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Abstract 

The effect of adhesive thickness and adherent overlap on behavior of composite single-lap 

joints (SLJ) under tensile load is studied by using a 3D finite-element model. A bilinear 

Cohesive Zone Model (CZM) law is used to represent the adhesive behavior and its 

parameters are determined as a function of adhesive thickness by carrying out Double 

Cantilever Beam and End-Notched Flexure tests. The performance of SLJ is defined by peak 

load, maximum shear and peel stresses. For the range of adhesive thicknesses considered, 

both maximum shear and peel stresses decrease with increasing adhesive thickness, while 

they increase with increasing overlap length. 

Keywords: Adhesive Thickness; Overlap Length; Cohesive Zone Model; Finite Element 

Model; Experimental Test. 

1. Introduction

Composite structures are widely used in the aeronautical transport sector because they result 

in lightweight structures with high mechanical properties. The measurable reduction of 
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structural weight leads to lower fuel consumption and lower emissions. Most composite 

structures are formed by large components assembled by mechanical or adhesive joints. 

Bolted or fastened joints add weight and result in stress concentrations near holes. These 

holes, which are particularly critical for thin laminates, highly affect the strength [1]. For this 

reason, most of the assembly is done by using adhesive bonding to avoid stress concentration 

[2] and to provide better strength-to-weight ratio. However, the use of bonded joints and 

repairs for primary components and structures made of composite materials is not currently 

feasible, because the only bolted repairs are currently certified in the air transport sector [3]. 

Consequently, research aimed at reliably predicting the structural integrity of bonded joints is 

necessary to help enable their broad utilization for aircraft structures. 

Single-lap joints (SLJs) are the most commonly used type of adhesively bonded joints, due to 

economical and manufacturing considerations [4]. The influence of material (adhesive and 

adherends) and geometrical parameters on the behavior of SLJs has been the subject of active 

research [5-11]. However, the strength prediction is still problematic because it involves many 

factors, which in addition to substrate and adherent material properties include other factors 

such as overlap length and adhesive thickness, whose influence are difficult to quantify [12]. 

It is accepted in the literature that overlap length is one of the main influencing geometrical 

parameters on the strength of SLJs [12-13]. Short overlaps are associated to small shear stress 

gradients, while large overlaps give rise to large stress concentrations [14]. Moreover, some 

authors report that the effect of overlap length on stress gradients differs with the plasticity of 

the adhesive [14-15].  

It is also accepted that joint strength is very sensitive to adhesive thickness, particularly under 

tension. Several studies show that SLJ strength decreases as the adhesive thickness increases 

[6, 16-17]. However, such trend is less relevant for ductile adhesives than for brittle adhesives 

[6]. Different arguments have been postulated to explain the influence of adhesive thickness. 
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Da Silva et al [16] found that SLJ strength increases with increased adhesive toughness and 

reduced adhesive thickness. They explain the effect of adhesive thickness on lap shear 

strength in terms of adhesive–adherent interface stresses. Adams and Peppiatt [18] attribute 

the reduction of joint strength with increasing adhesive thickness to the fact that thicker 

adhesive contains more defects such as micro-cracks and voids. Crocombe [19] observes that 

as the adhesive thickness increases, plastic spreading of the adhesive along the overlap occurs 

more rapidly. Other authors relate the influence of the adhesive thickness with the consequent 

bending moment [20-21]. The offset of the two adherents introduces load eccentricity, which 

causes a bending moment that intensifies the local stresses at both edges of the bonded region, 

leading to inefficient load transfer. 

Design and application of SLJs requires reliable predictive tools, in order to extend their use 

to a broader range of applications. Those tools rely on different approaches, such as 

Mechanics of Materials, Fracture Mechanics, Damage Mechanics, or Cohesive Zone Models 

(CZM) [3, 22-24]. In CZM, crack initiation is predicted by a strength failure criterion, and 

crack growth is predicted by a traction-separation law (TSL). Many types of TSL have been 

proposed, such as linear, exponential, and trapezoidal [25-28]. 

The strength failure criteria of CZM are based on adhesive strength in both tension and shear. 

