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Abstract 
A literature review on existing design and analysis methods for composite adhesively 

bonded joints has been conducted. Methods that might form a basis for development of 

practical engineering methodology for adhesively bonded joints were selected and described. 

Starting from the simplest and the fastest analytical methods (closed-form solutions): average 

shear stress, shear lag model and adhesive beam model through more complex and more time 

consuming numerical methods supported by finite element analysis: global models, local 

models, cohesive zone models. Assumptions and applicability of each method was discussed. 

Simple and fast methods in order to be reliable have to include many conservative 

assumptions and therefore may lead to over-designed structure (weight penalty). Structural 

optimization and weight reduction require the usage of more complex and time consuming 

methods. Therefore, selection of adequate methods should always be balanced against strength, 

durability, costs and weight. 
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1. INTRODUCTION 
 

Aircraft structures consist of a multiple elements that need to be jointed together in order 

to form a load transfer path. There are multiple joint types that are used in airframe 

construction: mechanically fastened using bolts or rivets, adhesively bonded using a polymeric 

adhesive, combination of these two, welded, clamped [1]. One of the responds to increasing 

demand for efficient lightweight structures, especially in aerospace industry, is increasingly 

use of adhesively bonded joints of composite structures. This kind of joints have been 

extensively used especially in General Aviation aircrafts. One of the first nearly all composite 

light aircraft with extensive use of adhesive bonding as a primary method for forming structural 

joints was Cirrus SR20 (Fig. 1(a)) built and produce by Cirrus Aircraft and certified in 1998 

by FAA [2]. First Polish nearly all composite aircraft with extensive use of adhesive bonding 

was PZL I-23 Manager (Fig. 1 (b)) certified in 2001 by Civil Aviation Authority in Poland and 

in 2006 by EASA [4]. In the recent years, more and more adhesive bonding have been used in 

transport category aircrafts. Both Boeing 787 and the Airbus A 350 contain more than 50% 

bonded composite structures [3]. 
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(a) Cirrus SR20 (b) PZL I-23 Manager Fig. 1. 

General Aviation nearly all-composite adhesively bonded aircrafts. 

 

Adhesive is defined as a substrate that is capable of strongly and permanently holding two 

surfaces together [4]. Adhesive bonding is a joining technique in which an adhesive 

material, placed between the surface of parts being bonded, knowns as a substrates or 

adherends, solidifies to produce an adhesive bonds [4, 5]. To avoid confusion, term adherends 

will be used throughout the article (Fig. 2). The adhesive material adheres to the adherends and 

transfer force between them. 

 

Fig. 2. General bonded joint nomenclature. 

 

Adhesively bonded joints provide many advantages over mechanical fasteners. Large surfaces, 

dissimilar materials and thin substrates can be joined together, reducing number of parts 

required and obtaining smooth surface contour (e.g. scarf joint) [2, 4]. Adhesive do not 

damage the adherends and therefore do not introduce stress concentrations and discontinuity of 

fibers [5,6]. However, a concentration of load transfer along the bond line edge may exist (this 

can be managed through configuration changes or local design modifications) [1]. Moreover, 

the adhesive has a natural tendency to resist crack propagation, and hence provides a significant 

resistance for fatigue growth from one component to another [1]. These result in one of the main 

advantage of adhesively bonded joints – excellent fatigue performance [2, 4]. Adhesively 

bonded joints provide uniform stress distribution along the bonded area (except at edges), 

higher joint stiffness and load capacity, reducing the weight and the costs [1, 4,5]. 

