB with one of the beams Young’s modulus 

doubled: a) for the steel beam (bending stiffness 59.3 N.m); b) for composite beam (bending stiffness 

51.95 N.m), with 𝑡𝑆𝑇 = 1.2 𝑚𝑚 and 𝑡𝐶𝐹 = 1.4 𝑚𝑚. 

 

 

4.3 Selection of the radial distance range for identification of the deviation angle 

It can be noticed from the Fig. 7 and Fig. 8 that the angle of the crack deviation 𝜃1 dependends on the 

distance from the crack tip (𝑟1 and 𝑟2). The difference between the found angles is approximately 7° (see 

markers on the dashed/blue and dotted/red lines). To identify the trend the dependence of the angle for 

maximum hoop stress on distance from the crack tip is shown in Fig. 9 (stress contours with larger 

values correspond to smaller distance from the crack tip). Close to the crack tip, the values for the angle 

are not constant  but they start to stabilize getting smaller as the distance from the crack tip increases. 
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Stable value of 𝜃1
𝑟 = 22.5° is reached at a distance 𝑟 = 𝑡𝑎𝑑𝑣 7⁄  as shown in Fig. 9. Therefore, to have 

robust predictions, the minimum distance from the crack tip where hoop stress maximum should be 

analysed is 𝑟 = 𝑡𝑎𝑑𝑣 7⁄ .  

 

              
Figure (9) Change of angular location of the max hoop stress value with distance from the crack tip for 

[ST/A/CF] DCB. 𝑡𝑆𝑇 = 2.4 𝑚𝑚 ,  𝑡𝐶𝐹 = 1.4 𝑚𝑚, which corresponds to 𝐷11
𝑆𝑇 = 237.3 𝑁. 𝑚, 𝐷11

𝐶𝐹 =

26 𝑁. 𝑚  

 

On the other hand, there is another limitation for using hoop stress values far away from the crack tip. 

At some point the closiness of the adhesive/beam interface will start to disturb the hoop stress 

distribution. To examplify this, the hoop stress distributions shown in Fig. 10  clearly demonstrate that 

the shape of the distribution is altered at the distance 𝑟 = 𝑡𝑎𝑑𝑣 2.8⁄ .  

      
Figure (10) The shape of stress distributions around the crack tip for [ST/A/CF] DCB at different 

distances from the crack tip: a) hoop; b) shear. 𝑡𝑆𝑇 = 2.4 𝑚𝑚,  𝑡𝐶𝐹 = 1.4 𝑚𝑚, which correspond to 

𝐷11
𝑆𝑇 = 237.3 𝑁. 𝑚, 𝐷11

𝐶𝐹 = 26 𝑁. 𝑚. 
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Local maximum is building up at large angles where the distance to the interface is the smallest (in the 

shown case, Fig. 10, the location of the global maximum has not changed). Based on the results 

presented in Fig. 9 and Fig. 10 it can be concluded that the hoop stress values for using in criterion 

should be within the distance between the 𝑟 = 𝑡𝑎𝑑𝑣 7⁄  and 𝑟 = 𝑡𝑎𝑑𝑣 2.8⁄  to avoid a) sensitivity with 

respect to the distance from the crack tip; b) stress perturbations from the adhesive/beam interface. The 

following analysis in the paper is done within these limits. 

 

 

4.4 Pre-crack length effect on the inclination angle 

In order to study the effect of the pre-crack length 𝑎0, see Fig. 2, on the direction of crack deviation, 

simulations with nine different initial values are carried out. The initial crack length is normalized with 

respect to the adhesive thickness, and the length is varied starting from 𝑎𝑜 = 2 ∙  𝑡𝑎𝑑𝑣 ≅ 2.8𝑚𝑚   until 

𝑎𝑜 = 36 ∙  𝑡𝑎𝑑𝑣 ≅ 50𝑚𝑚. As discussed previously, the analysis is preferable using distance 𝑟2. The 𝜃1
𝑟2  

values in Table 2 and in Fig. 11 show that the inclination angle is smaller for shorter initial crack length. 