The TSL is based on critical energy release rates GIC, GIIC, in mode I and mode II. Therefore, 

the measurement of the critical energy release rate (critical ERR) of the adhesive is essential 

for effective use of CZM. Critical ERR in mode I and mode II can be measured 

experimentally with Double Cantilever Beam (DCB) and End Notch Flexure (ENF) tests [3, 

5, 29-31]. These properties depend on crack path, adhesive thickness, and ductility [32]. 

Consequently, the shape of the traction-separation law depends on the thickness and the type 

(brittle or ductile) of the adhesive layer [33]. 
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The literature shows that geometrical factors are of great importance, as they define the 

mechanical performance of the adhesive bonding and have an important economic impact on 

the manufacturing processes [34]. In order to avoid costly experimental design, this study 

proposes to use CZM to create a virtual representation of the SLJ from which performance 

can be predicted. In this way, the designer can predict the optimal joint configuration without 

incurring the cost of experimentation.  

In this work, the parameters of the bilinear traction-separation law for different adhesive 

thickness were determined experimentally and subsequently numerically verified. 3D 

simulations of SLJ were carried out, obtaining peak load, maximum shear and peel stresses, in 

order to evaluate the effect of the adhesive thickness and overlap length in the global behavior 

of SLJ. 

 

2. Materials and methods 

For both experimentation and simulation, the adherents are made of Carbon/Epoxy 

IM7/MTM-45-1 produced by CYTEC Industries. Elastic properties of the adherent are taken 

from the literature [35] and reported in Table 1.  

The adherents are bonded using one or more layers of film adhesive MTA-240 produced by 

CYTEC Industries. The mechanical properties of the adhesive are measured experimentally in 

this work, and the results are given in Table 2. Tensile stress–strain curves were calculated for 

each specimen, using the load-displacement measurements and specimen dimensions. The 

elastic modulus and Poisson ratio were obtained following ASTM D 638 [36] by performing 

tensile tests on ASTM D 638 Type I specimens. The shear modulus was obtained following 

ASTM D 3528 [37] using lap shear ASTM D 3528 Type A specimens. At least five 

specimens of each group were tested.  
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Besides material characterization of the adhesive, three types of specimens are used in this 

study: DCB, ENF, and SLJ. DCB and ENF are used to measure critical ERR as a function of 

adhesive thickness. The SLJ specimen is used to simulate the effect of overlap length and to 

calculate peak load, shear stress, and peel stress, for four overlap lengths and four adhesive 

thicknesses. 

Adhesive thickness tA was varied to study its impact on the joint behavior. It is suggested [34] 

that optimum adhesive thickness should range between 0.1 mm and 0.5 mm. Therefore, for 

experimentation as well as modelling, four adhesive thicknesses were selected: 0.13 mm, 0.26 

mm, 0.39 mm and 0.52 mm.  

 

3. Numerical model 

The geometry of the SLJ specimen shown in Fig. 1 was used in previous work [28] and was 

validated using results taken from the literature [14]. Each adherent is made of unidirectional 

carbon-epoxy of 2.4 mm thick, with plies oriented along the length of the specimen. Four 

overlap lengths were selected, LSLJ =10 mm, 30 mm, 60 mm, and 80 mm.  

A 3D finite-element model of a bonded SLJ under static tensile loads was implemented by 

using the commercial code Abaqus/Standard [38]. Non-linear effects of large displacements 

were considered. 

Composite laminates were modelled as orthotropic, linear elastic with properties given in 

Table 1. Mixed-mode CZM formulation based on traction-separation law was used to define 

the adhesive behavior. 

The experimental test conditions depicted in Fig. 1 were simulated with FEA. Tensile force is 

applied by imposing a constant and uniform displacement on one of the ends, while the 

opposite edge is completely fixed. The mesh of the adherents consists of eight-node 

continuum shell elements with reduced integration (SC8R). The mesh of adhesive consists of 
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a single layer of cohesive elements (COH3D8) compatible with SC8R. Mesh refinement is 

applied in overlap area (Fig. 2). Tie constraints with surface-to-surface discretization method 

is employed to define the contact between adherents adhesive. A mesh sensitivity analysis is 

performed to determine the optimal element size, so that there is a balance between the 

accuracy of the results obtained for the different variables studied and the computational cost. 

For an overlap length of 10 mm, the adhesive mesh consisted of 3750 elements and the 

adherends mesh consisted of 75000 elements.  