Additionally, the operation of bonding two surfaces together will automatically seal the surfaces 

where the adhesive layer will act as a corrosion barrier between dissimilar materials resulting in 

excellent corrosion performance [1]. 
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However, adhesively bonding joints have also several disadvantages. The thickness of the parts 

that can be joined is limited. Once this thickness limit is achieved the joint becomes both 

structurally and/or geometrically inefficient [1]. Inspection of bonded joints is very difficult and 

even though series of nondestructive techniques are now available, the most reliable methods are 

destructive one [1, 2, 6, 9]. One of the major requirements for durable, high quality bondline, is 

surface preparation process strictly controled by quality control procedures [1, 5]. Adhesives and 

the bondline, due to polymeric nature, are prone to environmental degradation – high temperature 

and moisture absorption can degrade joint stiffness and strength [1]. Adhesively bonded joints 

are the most efficient when they transfer the load through the in-plane shear. Their strength is 

very sensitive to peel and through the thickness stresses, and therefore these stresses should be 

reduced to minimum by the proper design [1]. Joints with adherends that have different coefficients 

of thermal expansion, cured in process that requires high temperatures, will results in induced 

residual thermal stresses within the adhesives [1]. One of the most economical disadvantage of 

bonded joints is related with curing process. Bonding is usually not instantaneous and curing time 

might be long. Therefore, bonding process may require costly tooling and facilities [5]. Adhesively 

bonded joints, once fabricated, cannot be disassembled without damaging the adhesive and/or 

adherends [1]. The bonded joint design and analysis tends to be complex in many cases. There are 

no simple rules such as in the case of bolts, rivets, or welding, and design engineers still do not 

trust this technique, especially when it comes to long-term strength. With the use of structural 

high performance adhesives, new design methods have been developed and require 

understanding to achieve improvements in structural efficiency. Moreover, implementing this 

design rules into fabrications process requires special skills that need to be taught and practice 

constantly [5]. In order to design durable and efficient adhesively bonded joint, a reliable and fast 

analysis and failure prediction methods are needed. It is a big challenge because analysis of 

adhesive bonded joint is very complex task and there is a lot of limitations and uncertainties in 

what can be predict. Therefore, there is a tendency to use simple design rules, costly 

experimental trials and testing campaigns, or even additional safety precaution like mechanical 

fasteners. These result in heavier and more costly components (overdesign structures) [2, 3, 7,8].  

Analysis methods are needed to predict the joint strength: determine stress/strain distribution in 

the adherends and the adhesive and predict probable failure points [4, 10, 12]. Stress/strain 

distribution can be obtained from two mathematical approaches: analytical methods (closed-

form analysis) and numerical methods (i.e. finite element analysis) [8, 12]. For simple joints and 

initial analysis the closed- form analysis is more appropriate [13]. The more complex joint and the 

more detailed analysis, the more advanced methods are required. Geometrical features and shapes, 

nonlinear materials, stress gradients, boundary conditions, etc. result in necessity of using the finite 

element methods. Finally there is always a question related with failure criterion to be used in the 

analysis [3, 5, 11]. The objective of this paper is to review existing design and analysis methods, 

analytical and numerical, available in the literature, that might form a basis of practical 

engineering methodology for designing adhesively bonded joint for weight efficient structures 

(easy-to-use methods and tools). 

 

2. DESIGN AND ANALYSIS METHODS 
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2.1. Types of bonded joints 
 

There are numerous bonded joint configurations possible. The most common were shown in 

Fig. 3. Single lap joint (Fig. 3 (a)) is the simplest type and is dedicated primarily for thin 

adherends with relatively low applied loads. Limitations of single lap joints are caused by the 

eccentricity in the load path that causes rotational displacement (bending) and therefore increase 

in peel stresses. This effect can be minimized by using thin adherends with sufficient overlap 

lengths. Additionally peel stresses can be minimized by tapering adherends edges (Fig. 3 (b)). 