For short pre-cracks 𝑎0 < 7.5 ∙  𝑡𝑎𝑑𝑣 , the direction of crack deviation is significantly affected by the 

crack length, while the effect is marginal when the pre-crack is longer. The hoop stress criterion 

predictions, using smaller distance from crack tip 𝑟1, are shown in Fig. 11 for comparison. Using smaller 

distance 𝑟1, the angle is slightly higher but the general trend is exactly the same. 

 

Table (2) Dependence of inclination angle  𝜃1
𝑟2on the pre-crack length 𝑎𝑜 in [ST/A/CF] DCB.  𝑡𝑆𝑇 =

2.4 𝑚𝑚 ,  𝑡𝐶𝐹 = 1.4 𝑚𝑚, which correspond to 𝐷11
𝑆𝑇 = 237.3 𝑁. 𝑚, 𝐷11

𝐶𝐹 = 26 𝑁. 𝑚.   

𝑎𝑜/𝑡𝑎𝑑𝑣 36 30 25 20 15 10 7.5 5 2 

𝜃1
𝑟2  22.5° 22.5° 19.3° 19.3° 19.3° 19.3° 19.3° 16.1° 12.9° 

 

 
Figure (11) Effect of pre-crack length on crack deviation direction according to hoop stress criterion for 

two distances from crack tip (𝑟1 and 𝑟2). The [ST/A/CF] DCB with 𝑡𝑆𝑇 = 2.4 𝑚𝑚 and 𝑡𝐶𝐹 = 1.4 𝑚𝑚 

(𝐷11
𝑆𝑇 = 237.3 𝑁. 𝑚 and 𝐷11

𝐶𝐹 = 26 𝑁. 𝑚).   
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4.5  The influence of the beam stiffness 

In Section 4.2 we showed that with increasing stiffness of one of the beams, the bending stiffness ratio 

increases and so does the inclination angle.  However, according to Fig. 7, the angle increase was not 

monotonous when the bending stiffness ratio was increased by doubling the thickness. To investigate 

the beam Youngs’s modulus effect closer (to check/verify if it is really just the axial modulus effect on 

bending stiffness ratio that determines the angle), parametric analysis of DCB with configuration 

[ST/A/M], where “M” stands for an artificial “isotropic material”, was performed. In this particular case 

the “ST” is also linear elastic isotropic material. The Young’s modulus of the “M” beam is varied within 

the interval between 206 GPa (steel) and  25.8 GPa, as shown in Table 3. Shear modulus of the “M” 

material is calculated using Poisson’s ratio 0.3 (the same as for steel in Table 1). Similarly as in Section 

4.2, the results from these simulations in Table 3 show that the crack wants to deviate from the horisontal 

plane with a steeper angle if the Young’s modulus of the “M” beam is dropping (the bending stiffness 

ratio is growing). An interesting feature can be noticed in the case when the Young’s modulus of the 

isotropc “M” material is equal to that of the CF composite (𝐸1
CF = 113.6 GPa). Both beams have the 

same axial modulus and the same bending stiffness but the inclination angle for the “M” beam is 𝜃1
𝑟2 =

16.1° while for the CF composite this angle is 𝜃1
𝑟2 = 22.5°. It appears that the out-of-plane elastic 

constants also have a noticable effect on the crack extension angle. For CF composite the out-of-plane 

shear and transverse moduli are much lower than for the “M” material and the inclination angle is larger.  

Furthermore, replacing the bottom carbon fiber beam by glass fiber composite, the crack extension angle 

increased by approximately ten degrees, as shown in Table 4. 

 

Table (3) Dependence of angles  𝜃1
𝑟2  on the Young’s modulus of the lower beam (isotropic linear-elastic 

metal material).  𝑡𝑆𝑇 = 2.4 𝑚𝑚, 𝑡𝑀 = 1.4 𝑚𝑚. 

DCB sample 
Young’s modulus of the 

lower adherend (GPa) 
𝜃1

𝑟2  

[ST/A/M] 206 9.7° 

[ST/A/M] 113 16.1° 

[ST/A/M] 103 16.8° 

[ST/A/M] 52.5 25.8° 

[ST/A/M] 25.75 35.4° 

 

Table (4) The crack deviation angles  𝜃1
𝑟2  for DCB with bottom beam made of CF and GF composites.  