 

3.1. Cohesive zone model  

CZM allows the prediction of both initiation and propagation of damage in the adhesive. The 

various damage mechanisms are modelled by cohesive laws, which are defined in terms of a 

traction separation law (TSL) and ERR values.  

The adhesive behavior is determined by a constitutive elastic matrix that connects the stresses 

to relative displacements across the interface as follows 

𝜎𝑖 = 𝑘𝑖𝑖𝛿𝑖   (i = n, s, t);   {

𝜎𝑛

𝜎𝑠

𝜎𝑡

} = [

𝑘𝑛𝑛 0 0
0 𝑘𝑠𝑠 0
0 0 𝑘𝑡𝑡

] {

𝛿𝑛

𝛿𝑠

𝛿𝑡

} (1) 

The stress vector consists of three components that represent the stresses in tension n, in 

shear s and in tearing t; and n, s and t are the relative displacements between the top and 

the bottom of cohesive layer in those same directions [38]. The stiffness matrix terms kii are 

associated with the adhesive properties. The stiffness matrix term in the normal direction is 

determined as the ratio of the normal modulus to adhesive thickness (𝑘𝑛𝑛 = 𝐸 𝑡𝐴⁄ ). The 

stiffness matrix terms in shear and tearing are the ratio of the shear modulus to adhesive 

thickness (𝑘𝑠𝑠 = 𝑘𝑡𝑡 = 𝐺 𝑡𝐴⁄ ).  

In this work, a linear cohesive law is chosen (Fig. 3), due to its simplicity and good agreement 

with experimental results [28]. The behavior is assumed linear-elastic up to damage initiation, 
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which refers to the onset of degradation of the material when the stresses fulfil the chosen 

failure criterion (Fig. 3). 

Among the damage initiation criteria available, and based on previous studies focused on the 

influence of the interface failure criteria [39-41], a quadratic nominal stress criterion 

(QUADS) is chosen in this work, as follows 

{
〈𝜎𝑛〉

𝜎𝑛
0 }

2

+ {
𝜎𝑠

𝜎𝑠
0}

2

+ {
𝜎𝑡

𝜎𝑡
0}

2

= 1 (2) 

Where 𝜎𝑛
0 , 𝜎𝑠

0 and 𝜎𝑡
0 represent the maximum values of nominal stress (in tension, shear and 

tearing), which are presented in Table 3. It is assumed that the behavior in mode II and mode 

III shear loading directions is equal for fiber-reinforced composite materials. The Macauly 

brackets 〈 〉 emphasise that purely compressive stress does not initiate damage.  

Damage is predicted to initiate once Eq. 2 is satisfied. The stresses in the softening region are 

determined according to: 

𝜎𝑖 = {

 𝑘𝑖𝑖 𝛿𝑖                   0 ≤ δi ≤ 𝛿𝑖
0

 (1 − 𝐷) 𝑘𝑖𝑖 𝛿𝑖      𝛿𝑖
0 ≤ δi ≤ 𝛿𝑖

𝑓
 

 0                          otherwise 

    𝑖 = 𝑛, 𝑠, 𝑡 
(3) 

To represent the damage in the adhesive, a scalar variable, D (0<D<1), is defined. The 

damage variable D for linear softening is defined as  

𝐷 =
𝛿𝑚

𝑓 (𝛿𝑚
𝑚𝑎𝑥 − 𝛿𝑚

0 )

𝛿𝑚
𝑚𝑎𝑥(𝛿𝑚

𝑓
− 𝛿𝑚

0 )
 (4) 

where δm
0 is the effective initial displacement, δm

f is the effective final displacement, and δm
max 

is the maximum effective displacement achieved. Effective displacements are determined as 

follows 

𝛿𝑚 = √〈𝛿𝑛〉2 + 𝛿𝑠
2 + 𝛿𝑡

2 (5) 
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The typical bilinear traction-separation law is characterized by the critical energy release rate 

(Gc) for mode I and mode II, which can be obtained from the area under the bilinear curves, 

as shown in Fig. 3. 

