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Abstract.  One of the primary causes of a decrease in strength in adhesive joints is the presence of stress 
concentrations at the ends of the overlap region. To address this issue effectively, the bi-adhesive technique has been 
introduced to minimize stress concentrations at the overlap ends. Several research efforts have been devoted to 
studying single lap adhesive joints. However, this type of assembly exhibits stress concentrations at the ends of the 
joint, in contrast to its inactive core. The aim of this research is to present a numerical analysis of single lap bi-
adhesive joints using cohesive zone models with four different adhesives. Two adhesives of the same chemical 
composition, one rigid and one flexible, were used. The overlap length parameters for each adhesive area were 
considered. Thus, the placement of both rigid and flexible adhesives was optimized. The combination of both 
adhesives in a single lap adhesive joint, with the more rigid adhesive positioned at the core of the joint, provided 
enhanced strength to the assembly with a 37% improvement. The variation in overlap length of the adhesives in the 
bi-adhesive joints affected the joint toughness. Among them, the best results were obtained when covering 40% to 
60% of the overlap length with the more rigid adhesive at the core of the joint. 
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1. Introduction 
 

Bonded structures have been widely used in the automotive, electronics, aerospace, and other 
fields due to their advantages of uniform stress distribution, high strength-to-weight ratio, and 
good damage and corrosion resistance [1], [2]. Adhesively bonded joints can improve stiffness and 
enhance the uniformity of the stress field in the bonded joint, thereby relieving stress 
concentrations and ensuring high fatigue resistance compared to welding, riveting, and bolted 
joints. The mechanical properties and adhesive strength under shear conditions are commonly 
evaluated through extensive research on the single-lap joint, which is considered the most 
extensively studied type of bonded joint. This choice is driven by its straightforward geometry and 
ease of implementation. 
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The finite element method has been widely used to predict the behavior of bonded joints [3]. 
Stress concentrations at the ends of bonded joints can significantly reduce bond strength and result 
in the premature failure of adhesive joints. Several studies have proposed various methods to 
reduce stress concentrations at the ends of adhesive joints, such as modifying geometrical 
dimensions, enhancing the mechanical properties of the adhesive, in particular, by incorporating 
nanoparticles to increase toughness and mitigate stress concentrations in critical regions, thinning 
the substrates, or even applying chamfers [4]. However, each method presents its own limitations.  

Ozer and Oz [5] proposed a three-dimensional model for a bi-adhesive double-lap joint, 
employing solid and contact elements to investigate the influence of bondline configuration on 
stress distribution. L.F.Da Silva and M.J.Lopes [6] proposed that an optimal adhesive joint can be 
achieved by varying the flexibility and strength properties along the bonded overlap. Pires et al. [7] 
examined the failure mechanisms associated with bi-adhesive joints and reported a notable 
improvement in shear strength compared to joints bonded entirely with a single adhesive. Their 
findings indicated that this enhancement in lap-shear performance could be accurately predicted 
through finite element modelling. Oz and Ozer [8] investigated the influence of bi-adhesive 
bondline configurations on von Mises stress distribution. Their study involved both analytical and 
numerical analyses conducted across three distinct bi-adhesive layouts. The results revealed a 
significant reduction in peak von Mises stress in the bi-adhesive joints compared to those utilizing 
a single adhesive along the entire bondline. 

The pursuit of joints with high shear strength and substantial failure loads has led to the use of 
rigid adhesives [9], [10]. However, these adhesives exhibit pronounced stress concentrations at the 
bond ends, which may result in low failure loads. Conversely, according to Volkersen’s theory 
[11], the use of lower stiffness adhesives enhances joint strength by reducing stress concentrations 
at the bond ends and promoting a more uniform stress distribution. Nevertheless, adhesives with 
higher shear strength remain necessary to avoid sudden shear failure. 

Strength prediction of single-lap joints (SLJs) initially relied on analytical approaches, 
assuming that stress transfer occurs only through shear stresses in the adhesive, while the 
adherends are subjected solely to normal stresses [12]. Subsequently, the strength and behavior of 
SLJs with similar and dissimilar adherends were investigated experimentally and numerically 
under various loading conditions [13-16]. 