𝑡𝑆𝑇 = 2.4 𝑚𝑚,  𝑡𝐶𝐹 = 𝑡𝐺𝐹 = 1.4 𝑚𝑚. 

DCB sample Axial modulus beam (GPa) 𝜃1
𝑟2  

[ST/A/CF] 113.6 22.5° 

[ST/A/GF] 40 32.2° 
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4.6 The influence of the adhesive thickness  

In this section, the adhesive thickness has been varied in order to check the effect on the crack deviation 

angle (the new thickness of adhesive 𝑡𝑎𝑑𝑣_𝑛 as a multiple of the original 𝑡𝑎𝑑𝑣  shown in Fig. 2 is 

introduced). It should be noted that the hoop stress monitoring distance from the crack tip  𝑟2 was not 

changed and it is kept the same (𝑟2 = 0.25 ∙  𝑡𝑎𝑑𝑣 = 0.35 𝑚𝑚) as before and with the same pre-crack 

(𝑎0 = 50 𝑚𝑚). The obtained results show that the crack deviation angle significantly increases with 

increasing the adhesive thickness (see Table 5). This behavior is similar to the case when the modulus 

of bottom beam material is reduced.  

The way how the stable 𝜃1 region is reached with increasing 𝑟𝑖 is in the 𝑡𝑎𝑑𝑣_𝑛 = 3 ∙   𝑡𝑎𝑑𝑣  case (the 

thickest used adhesive) is different than in other cases. For 𝑡𝑎𝑑𝑣_𝑛 = 3 ∙   𝑡𝑎𝑑𝑣, the maximum hoop stress 

angle is smaller for small 𝑟𝑖 and it increases with increasing 𝑟𝑖 before reaching the stable region, whereas 

in the other two cases the angle reduces with 𝑟𝑖 towards the stable region.  

Table (5) The crack deviation angles 𝜃1
𝑟2  for [ST/A/CF] DCB with different adhesive thickness, 𝑡𝑆𝑇 =

2.4 𝑚𝑚,  𝑡𝐶𝐹 = 1.4 𝑚𝑚, 𝑡𝑎𝑑𝑣 = 1.4 𝑚𝑚. 

Adhesive thickness 𝜃1
𝑟2  

 𝑡𝑎𝑑𝑣_𝑛 = 1 ∙  𝑡𝑎𝑑𝑣 22.5° 

𝑡𝑎𝑑𝑣_𝑛 = 2 ∙   𝑡𝑎𝑑𝑣 35.4° 

𝑡𝑎𝑑𝑣_𝑛 = 3 ∙   𝑡𝑎𝑑𝑣 49.2° 

 

 

5. Inclination angle according to the released energy criterion 

Expectation is that the hoop stress based criterion for crack direction will be useful for situations (stress 

distributions) where Mode I ERR is the dominant mode. Otherwise, shear stresses can be as important 

as the hoop stress. In fact, the stress analysis on a perimeter of a circle at fixed distance from the crack 

tip loses meaning in a more general case. In all calculations reported above the hoop stress was 

significantly larger than the shear stress. 

In terms of fracture mechanics the hoop stress criterion makes sense only if the ERR in Mode I is 

significantly larger than in Mode II. Results presented below show that this is the case for crack 

increments in bi-material DCB specimen. 

In this section energy approach is used to verify results concerning the crack propagation direction 

obtained from the hoop stress criterion. DCB specimens with lay-up [ST/A/ST] and [ST/A/CF] are used. 

According to the hoop stress analysis, the crack inclination angle for symmetric [ST/A/ST] is zero while 

for unbalanced [ST/A/CF] the angle is 22.5°.  

First, two possible inclination angles of the crack increment (0° and 30°), see Fig. 1b, are considered. 