 

3.2 DCB and ENF specimens 

The geometry of the specimens consists of two unidirectional composite adherents 1.92 mm 

thick (tP), bonded with one to four layers of MTA-240 epoxy adhesive film (Fig. 4). The total 

length is 160 mm, depth is 25 mm. A mid-plane Teflon insert film is used to produce the 

initial crack for each mode, I and II. The only difference between specimens for mode I and II 

is the length a0 of the uncracked region. Thus, the length of the bonded area depends on the 

fracture mode analyzed: 130 mm for mode I (Fig. 4a) and 100 mm for mode II (Fig. 4b).  

Pure mode I and mode II physical tests were carried out in order to characterize the ERR of 

the adhesive in terms of critical strain energy release rate  

 

 

where a is the crack length, b is the specimen width, and U is the total potential energy in the 

specimen. 

The DCB test [42-43], for mode I, is a peeling test where the cracked edge of the specimen is 

opened by pulling it in tension. A pair of aluminum piano hinge tabs was bonded to the 

cracked edge to allow the application of the load (Fig 5a).  

For mode II, the ENF test [44] is a three-point bending test that subjects the crack front to 

interlaminar shear (Fig 5b). The loading roller is in the middle section of the specimen for 

three-point bending. Support rollers are at 30 mm from the specimen edges, with a support 

span of 100 mm. All tests are performed using an Instron universal testing machine. The load 

is measured using a load cell of 5 kN. 

𝐺𝐶 = −
1

𝑏

𝑑𝑈

𝑑𝑎
 

(6) 
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Specimens are impregnated with a water-based fluid, which aids the visual observation of 

crack growth. Lateral edges were marked from the crack onset every 1 mm. The crack 

extension was recorded on both sides of the specimen to ensure that the crack growth is 

uniform during the test.              

A methodology based on ASTM Standards was adopted [42, 44]. Thus, linear elastic behavior 

is assumed in the calculation of GC in both modes.  

 

3.3 DCB tests 

The DCB tests are performed following the recommendations of the ASTM D5528 Standard 

[42] to obtain the ERR of the adhesive under pure mode I. The load was applied at a constant 

crosshead displacement rate δ=1 mm/min through the piano hinges.  

An initial tensile pre-loading was applied to start the crack. As a result, a crack opening length 

is different for each specimen and different from the length of the Teflon film. 

Among the different methods proposed in ASTM D 5528, the Corrected Beam Theory (CBT) 

method is used in this work to calculate the ERR in pure mode I. Using CBT method, GIC is 

determined as follows 

wher

e P 

is the applied load, δ is the load point displacement, b is the specimen width, a is the crack 

length along the adhesive, and Δ is an experimental correction factor which is obtained using 

a least square fit of the cube root of the compliance, C1/3, as a function of the crack length 

(Fig. 6). 

Several investigators [2, 45-46] have used this method because it takes into account the 

rotation that may occur at the crack front by assuming a slightly longer crack length. 

 

𝐺𝐼𝐶
=

3𝑃𝛿

2𝑏(𝑎 + |∆|)
 (7) 
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3.4 ENF tests 

ENF tests are conducted following the recommendations of the ASTM D 7905 [44]. The 

specimen is situated on two support rollers while the load is applied at a constant 

displacement rate δ of 0.5 mm/min through the loading roller, as in a three-point bending test. 

The ERR GIIC is obtained as  

𝐺𝐼𝐼𝐶
=

3𝑚𝑃2𝑎2

2𝑏
 (8) 

where m is the compliance calibration (CC) coefficient. The CC coefficient is determined 

using a linear least squares linear regression analysis of the compliance C versus crack length 

cubed a3 (Fig. 7). 

 

4. Experimental results 

Experimental results for the evolution of ERR as a function of the crack length, GC = f(a), in 

either mode I or mode II, are presented in this section to obtain the cohesive law. The 

resistance curve f(a) has two different regions. The first region corresponds to bending of the 

specimen up to crack initiation. The second region is a plateau stage that corresponds to the 

crack growth from which the value of GC is obtained (Fig. 8). The value of GC depends on the 

adhesive thickness (tA) and the adherent thickness (tP) [27-28]. 

The averaged ERR and their corresponding standard deviation values obtained from the DCB 

and ENF experimental tests are reported in Table 4. 