Cohesive zone models (CZMs) have been widely used to predict the strength of adhesive joints 
[17-20]. These models complement finite element analysis by enabling the simulation of damage 
initiation and propagation in materials or at interfaces between different materials [21], [22], and 
are commonly employed to model delamination at the substrate–adhesive interface in bonded 
joints [23], [24]. Ezzine et al. [25] developed a cohesive-element-based model validated using 
Double Cantilever Beam (DCB) and End-Notched Flexure (ENF) tests, which was subsequently 
applied to single-lap joints. In fracture-based analyses, it is essential to determine the critical 
energy release rates in mode I (GIC) and mode II (GIIC) [26-28]. In addition, the cohesive strengths 
in tension (tn0) and shear (ts0) must be identified, particularly at the onset of damage. 

This study aims to enhance bonded joint performance using a bi-adhesive configuration. FEM 
with CZM is employed to investigate failure behavior and crack propagation under shear loading. 
The CZM is used to model crack propagation in bonded joints through a bilinear traction–
separation law implemented in the ABAQUS finite element software. After validating the 
numerical model against experimental data obtained with the epoxy adhesive Adekit A140, 
additional simulations were performed using adhesives of varying stiffness, including Araldite 
AV138, Araldite 2015, and Sikaforce 7752. Following this validation, bi-adhesive joints  
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Figure 1. Schematic design of a single lap joint
 
 

combining two adhesives from the same chemical family (Araldite AV138 and Araldite 2015) 
were analyzed with varying overlap lengths to assess their effectiveness in improving joint 
performance and overall assembly strength. 

 
 

2. Geometric model description 
 
A three-dimensional model is selected to analyze single-lap bonded joints with dimensions 

(125 × 25 × 3 mm³), assembled using a bonding process with four different adhesives. Fig. 1 
illustrates the joint geometry. Shims are placed at the ends to maintain the symmetry of the applied 
forces in the plane of the bonded joint. 

 
 

3. Mechanicals properties 
 

The assembled plates are made of E24 steel, whose mechanical properties are shown in Table 1: 
 
 
Table 1. Mechanical properties of steel E24 plate [25] 

Properties Values 
Young’s modulus [Gpa] 205 
Tensile strength [Mpa] 11.1 
Yield strength [Mpa] 7.1 
Shear modulus [Gpa] 80 

Poisson’s ratio 0.32 
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Figure 2. Tensile stress–strain curves of the analyzed adhesives [25], [27] 

 
Table 2. Mechanical properties of Araldite AV138, Araldite 2015, Sikaforce 7752, and Adekit A140 
adhesives [25], [27] 

Properties Araldite AV138 Araldite 2015 Sikaforce 7752 Adekit A140 
Young’s modulus (GPa) 4.89 ± 0.81 1.85 ± 0.21 0.49 ± 0.09 2.66 

Poisson’s ratio 0.35 0.33 0.30 0.35 
Tensile yield stress (MPa) 36.49 ± 2.47 12.63 ± 0.61 3.24 ± 0.48 7.02 

Tensile strength (MPa) 39.45 ± 3.18 21.63 ± 1.61 11.48 ± 0.25 30 
Shear modulus (GPa) 1.56 ± 0.01 0.56 ± 0.21 0.19 ± 0.01 0.985 
Shear strength (MPa) 30.2 ± 0.40 17.9 ± 1.8 10.17 ± 0.64 35.9 

Toughness in tension, GIC 
(N/mm) 0.20 0.43 ± 0.02 2.36 ± 0.17 0.5 

Toughness in shear, GIIC 
(N/mm) 0.38 4.70 ± 0.34 5.41 ± 0.47 2.41 

 
 
In order to study the effect of interface properties on the bonding process and the failure 

behavior of the plate/adhesive/plate assembly, four adhesives were selected to predict joint 
detachment: Adekit A140, Araldite AV138, Araldite 2015, and Sikaforce 7752 (Table 2, Fig. 2).  