Simple double lap joint (Fig. 3 (d)) is an improvement over a single lap joint that eliminates load 

path eccentricity and has twice the overlap surface area. Nevertheless, peel stresses that still exist at 

the joint ends can be significant. These can be limited (not eliminated) by tapering adherends 

ends (Fig. 3 (e)). Single strapped joint (Fig. 3 (f)) can be used to join two part in the same 

plane and therefore eliminate load eccentricity for cases of symmetrical parts. However 

geometrical eccentricity within the joint still exist and can increase peel stresses at the ends of 

the joint. This can be reduced by using double strapped joint or double taper strapped joint 

(Fig. 3 (g, h)). From the load capability point of view the next level of the joint is stepped lap 

(Fig. 3 (i, j). This kind of joint has lower peak shear and peel stresses in the bondline and is 

practical solution for thicker adherends. Improved load capability over stepped joint 

characterize scarf joint. In theory peak peel stresses in the bondline of stepped joint can be 

minimized to almost any desired value, but in practice this is limited by overall joint size and 

manufacturing imperfections. From strength perspective, stepped and scarf joints have the highest 

possible capability, but from the manufacturing perspective they are much more difficult and 

expensive to produce than single or double lap joints. 

 

Fig. 3. Types for adhesive bonded joint [14]. 
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Examples of structural application of discussed types for adhesive bonded joint were 

presented below. Fig. 4 presents simple single lap joint used in bonded drive shaft end fitting, 

and joggle single lap joint used in a large transport aircraft fuselage to bond together two 

halves of barrel. Typical aft section of small aircraft bonded fuselage was shown in Fig. 6. 

At least few applications of bonded joints can be noticed. Fuselage halves can be joined using 

joggled single lap, splice strap single lap or splice strap double lap joints, where all joints assure 

smooth external surface and therefore better aerodynamics. Repair or reinforcement of the 

structure is realized by bonded doubler. Typical bonded wing spar construction was shown in 

Fig. 6. Spar webs are bonded to spar caps creating double lap joint. 

 

 

Fig. 4. Circumferential- and longitudinal-bonded joints [3]. 

 

Fig. 5. Typical aft section of small aircraft bonded fuselage [3]. 

 

Fig. 6. Generic-bonded wing spar construction [3]. 
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2.2. Failure modes of bonded joint 
 

Bonded joint may fail in four ways: adherend failure outside the joint, cohesion failure of the 

adhesive, adhesion failure (interface failure) and mixed-mode failure. Adherend failure outside 

the joint (cohesion failure of the adherend) indicates its proper design and therefore is the 

most desired failure mode for bonded joint (Fig. 7 (a)). However, such case may not always be 

possible to achieve and is more achievable for metal than for composite adherends. Composite 

adherends can fail in different way than metals – interlaminar shear and delamination are often 

critical modes (Fig. 7 (b)). Cohesion failure of the adhesive is usually design driven (inadequate 

overlap, adhesive load capacity, thermal stresses etc.) Adhesive material may fail in shear (Fig. 7 

(c)), in tension (peel, Fig. 7 (d)) or in combination of these two (Fig. 7 (g)). This mode is 

indicated by the presence of a rough layer of adhesive on both the separated adherends (Fig. 8). 

Adhesion failure along the interface is a manufacturing process driven failure that occurs 

when proper adhesion is not obtained. This might be caused by surface contamination during 

manufacturing or when surface preparation process does not assure that durable bonds are 

produce. Moreover, adhesion failure may occur in-service after interfacial degradation over 

time. This mode is indicated by the presence of adhesive material on just a single adherend 

(Fig. 8). This mode cannot be predicted by analytical methods and therefore such methods 

always assume that it is not critical despite the fact that this can often be critical mode. 

Mixed-mode failure is another manufacturing process driven failure that is combination of 

adhesive and cohesive failures. This failure may appear when durable surface preparation 

process was applied only partially or surface contamination was local. Despite the fact cohesion 

shear and peel failure (Fig. 7 (c) (d)), and adhesive shear and peel failure (Fig. 7 (e) (f)) were 

shown below as a separate failure modes, in reality adhesive failure will always result from 

combination of shear and peel components – peel 

stress can be minimized, but not eliminated. 
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Fig. 7. Types of bonded joint failure modes [15]. 

 

Fig. 8. Cohesive (left) and adhesive (right) failure of bonded joint [16]. 