The released energy calculations are performed according to the procedure described in Section 2 

(closing the whole crack increment of length 𝑟2) and results are presented in Table 6. As expected, in 

the case of symmetrical [ST/A/ST] DCB the ERR in Mode I (GI) at 0° is larger than at 30° while Mode 

II ERR at 0° is zero. Introducing increment at 30°, 𝐺𝐼𝐼 is still much smaller than 𝐺𝐼. For unbalanced 
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[ST/A/CF] DCB the value of ERR in Mode I at inclination angle 30° is larger than at 0° and the value 

of 𝐺𝐼𝐼 is smaller than at inclination angle 0°. Hence, at 30° the Mode I is much more dominating than at 

0°. In both cases, results are in full agreement with the conclusions made using the hoop stress criterion.  

The ERR in Table 6 was calculated with crack length increment equal to 𝑟2. To verify the robustness of 

results and to gain data for larger range of inclination angles, the ERR for the [ST/A/CF] DCB specimen 

was calculated using crack increment 𝑡𝑎𝑑𝑣/4.0, see Table 7.  The ERR in Mode I increases as the crack 

inclination angle moves close to the angle found using the maximum hoop stress criterion, meanwhile 

the ERR in Mode II is reduced. The maximum 𝐺𝐼 and minimum 𝐺𝐼𝐼 are at angle 22.5°, which is almost 

the same as the angular direction according to the maximum hoop criterion. 

 

Table (6) Energy release rate for Mode I, Mode II and total ERR for DCB sample with  𝑡𝑆𝑇 = 1.2 𝑚𝑚 

for [ST/A/ST] DCB and for the [ST/A/CF] DCB 𝑡𝐶𝐹 = 1.4 𝑚𝑚, 𝑡𝑆𝑇 = 2.4 𝑚𝑚. Crack increment length 

equal to 𝑟2 = 𝑡𝑎𝑑𝑣 /4. 

𝜃1 [ST/A/ST] [ST/A/CF] 

GI  

[ 𝐽 𝑚2⁄ ] 

GII 

[ 𝐽 𝑚2⁄ ] 

GTotal 

[ 𝐽 𝑚2⁄ ] 

GI 

[ 𝐽 𝑚2⁄ ] 

GII 

[ 𝐽 𝑚2⁄ ] 

GTotal 

[ 𝐽 𝑚2⁄ ] 

0° 33634.3 00000.0 33634.3 26235.0 3256.0 29491.1 

30° 26270.0 2706.4 28976.5 34337.7 228.2 34565.9 

 

Table (7) Energy release rate for Mode I, Mode II and total ERR for [ST/A/CF] DCB at different 

inclination angles, the length of the crack increment is 𝑡𝑎𝑑𝑣/4,   𝑡𝑆𝑇 = 2.4 𝑚𝑚,  𝑡𝐶𝐹 = 1.4 𝑚𝑚. 

ERR 𝜃1 

-30.0° -15.0° 00.0° 15.0° 22.5° 30.0° 45.0° 

GI [ 𝐽 𝑚2⁄ ] 9266.5 17827.4 26235.1 32988.2 34569.1 34337.7 28494.8 

GII [ 𝐽 𝑚2⁄ ] 7852.1 6189.9 3256.1 806.9 16.6 228.2 750.1 

GTotal [ 𝐽 𝑚2⁄ ] 17118.6 24017.3 29491.2 33795.1 34585.7 34565.9 29244.9 

 

Furthermore, the calculations were performed for one more crack length 𝑡𝑎𝑑𝑣/6 (still within the stable 

range for the hoop stress criterion, see Section 4.3) to check the influence of the  selected crack increment 

length on the direction with maximum ERR. The results in Table 8 show the same trend as for the crack 

increment  𝑡𝑎𝑑𝑣/4.0: the maximum 𝐺𝐼 and minimum 𝐺𝐼𝐼  are at the same angle of 22.5°. It is important 

to note that the numerical values of 𝐺𝐼 and 𝐺𝐼𝐼  in Table 7 and Table 8 are very different. We do not 

suggest to use any of these numbers to predict the load level for crack propagation. Our objective is the 

direction of the deviation of the crack from initially horizontal orientation. 