The adhesives Araldite AV138 and Araldite 2015 exhibit significantly different behaviors, with 
the former being more resistant than the latter; however, its viscoplastic behavior is less 
pronounced. Sikaforce 7752, on the other hand, exhibits a fully viscoplastic behavior (Fig. 2). 
Adekit A140 demonstrates an intermediate behavior among these four adhesives. To model 
adhesive joint damage, it is essential to consider the failure parameters of these adhesives (Table 
2). 

 
 

4. Numerical study 
 

A three-dimensional (3D) finite element model was established within the ABAQUS 
environment to study the behavior of the joint. The types of elements used in this study are as  
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Figure 3. Single lap joint geometry with the boundary condition. In (a) side view and (b) plan view

 
 

follows: 8-node brick elements (C3D8R) with reduced integration were employed to model the 
steel plates. Additionally, typical COH3D8 elements were used to model the adhesive interface, 
the cohesive zone is defined by cohesive elements where the crack growth will occur. A bilinear 
traction–separation law was selected to model the behavior of the adhesive–substrate interfaces. 
The model was partitioned to allow mesh refinement in the bonded region. Cohesive elements 
with a size of 0.2 mm² were used in this area, resulting in a total of 3125 cohesive elements. The 
overall model comprises 11250 elements. The simulations were carried out using the explicit 
version of the ABAQUS finite element code, incorporating Arbitrary Lagrangian–Eulerian (ALE) 
adaptive meshing. The parameters for the adhesive's cohesive models, including the critical energy 
release rates in mode I (GIC) and mode II (GIIC), as well as the cohesive strengths in tension (tₙ) and 
shear (tₛ), were obtained from Table 2. The boundary conditions applied to the numerical models 
are illustrated in Fig. 3, where the degrees of freedom (DOFs) are explicitly indicated. At the fixed 
end of the joint, all translational and rotational degrees of freedom are constrained (U1=U2=U3=0, 
and UR1=UR2=UR3=0) At the loaded end, the transverse and out-of-plane displacements are 
constrained (U2=U3=0), while a prescribed displacement is applied in the longitudinal direction 
(U1≠0). The rotational degrees of freedom at the loaded end are left free (UR1=UR2=UR3≠0) in 
order to avoid artificial bending constraints and to better reproduce the experimental loading 
conditions. 

 
4.1 Cohesive zone model 
 
A cohesive zone model is used to analyze crack propagation. The cohesive zone is defined by 

cohesive elements or by the intersection of occurring cracks. The cohesive law selected to model 
the behavior of the adhesive/substrate interfaces is a bilinear traction-separation law proposed by 
P.P.Camanho and C.G.DAVILA [29]. The tensile or shear stress (ti, i = n; t) at the interface 
increases linearly with the opening δi, at a slope defined by the parameter K, which represents the 
initial stiffness of the cohesive zone. When the critical stress ti, max  is reached, the interface 
begins to degrade. Eventually, the opening between the two lips of the interface reaches a critical 
value δi,m corresponding to interface failure (Fig. 4). The traction-separation relationship can be 
expressed as Eq. (1) 
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Figure 4. Schematic damage process zone and corresponding bi-linear traction–separation law in an 
adhesively bonded joint [26] 

 
 

𝑡௜ = ൞ (1 − 𝐷)𝐾𝛿𝑖𝐷 = ఋ௜,௠ఋ௜,௠ିఋ௜,଴𝐷 = min (𝐷, 1) ቀ1 − ఋ௜,଴ఋ௜ ቁ if𝛿𝑖 > 𝛿𝑖, 0 if not 𝐷 = 0, (1)

The cohesive zone model (CZM) approach remains the most suitable method for describing 
adhesive damage. In this approach, the damage path is entirely contained within the cohesive zone 
(Fig. 4). The damage evolution model follows a linear traction-separation law (Fig. 3) and is 
defined at a nodal surface in the mesh where no interaction has been introduced between the 
surfaces. Indeed, the evolution of the damage is given according to the distance between the nodes 
until a critical length which corresponds to D=1. 