 

2.3. Design of bonded joint 
 

Design of bonded joint starts with selection of the most adequate type for given application. 

Selection should be based on a few factors. First factor is related with required load carrying 

capability. For cases of relatively thin parts and low loads the simplest joint types (single or 

double lap joint) might be sufficient. With the increase of parts thickness and load 

requirements, the more complex joint types should be considered (stepped or scarf joint). 

Joint capability trends with regards to their types and adherends thicknesses were shown in 

Fig. 9. Second factor is related with available overlap length. For example stepped and scarf joints, 

depending on assumed single steps number and their length or scarf angle, might be 

impossible to implement. Third factor concerns aesthetics and aerodynamics. Multi stepped 

and scarf joints can produce smoother surfaces and therefore, for external surfaces, assure 
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better aerodynamics. Selection of bonded joint type must always be balanced against 

complexity of the manufacture. 

 

 

Fig. 9. Bonded joint selection – influence of member size [17]. 

 

Fig. 10. Adherend and adhesive strength versus adherend thickness. 
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For selected bonded joint, the required strength of the adherends and adhesive should be 

assured. In first step adherends and the adhesive strength must be greater than design 

ultimate load. Adherend and adhesive strength relationship with adherend thickness was 

shown in Fig. 10. The strength of the adherend is linearly dependent upon its thickness, 

shear strength of the adhesive is square root of thickness of adherend, and peel strength is 

fourth root of thickness of adherend [7, 18, 19]. It can be noticed that for thin adherends, 

their strength is lower than adhesive shear and peel strength, and this relation last up to 

threshold thickness. Thus, the bond will never fail as long as the adherend thickness is lower 

than threshold thickness. Therefore, the optimal design space for bonded joint will be limited 

by design ultimate load, minimal required thickness and threshold thickness values as shown 

in Fig. 10. Nevertheless, such criterion might be very difficult to achieve for composite 

structures, where interlaminar failures in the composite adherends surface plies are common, 

especially for pull off and other out-of- plane loading conditions. Therefore, such criterion 

should be restated to mean precluding the adhesion failure (if the adhesive material is going 

to fail, it should always be in a cohesive failure mode) [20]. Typical structural adhesive 

materials exhibit an elastic-elastoplastic behavior. For most modern structural adhesives, 

majority of the strain energy to failure is due to plastic behavior [21]. When the joint is loaded 

above the adhesive elastic limit, plastic zones create at the bondline ends. Optimal adhesively 

bonded joint should have sufficient overlap length that will assure all load carried in the plastic 

zone, and have large enough elastic zone for fatigue and creep resistance. Example of such 

optimal scenario was shown in Fig. 11 [8]. There is a certain overlap length over which there 

is no increase in joint strength, but long overlaps are desirable because they provide high level 

of damage tolerance to voids and other flaws. Nevertheless, it should always be balanced 

against strength, durability, costs and weight [1, 9]. 

 

 

Fig. 11. Elastic-plastic shear stress in adhesive. 
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Fig. 12. Elastic adhesive shear stress distribution (Volkerson) for various overlap lengths (normalized). 

As it was shown in Fig. 11 and Fig. 12, shear stress vary along the bondline length. 

Variation is dependent, among other, on the level of strains in the adherends at any given 

point, and therefore the only case when shear stress distribution is uniform, is for very stiff 

adherends. Neverthless, for most of the cases, the strain in the adherends increases from zero 

at the ends (because load is zero) reaching a maximum at the other end of the joint 

(adherend carries all the load). These strains adds to displacements caused by the relative 

movement of the adherends. When the overlap (bondline) length is large enough, the strains in 

each adherend in the center of the joint will be the same, and the displacement difference will 

approach zero (for similar adherends). Therefore, shear stress in the adhesive will be equal zero 

in the center of the joint and maximum at the ends of the joint where the difference in 

displacements is maximum. As it was shown in Fig. 12 and in Table 1, maximum (peak) shear 

stress in the adhesive is almost constant for various overlap length, despite the fact that the 

average shear stress is not. Thus, when sufficient overlap length to enable adhesive shear 

stress decay to zero in the middle of the joint is achieved, any additional overlap length will 

not change the load carrying capability of the joint and will only increase the size of the joint. 