The results show an increase of GC in both modes when increasing adhesive thickness due to 

the development of the plastic region around the crack tip. This behavior was observed by 

other authors in previous works [33]. They also point out that there is a range for the adhesive 

thickness for which GC maintains its value constant, which in the present work corresponds to 

0.26 mm to 0.39 mm approximately. The difference between numerical prediction and the 

average of experimental results of Gc is less than 9% for all cases. 
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Fig. 9 shows the crack growth stage of the resistance curves obtained experimentally for 

mode I and mode II for the adhesive thickness of 0.26 mm. The crack length was normalized 

with respect to its initial value to take into account that the crack tip of each specimen in 

mode I differs from the others due to initial tensile pre-loading.  

 

5. Simulation results 

Using the CZM simulation, the influence of the adhesive thickness and overlap length on the 

single-lap joint behavior can be predicted. The variables studied are the peak load, maximum 

peel stress, and maximum shear stress. Load-displacements curves, varying the adhesive 

thickness, for an overlap length of 10 mm are presented in Fig. 10. 

An augmentation of the adhesive thickness lead to an increase of the peak load. Due to the 

geometrical non-linearity of the SLJ, typical S-shaped load-displacement curves were 

obtained. When comparing the peak load results respect to the smaller adhesive thickness 

(0.13 mm), growths are quantified on a 15%, 29% and 39% for the thicknesses of 0.26 mm, 

0.39 mm and 0.52 mm respectively. The global stiffness of the SLJ decreased when 

increasing the adhesive thickness, although this variation is not significant. In Fig. 11, load-

displacement curves, changing the overlap length, for an adhesive thickness of 0.13 mm are 

shown 

An increase of the overlap length lead to increases on the peak load and the stiffness of the 

SLJ. For the larger overlap length analyzed, the variation of the peak load is smaller, 

quantifying this variation for the highest overlaps studied (60 mm and 80 mm) in 29%. 

The combined influence of the adhesive thickness and overlap length on the peak load of a 

single-lap joint is shown in Fig. 12. The peak load augments with increasing adhesive 

thickness but not much. The larger the overlap the larger the difference. Typical load-



12 

displacement curves obtained from the simulations show that both maximum load and SLJ 

stiffness augment with increasing overlap length.  

Normalized peak load (Pmax) as a function of the overlap length are shown in Fig. 13. The 

normalized peak load is defined as the ratio of peak load to the reference peak load for the 

case with 0.13 mm adhesive thickness (those results are taken from Fig. 12 and shown in blue 

color). 

For an overlap length of 10 mm, there is an increase of 15% for 0.26 mm adhesive, 29% for 

0.39 mm, and 39% for 0.52 mm. For overlap lengths of 30 mm, 60 mm and 80 mm, 

differences among normalized peak loads decrease and become stable. Differences between 

0.26 mm, 0.39 mm and 0.52 adhesive thicknesses for overlap lengths of 30 mm, 60 mm and 

80 mm are only 7% or less. 

Shear and peel stress distributions along a SLJ are shown in Fig. 14 for adhesive thickness 

0.13 mm when the onset of the adhesive degradation is fulfilled. Maximum peel stresses are 

located at both ends of the overlap length, as expected. In Fig. 14, the maximum shear stresses 

occur also at the ends of the overlap length, but these must be equal to zero at the free edge to 

fulfil boundary conditions [47-48]. The stresses values were calculated in the Gauss points 

and they do not coincide geometrically with edge points. 

Results reveal that the maximum shear stress increases with increasing overlap length. 

Maximum peel stress is higher than the maximum shear stress at the ends of the overlap. 

However, peel stress distribution shows that the peel stress is close to zero along most of the 

length of the joint, due to the stiff (16 ply) adherents used. 

Variation of both maximum peel and maximum shear stresses with adhesive thickness are 

shown in Fig. 15. Both stresses decrease with increasing adhesive thickness. In both cases, the 

maximum stress increases with increasing overlap length. 
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Normalized maximum peel σy and maximum shear stress τxy as a function of the overlap 

length are shown in Fig. 16. Both normalized variables are defined as the ratio of maximum 

stress to the reference maximum stress for the SLJ adhesive thickness of 0.13 mm (those 

results are taken from Fig. 13 and shown in blue color). The adhesive thickness with the 

highest reduction of maximum peel and maximum shear stresses is the thickest (0.52 mm) for 

the overlap length range studied. 