Finally, the dependence of ERR on the crack increment inclination angle and the hoop stress dependence 

on angular coordinate at fixed 𝑟2 are compared in Fig.12. The ERR was calculated for two different 

crack increment length values and the obtained dependences normalized with respect to the 

corresponding maximum value. The same was done for hoop stress distribution at 𝑟 = 𝑟2. As seen from 

this graph all three dependences have the same trends, thus proving that prediction of crack propagation 
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direction can be accurately made by simple analysis of the hoop stress in the vicinity of the existing 

crack tip. 

 

Table (8) Energy release rate for Mode I, Mode II and total ERR for [ST/A/CF] DCB at different 

inclination angles, the length of the crack increment is 𝑡𝑎𝑑𝑣 /6, 𝑡𝑆𝑇 = 2.4 𝑚𝑚,  𝑡𝐶𝐹 = 1.4 𝑚𝑚. 

ERR 𝜃1 

-30.0° -15.0° 00.0° 15.0° 22.5° 30.0° 45.0° 

GI [ 𝐽 𝑚2⁄ ] 12196.8 16341.5 17502.6 22084.8 23346.5 22562.4 22111.7 

GII [ 𝐽 𝑚2⁄ ] 1715.5 1497.9 2183.4 577.6 14.1 335.0 460.0 

GTotal [ 𝐽 𝑚2⁄ ] 13912.3 17839.4 19686.0 22662.4 23360.6 22897.4 22571.7 

 

 

Figure (12) Comparison of normalized total ERR and normalized hoop stress versus the angle of crack 

deviation. ERR calculations for two crack lengths increments (𝑡𝑎𝑑𝑣/4 and 𝑡𝑎𝑑𝑣/6), for [ST/A/CF] with 

 𝑡𝑆𝑇 = 2.4 𝑚𝑚, 𝑡𝐶𝐹 = 1.4 𝑚𝑚. 

 

 

6. The second crack increment 

In this section, the first crack increment with an arbitrary direction is included in the model, see Fig. 1b, 

and the hoop stress is monitored on the perimeter of the radius 𝑟𝑖 for obtaining the inclination angle 𝜃2 

for the second crack increment. By selecting the direction of the first increment arbitrary, we do not use 

the conclusions obtained in previous sections. For example, the angle of the first increment could have 

been defined by other factors, such as defects in the adhesive material.   

The length of the first crack increment was used as a parameter in simulation of the unbalanced DCB 

with layup [ST/A/CF]. To begin with, simulations were run for the length of increment which ensures 

that the adhesive/beam interface is not very close to the tip of the increment and the stress distribution 

for the second crack propagation is not influenced by it, see Section 4.3 for details. Based on this 

consideration three crack lengths were considered for this investigation (𝑡𝑎𝑑𝑣/6, 𝑡𝑎𝑑𝑣/4 and 𝑡𝑎𝑑𝑣/3.6). 
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Calculations were performed for two different values 𝑟1 and 𝑟2, see Fig. 2 but since the conclusions are 

very similar, predictions are presented for 𝑟2 case only. 

The first conclusion from hoop stress simulation presented in Table 9 is that the second crack increment 

following a first increment introduced under arbitrary angle, tends to compensate for this “arbitrary 

choice” of the first increment bringing the crack back to the path, predicted by the hoop stress criterion 

for the initial pre-crack. For example, according to hoop stress criterion the first crack increment should 

be with angle +22.5°. Introducing the first increment of length 𝑡𝑎𝑑𝑣/4 in “wrong direction” (at angle -

30°) and calculating the angle for hoop stress maximum, we find 𝜃2
𝑟2 = 57.9° . This angle according to 

Fig. 1b is with respect to the orientation of the first increment and, hence, in X-Y coordinates the 

orientation of the second crack increment is -30°+57.9°=27.9° that is more than the initially expected 

+22.5°, bringing the crack tip close to the expected position. 

In another example, the first crack increment is introduced at the angle given by the maximum hoop 

stress (𝜃1
𝑟2 = 22.5°) and  the maximum hoop stress value in the second simulation is found at angle equal 

to zero (𝜃2
𝑟2 = 0°). Since the first crack increment was introduced correctly, the second one is in the 

same direction. 