 
4.1.1 Criterion for initiation of damage  
A threshold stress for damage initiation is defined, leading to a softening behavior in which 

stiffness degradation increases as the surfaces separate. To model this process, the two surfaces 
reach a critical level of separation, causing the connecting stiffness to approach zero, ultimately 
resulting in complete detachment. The initiation of damage is characterized using a modified 
quadratic stress criterion (QUADS DAMAGE), which accounts for both the critical tensile stress tn, 

max,  and the critical shear stress ts, max [30] ൬ ௧೙௧౤,ౣ౗౮൰ଶ+൬ ௧ೞభ௧౩,ౣ౗౮൰ଶ+൬ ௧ೞమ௧౩,ౣ౗౮൰ଶ=1, (2)

 
4.1.2 Criterion of damage propagation 
The damage propagation law used in this study follows the Benzeggagh-Kenane (BK) rupture 

criterion [31]. This criterion defines crack propagation in mode I, mode II, and mixed-mode I/II 
(Fig. 5). It is formulated as a function of the energy release rate G 
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Figure 5. Mixed-mode triangle traction-separation law [19]

 
 GIC+(GIIC+GIC) ቄீೞீ೅ቅ௡ = GC . (3)

Where GS = GII + GIII, GT = GI + GS and η is a characteristic material parameter, Gic is the 
critical energy release rate associated with fracture mode i. (with i = I Mode I, i = II and i = III 
modes II and III respectively). 

 
 

5. Results and discussion 
 

5.1 Damage and failure of a single-lap joint with adhesive Adekit A140 
 
A three-dimensional finite element (FE) model was established to validate the experimental 

results of the single-lap joint with Adekit A140. The cohesive zone at the substrate-adhesive 
interface is represented using cohesive elements (Fig. 6).  

Fig. 6 illustrates the evolution of the von Mises stress distribution in the single-lap joint during 
damage progression at selected imposed displacements. Before damage (δ = 2.5 mm), stress 
concentrations are mainly located at the ends of the overlap, which is characteristic of single-lap 
joints, with a maximum von Mises stress of about 163 MPa. As the imposed displacement 
increases to δ = 2.85 mm, damage initiation occurs at these critical regions due to the progressive 
increase in stress levels, reaching a peak value of approximately 302 MPa. Further loading (δ = 3.3 
mm) leads to damage evolution accompanied by crack propagation along the adhesive interface, 
resulting in a reduction of the maximum stress to about 103 MPa. The last displacement (δ = 4.0 
mm) corresponds to the post-damage stage of the joint, where the stress level drops significantly to 
around 0.14 MPa, indicating joint failure. Overall, the results show that the von Mises stress 
increases up to damage initiation and then decreases progressively until complete failure. 

Fig. 7 presents a comparison between experimental and numerical force–displacement curves 
for a single-lap joint using Adekit A140 adhesive. The results clearly demonstrate the 
effectiveness of the numerical model based on cohesive zone modeling, as an excellent agreement 
is observed between numerical predictions and experimental data reported by Ezzine et al. [25].  
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(a) (b)

(c) (d)
Figure 6. Von Mises stress distribution (MPa) in the single-lap joint during the damage development 
process: (a) before damage (δ = 2.5 mm), (b) damage initiation (δ = 2.85 mm), (c) damage evolution (δ = 
3.3 mm) and (d) after damage (δ = 4.0 mm)

 

Figure 7. Comparison of numerical and experimental force-displacement curves for a single-lap joint with 
Adekit A-140 adhesive
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Figure 8. Force-Displacement curves for different adhesives: Adekit A140 - Araldite AV138 - Araldite 
2015 - Sikaforce 7752 

 
 
The force increases linearly with displacement until reaching approximately 5000 N at a 

displacement of 2.85 mm, corresponding to an almost elastic response of the joint. The joint 
geometry induces a non-uniform stress distribution, resulting in stress concentrations at the 
overlap ends, where the combined action of normal and shear stresses promotes mixed-mode 
loading and accelerates damage initiation and failure. Consequently, once damage initiates, the 
deformation rapidly localizes, leading to premature failure of the bonded joint. 