 

 

                   Table 1. Maximum and average adhesive shear stress values for different overlap length. 
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Design of adhesively bonded joint should also take into account the critical environmental 

conditions. As shown in Fig. 13 and Fig. 14, adhesives materials are highly influenced by 

temperature and humidity. Environment conditions can affect adhesive strength as well as 

stiffness. Maximum and minimum service temperatures should always be taken into account 

[1, 2, 10]. 

 

Fig. 13. Shear stress-strain response of FM 300 K adhesive at different temperatures in °F [22]. 

 

 

Fig. 14. Example of stress-strain curves with respect to different environmental conditions for 

EA 9628 film adhesive, bond line = 0.79 mm, ASTM D 5656 thick adherend test method 

(RTD = Room Temperature Dry, ETD = Elevated Temperature Dry, ETW = Elevated 

Temperature Wet) [21]. 

2.4. Adhesive joint analytical analysis 
 

Although nowadays FE methods become more and more popular because of their 

versatility and constantly increasingly computer memory capacity, the analytical solutions, 

especially closed-form, are still much more efficient. These methods can be classified into two 

groups depending on solution type: closed- formed and numerical. Examples of these solution 

based on single lap joint will be presented below. 
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AVERAGE SHEAR STRESS MODEL 
 

Approach is based on the following main assumptions [12]: 

• adherends are rigid; 

• adhesive is deformable and is treated as continuous shear spring along overlap; 

• constant shear stress τ along overlap; 

• thickness negligence; 

• linear-elasticity materials. 

In this simple method, the stress distribution is uniform and is given by: 

 = 
F 

A 

where: F – applied force, A – overlap area. 

Simplicity of the method causes high popularity in industry application but at the same 

time is also its main disadvantage. Based on the equation (1), it can be concluded that 

increasing bonded area A causes reduction of shear stress τ, but in reality it is not the case. 

The shear stress distribution is non- linear and in consequences, equation (1) can lead to non-

conservative results. For this reason, the method is used with various knock-down factors 

which take into account shear distribution, environmental conditions, thickness effects and 

material characteristics. Such approach required extensive testing campaign dedicated to 

each unique joint type. The stress nonlinearity is caused by difference in adherends strain along 

overlap. Therefore, when the adherends are thick and stiff, the strain difference decreases 

causing more uniform stress distribution and making the method more reliable. 

 

SHEAR LAG MODEL (VOLKERSEN) 

The theory is based on the following assumptions [24]: 

• adhesive is modeled as linear-elastic material and deforms only in shearing; 

• adherends are elastic and deforms in tension; 

• bending effect caused by eccentric load path for single lap joint is neglected; 

• peel stress is neglected; 

• stresses are constant across thickness. 

The shear stress distribution for single lap joint is given by (2), [13]: 

 

 ---- (2) 
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where: F – applied force, w – width of the joint, Ga – adhesive shear modulus, w – joint 

width, E0, Ei – Young’s adherends modulus ti,t0 – adherends thickness, l – overlap length, x – 
coordinate along overlap. 

Equation (2) provide non-linear stress distribution, an example of which is presented in 

Fig. 15. In order to take into account adherends shear deformation, the linear shear stress 

distribution through the adherends thickness has to be assumed. For single lap joint, the 

correction (3) has to be applied by the replacement λ with β in equation (2) [14, 25]. The 

correction can be essential, for example, in case of single lap joint analysis with composite 

adherends and thin adhesive. The model was also validated using Digital Image Correlation 

(DIC) for thick adhesive layer (~8mm) and the results showed acceptable accuracy [26]. 

where: G0, Gi – Kirchhoff adherends modulus. 