The described behavior is observed for all crack lengths and arbitrary angles 𝜃1 chosen for these 

simulations. It should be noted that part of the small discrepancy in the values of angles is because of 

the limited accuracy finding the position of the maximum: the discrete angular location of nodes in 

rather smooth distributions. 

 

Table 9 Angles for the second crack increment 𝜃2
𝑟2   arbitrary assuming angle 𝜃1 and lengths ∆𝑎 of the 

first crack increment. 𝑡𝑆𝑇 = 2.4 𝑚𝑚,  𝑡𝐶𝐹 = 1.4 𝑚𝑚. 

Crack increment 

(∆𝑎 𝑡𝑎𝑑𝑣)⁄ −1
 

 

𝜃1
𝑟2   

according to hoop stress 

criterion 

Introduced 

𝜃1 

𝜃2
𝑟2  

according to hoop stress 

criterion 

6.0 22.5° 0.0° 22.5° 

6.0 22.5° 15.0° 6.5° 

6.0 22.5° 30.0° -6.4° 

4.0 22.5° -30.0° 57.9° 

4.0 22.5° -15.0° 38.6° 

4.0 22.5° 0.0° 22.5° 

4.0 22.5° 15.0° 6.5° 

4.0 22.5° 22.5° 0.0° 

4.0 22.5° 30.0° -9.6° 

4.0 22.5° 45.0° -16.1° 

3.6 22.5° 15.0° 6.5° 

3.6 22.5° 22.5° 0.0° 

3.6 22.5° 30.0° -12.8° 
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To gather more data regarding the first increment length in the region apart from the adhesive/beam 

interface, the adhesive thickness was doubled 𝑡𝑎𝑑𝑣_𝑛 = 2 ∙ 𝑡𝑎𝑑𝑣. Meanwhile the length of the first 

increment of the crack and 𝑟2 were not scaled and kept the same as obtaining results for Table 9. The 

hoop stress based results in the Table 10 show that the crack deviation angle for the first crack increment 

𝜃1
𝑟2   does not change with the increment length, except the smallest increment (𝑡𝑎𝑑𝑣/4.0). The previous 

statement that second crack increment keeps the crack tip on the same path as the first one (no angle 

change) also holds for the crack length up to 𝑡𝑎𝑑𝑣/1.9 as seen in Table 10 from the values of 𝜃2
𝑟2  which 

are close to zero (within accuracy limits). Based on these observations it may be stated that not the 

adhesive thickness but the crack tip distance from interface has an effect.  

Finally, to confirm the interaction with the interface, the data at the crack length equal to 𝑡𝑎𝑑𝑣/1.8 are 

examined and a clear deviation of the second crack increment orientation from the first increment is 

observed. In this case the crack approaches and interacts with the adhesive/beam interface. The direction 

of crack propagation becomes more parallel to the interface [8]. To support this statement the first 

increment was introduced at angle 𝜃1 = 34.0° to be a little bit closer to the interface than for the 

orientations 𝜃1 = 33.0° or 𝜃1 = 32.0°. As can be seen from the data in Table 10, the angle for the second 

crack increment changes dramatically: as the crack tip gets closer to the interface the next crack 

increment deviates even more towards horizontal orientation (parallel to the interface).  

 

Table (10) Angles for the second crack increment 𝜃2
𝑟2 for arbitrary assumed angle 1 and lengths ∆𝑎 of 

the first crack within thick (𝑡𝑎𝑑𝑣_𝑛 = 2 ∙ 𝑡𝑎𝑑𝑣) adhesive layer. 𝑡𝑆𝑇 = 2.4 𝑚𝑚 ,  𝑡𝐶𝐹 = 1.4 𝑚𝑚. 