 
5.2 Damage and failure of single-lap joints with different adhesives 
 
Fig. 8 shows the force-displacement curves for different adhesive joints (Adekit-A140, Araldite 

AV138, Araldite 2015, and Sikaforce 7752), where Araldite AV138 and Araldite 2015 share the 
same chemical composition.   

By comparing the various curves, it is evident that the joint with Adekit A140 is the strongest, 
reaching a maximum failure force of 5000 N. Conversely, Sikaforce 7752 is the weakest, with a 
maximum failure force of 2031 N. Additionally, the joint bonded with Araldite 2015 exhibits 
greater joint toughness compared to Araldite AV138. Furthermore, the joint bonded with Sikaforce 
7752 shows a larger plastic deformation zone than the other adhesives. Both adhesives, Araldite 
2015 and Araldite AV138, exhibit a similar initial linear response, indicating comparable elastic 
stiffness. However, Araldite 2015 shows superior mechanical performance, characterized by a 
failure force approximately 15% higher and a joint displacement at failure about 45% greater than 
that of Araldite AV138. This behavior highlights the enhanced load-carrying capacity and ductility 
of joints bonded with Araldite 2015. 

 
5.3 Study of the Bi-adhesive single-lap joint using two adhesives (Araldite AV138 and 

Araldite 2015) 
 
The effectiveness of the bonded joint using two adhesives with the same chemical  composition, 

Araldite AV138 and Araldite 2015, was studied. The bi-adhesive configuration was selected due  
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Figure 9. Schematic representation of a Bi-Adhesive Single-Lap Joint 
 

 
Figure 10. Force-Displacement Curves of Bi-Adhesive Joints Using Araldite 2015 and Araldite AV138
 
 

to the strong contrast in mechanical behavior between Araldite AV138 and Araldite 2015. 
This pronounced contrast makes this pair particularly suitable for investigating the effectiveness of 
the bi-adhesive concept. The objective of this study is to activate the core of the joint by varying 
the placement of the stiffer adhesive, either at the ends or in the middle of the joint. Fig. 9 
illustrates a single-lap joint with the application of two adhesives: the central zone ('A'), 10 mm in 
length, represents adhesive 'A', while the outer zones ('B'), each 7.5 mm long, represent adhesive 
'B'. 

Fig. 10 presents a comparison between bonded joints with a single adhesive and bi-adhesive 
joints using Araldite AV138 and Araldite 2015. In this study, the placement of the two adhesives 
was varied, either at the core or at the ends of the joint. When Araldite 2015 was placed at the core 
(zone 'A'), the force increased until reaching a maximum value of 2650 N, followed by a gradual 
decrease until complete joint failure. However, positioning Araldite AV138 (the stiffer adhesive) 
at the core provided greater reinforcement to this region, leading to an overall strength 
improvement of 37.5%. This improvement is attributed to the contribution of the adhesive stiffness 
at the core of the joint. Placing the stiffer adhesive in the middle acts as a barrier to crack 
propagation, thereby increasing the joint strength. In contrast, when the less stiff adhesive is 
placed at the center, the crack propagates freely without being hindered. 
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Figure 11. Histograms of displacements at the maximum failure force for the different types of joints. 
(Araldite Av138, Araldite 2015, Av138-2015-Av138 and 2015-Av138-2015)

 
 
Fig. 11 presents the displacements at maximum failure force for the different types of joints 

(Araldite AV138, Araldite 2015, AV138–2015–AV138, and 2015–AV138–2015). The results 
clearly show that the bi-adhesive joint with Araldite AV138 (the stiffest adhesive) placed at the 
center requires a greater imposed displacement to reach the maximum failure load compared to the 
other joints. This improvement is attributed to the contribution of the joint core in reinforcing the 
overall strength. 

 
5.4 The energy absorption  
 
The energy absorption (EA) was calculated from the area under the force–displacement curves 

for each bi-adhesive joint. A comparison of EA for the different joint configurations is presented 
in Fig. 12. This comparison shows that most of the strength of the bi-adhesive joint comes from 
the stiffer adhesive placed at the core. Conversely, placing the more flexible adhesive (Araldite 
2015) in the middle reduces the energy absorption capacity of the joint. Therefore, positioning the 
stiffer adhesive in the center improves the energy absorption, with an increase of approximately 
53% compared to the (Av138–2015–Av138) configuration, and about 26% compared to the joint 
bonded entirely with Araldite 2015. 