 

6. Conclusions 

The behavior of bonded single-lap joints considering different adhesive thicknesses is studied 

by a 3D finite-element model. Experimental characterization of the adhesive properties was 

performed in order to define the CZM, by carrying out DCB and ENF tests. 

For the adhesive thickness range considered in this study, critical ERR in both modes, GIc and 

GIIc, increases with increasing adhesive thickness. Values of ERR for mode II are one order of 

magnitude higher than for mode I. 

Simulation reveals a linear elastic behavior of the SLJ for the different configurations studied. 

Peak load increases linearly with both adhesive thickness and overlap length. The SLJ 

behavior results show that load is more sensitive to overlap length than adhesive thickness. 

The increase of the peak load is smaller when both parameters are bigger. According to the 

obtained results, the existence of an asymptote for the peak load value could be expected for 

higher adhesive thickness and overlap length out of the range analyzed. The global stiffness 

of the SLJ augmented with the overlap length and decreases with the adhesive thickness. 

Maximum shear stress and maximum peel stress augment with increasing overlap length, but 

decrease with increasing adhesive thickness. Therefore, for the range of adhesive thicknesses 

considered in this study, the highest reduction of both shear and peel stresses is obtained using 

thickest adhesive (0.52 mm). 
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TABLE CAPTIONS 

Table 1. Elastic properties of IM7/MTM-45-1 lamina [32]. 

Table 2. MTA-240 elastic properties. 

Table 3. Maximum values of nominal stress of MTA-240 epoxy adhesive film 

Table 4. Average ERR and standard deviation for MTA-240 

 

FIGURE CAPTIONS 

Fig. 1. Boundary conditions and geometry of single-lap joint. 

Fig. 2. Mesh refinement at the overlap zone. 

Fig. 3. Linear traction-separation law. 

Fig. 4. Specimen configuration for: a) mode I and b) mode II. 

Fig. 5. Test configuration for: a) DCB tests and b) ENF tests. 

Fig. 6. Correction curve in mode I for a specimen of 0.26 mm adhesive thickness. 

Fig. 7. Calibration curve for a specimen of 0.26 mm adhesive thickness. 

Fig. 8. Typical resistance curve. 

Fig. 9. Resistance curves obtained from the experimental tests for adhesive thickness 

specimens of 0.26 mm for: a) mode I and b) mode II. 

Fig. 10. Load-displacement curve for overlap length of 10 mm as a function of the adhesive 

thickness. 
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Fig. 11. Influence of the overlap length on the load-displacement curve for adhesive thickness 

of 0.13 mm. 

Fig. 12. Peak load for a SLJ: effect of overlap length and adhesive thickness. 

Fig 13. Normalized peak load as a function of overlap length. 

Fig. 14. Stress distributions for an adhesive thickness of 0.13 mm: a) peel stress and b) shear 

stress. 

Fig. 15. Influence of adhesive thickness on the peak value of: a) shear stress and b) peel 

stress. 

Fig. 16. Variation of a) normalized maximum shear stress, b) normalized maximum peel 

stress. 
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Young’s modulus (GPa) Poisson ratio Shear modulus (GPa) 
E1=173 ν12=0.32 G12=3.89  
E2=7.36 ν13=0.5 G13=3.89 
E3=7.93 ν23=0.5 G23=2.94 

Table 1. Elastic properties of IM7/MTM-45-1 lamina [32]. 
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Elastic modulus (GPa) E=3.13 ± 0.43 
Shear modulus (GPa) G=0.18 ± 0.04 

Table 2. MTA-240 elastic properties. 
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σn

0  [MPa] 21.6  
σs

0 [MPa] 17.9 
σt

0 [MPa] 17.9 

Table 3. Maximum values of nominal stress of MTA-240 epoxy adhesive film 
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Adhesive thickness tA 

(mm) 
ERR mode I, GIC 

(N/mm) 
ERR mode II, GIIC 

(N/mm) 
0.13 0.38 ± 0.05 5.22 ± 0.68 
0.26 0.44 ± 0.06 7.81 ± 0.68 
0.39 0.45 ± 0.08 8.12 ± 0.91 
0.52 0.49 ± 0.06 8.66 ± 0.84 

Table 4. Average ERR and standard deviation for MTA-240 

 
 