Crack increment 

(∆𝑎 𝑡𝑎𝑑𝑣)⁄ −1
 

 

𝜃1
𝑟2   

according to hoop 

stress criterion 

Introduced 

𝜃1 

 

𝜃2
𝑟2  

according to hoop 

stress criterion 

4.0 35.4° 35.0° -3.2° 

3.0 32.2° 33.0° -3.2° 

2.5 32.2° 33.0° -3.2° 

2.0 32.2° 33.0° -3.2° 

1.9 32.2° 33.0° -3.2° 

1.8 32.2° 33.0° -12.8° 

1.8 32.2° 34.0° -16.0° 

1.8 32.2° 32.0° 6.5° 

1.8 32.2° 30.0° 6.5° 

1.8 32.2° 20.0° 12.9° 

1.8 32.2° 10.0° 19.3° 

 

To demonstrate that there is some critical distance from the interface, beyond which the crack orientation 

is not influenced, simulations were done with the first increment of length 𝑡𝑎𝑑𝑣/1.8 introduced at 

orientation angles 30.0°, 20.0° and 10.0° (all of them smaller than the location of the maximum hoop 
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stress of 𝜃1
𝑟2 ≅ 32.2°). With decreasing angle of the first increment, the distance of the crack tip to the 

adhesive/beam interface becomes larger. According to the Table 10, in this situation the crack tip is 

father away from the adhesive/beam interface than some “critical distance” and it tends to correct the 

direction going back to the path set by the location of the maximum hoop stress before the first crack 

increment. For the current model (keeping the same 𝑟2 and the length of the first crack increment) it is 

not possible to make calculations for larger angles than 𝜃1
𝑟2 ≅ 32.2° (closer to the adhesive/beam 

interface) because the circle with 𝑟2 does not stay within the adhesive layer anymore.  

 

 

7. Conclusions 

The current paper offers alternative methodology to predict direction for crack propagation in the 

adhesive layer of bonded stiff materials based on the location of maximum of the hoop stress. This 

method does not require extremely fine mesh at the crack tip as stress is analyzed on boundary of a 

relatively large circle around and away from the crack tip. Thus, this methodology is much more 

effective than using energy release based criterion or even X-FEM. 

The verification of the method was performed by analyzing the crack extension in bi-material DCB 

specimen with relatively thick adhesive layer.  

The validity of the maximum hoop stress criterion was checked by using traditional fracture mechanics 

based on calculation of released energy due to the formation of new crack increment. Both approaches 

rendered similar results with respect to the direction of the crack propagation. Thus, validity and 

effectiveness of the maximum hoop stress criterion was demonstrated. 

The analysis of various parameters (e.g. bending stiffness of beams, thickness of the adhesive layer, 

distance to the bond-line, length of the initial pre-crack) on the direction of crack propagation in the 

adhesive layer of bi-material DCB specimen was performed and the following observations are made: 

   

• For the DCB with symmetrical lay-up the crack will propagate parallel to the horizontal axis, while 

for DCB with unbalanced configuration the crack will deviate from the horizontal direction towards 

the softer beam. 

• If the crack increment is created at angle that is different from the angle of maximum hoop stress (for 

example due to defects), the crack will correct the direction in the second extension to have the same 

angle as the maximum hoop stress before the first extension. 

•  The crack will continue to propagate at an angle determined by the maximum hoop stress criterion 

until it reaches a critical distance from the interface and then the crack starts to deviate from this 

angle to have direction parallel to the interface.  

• The pre-crack length has a significant effect on the crack extension direction only if the pre-crack is 

shorter than 7.5 times of adhesive thickness. 

• The crack deviation angle from horizontal depends on the thickness and elastic modulus ratio of both 

beams, going towards the beam with lower bending stiffness and getting larger with reduced modulus 

and thickness of this beam. 
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• The energy release rate (ERR) for Mode I, calculated by closing the finite size crack increment, is 

the highest and is much larger than the ERR for Mode II when the crack increment is introduced 

under the angle corresponding to maximum hoop stress. 

 

Although the demonstrated method potentially offers very effective tool for the prediction of the crack 

path in various structures, such as single-lap and double-lap joints, it has one major limitation. It is only 

applicable if the hoop stress (opening stress which make Mode I dominant for crack propagation) is 

significantly larger than other stresses present in the vicinity of the crack (e.g. shear stress). In fact, for 

such situation the stress analysis on a perimeter of a circle at fixed distance from the crack tip loses 

meaning and fracture mechanics has to be employed instead.   
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