 
5.5. Study of joint overlap length variation with the application of two adhesives: Araldite 

AV138 and Araldite 2015 
 
A variation in the length of Araldite 2015 at the ends was applied with values of 5 mm, 7.5 mm, 

and 10 mm to observe the joint behavior as the overlap length of the bi-adhesive joint changed 
(Fig. 13). 

By varying the length of Araldite 2015 at the ends of the joints, Fig. 13 shows that the force 
increases with the imposed displacement. The different curves exhibit similar behavior, with the 
joints containing 7.5 mm and 5 mm of Araldite 2015 at the ends being almost indistinguishable.  
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Figure 12. Variation of energy absorption for the different joints (Araldite Av138, Araldite 2015, Av138-
2015-Av138 and 2015-Av138-2015) 

 

 
Figure 13. Force-Displacement curves of bi-adhesive joints with different overlap lengths using Araldite 
2015/AV138/2015 

 
 
To reach joint failure, a larger imposed displacement is required for the joint containing 60% of 

Araldite AV138 compared to those with 40% and 20%, respectively. In terms of strength, the 
bonded joint with 5 mm adhesive length at the ends shows an improvement of 5% and 53.5% 
compared to the joints with 7.5 mm and 10 mm, respectively. 

 
 

6. Conclusions 
 
The objective of this study was to simulate, using finite element analysis, the damage and 

failure of single-lap bonded joints under uniaxial loading with various adhesives: Adekit A140, 
Araldite 2015, Araldite AV138, and Sikaforce 7752.  
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A cohesive zone model (CZM) was used to analyze crack propagation. The cohesive zone was 
defined using cohesive elements governed by a bilinear traction–separation law. 

In the first part, a comparison was conducted between the numerical results and the 
experimental data Ezzine et al. [25], showing excellent agreement, as the curves nearly overlap. 
The aim was to develop a finite element model incorporating CZM to simulate failure behavior 
due to crack propagation in a shear test of a bonded joint using the adhesive Adekit A140. This 
validated model was subsequently used throughout the remainder of the study. 

In the second part, bi-adhesive joints were numerically analyzed using CZM. The goal was to 
investigate joint behavior by varying the placement of the stiffer adhesive (Araldite AV138), either 
at the ends or at the center, in order to activate the joint core, which is often inactive. This 
configuration proved effective when the stiffer adhesive was placed at the center, resulting in a 
37.5% improvement in strength compared to the configuration where Araldite 2015 was placed in 
the core. 

Additionally, to further characterize joint performance, we analyzed the displacement at 
maximum failure force and the energy absorption (EA) derived from the area under the force–
displacement curves. The results demonstrated that the bi-adhesive joint with the stiff adhesive 
(Araldite AV138) placed at the center not only achieved the highest displacement at failure but 
also exhibited the greatest energy absorption. Specifically, this configuration showed an increase 
in EA of approximately 53% compared to the AV138–2015–AV138 joint, and 26% compared to 
the joint bonded entirely with Araldite 2015. These findings highlight the effectiveness of 
combining adhesives with contrasting mechanical properties to enhance both strength and 
toughness of bonded joints. 

The third part of the work focused on the effect of varying the overlap length of the stiffer 
adhesive (Araldite AV138) in the bi-adhesive joint. The best-performing configuration among the 
tested cases was observed when Araldite AV138 covered 60% of the total overlap length, yielding 
an increase in joint strength ranging from 5% to 46% compared to configurations with 40% and 20% 
coverage, respectively. Building upon these findings, future works and perspectives include 
conducting a more extensive experimental study to further validate and generalize the results, as 
well as implementing artificial intelligence (AI) techniques to predict damage and optimize the 
design of adhesive joints, aiming to improve their mechanical performance and energy absorption. 
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