SOLUTIONS BASED ON GOLAND AND REISSNER THEORY 

More complex specimen loading, including bending moment and transverse force, was 

analyzed by Goland and Reissner (G-R) [15]. In comparison to Volkersen’s, G-R solution 

allows to calculate peel stress distribution. It is based on the following assumptions: 

• transverse normal and shear strain in the adherends are negligibly small; 

• stress is constant across adhesive thickness; 

• adhesive layer is infinitely thin. 

The stress distribution for balanced single lap joint is given by (4) [23]: 

 

 

     stiffness of adherend, Ea – Young’s adhesive modulus, Mk – bending moment at the overlap 

ends, Vk – transverse force. 

Bending moment and transverse force are related with F by factor k and k’ respectively. Details 

are presented in [12, 23]. Both models: Volkersen and G-R theory have the following main 

limitations [12]: 

• lack of through-the-thickness stress distribution consideration; 

• analysis predicts shear stress on free-surface at the end of the overlap, which does not exist and leads to 

over conservative analysis results; 

• lack of adherends through-the-thickness shear and normal deformations consideration. 
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In order to overcome these limitations, different expansion of G-R solution can be found in 

literature. For example, the effect of adhesive thickness was considered in [28]. The study of 

the stress distribution in adhesive joints with dissimilar adherends (different thicknesses and 

different materials) was presented in [16]. Comparative literature review of adhesive beam 

model and its analytical solutions can be found in [12, 17, 30]. 

Alternative analytical approach is based on stiffness matrix theory for structural analysis of 

framed structure [31]. The procedure allows to analyze different type of joints in the same 

manner and it takes into account the following effects: 

• the transversal and longitudinal relative displacements along the interface; 

• the interaction between the normal and shear stresses; 

• the coupling between axial, flexural and shear deformations; 

• any transverse load applied on the adherends that fits a second-order polynomial function. 

All above mentioned solutions are valid with the following assumption: linear elasticity of 

adherends and adhesive materials. This methodology can lead to over-conservative analysis 

results because in case of modern structural adhesives, most of the strain energy up to failure is 

transmitted through elastis non- linear behavior. First model which take into account material 

inelasticity was introduce by Hart-Smith [18, 19]. Adhesive was modeled as a linear-elastic and 

perfectly plastic material. Two types of solution of differential equation is used for linear-elastic 

and non-linear elastic range. In order to obtain adhesive stress distribution considering 

nonlinearity, the numerical procedures have to be used. Additionally, the theory may take into 

account balanced and imbalanced adherends stiffness and effect of thermal mismatch 

between adherends. For some specific conditions, closed-form solution can be obtained. 

Besides simple specimen geometry, it is also possible to obtain closed-form solution for 

more complicated joint geometry with inelastic adhesive character. One of the example is 

the solution for double-lap joints with stepped outer adherends. The model takes into 

account adherends shear deformation, thickness variation and it allows for obtaining both 

shear and peel stress distribution along overlap. Model was validated with corresponding 

FEM analysis with fine mesh and it allows to obtain excellent agreement [19]. 

 

All above-mentioned solutions are limited to specimens with relatively simple geometry and 

loading configuration. In case of complex structures or complex boundary conditions e.g. 

load variation along structure, described methods cannot be applied and therefore numerical 

analysis i.e. FEM has to be used. 

 

2.5. Adhesive joint numerical analysis 
 

Analysis of adhesive bonding joint is complex and complicated process, even using FE 

methods where the following issues need to be taken into account: 

• occurrence of stress singularity at the ends of the bondline causes high result mesh size- 

dependency [33]; 

• obtaining accurate enough result at the end of the overlap where high stress gradient apperars; 

• requires using extremely small element size and low aspect ratio close to 1:1 [33]; 
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• adhesive to adherends thickness ratio limits maximal element size [33]; 

• stress gradients in through the adhesive thickness direction causes requirement of using more than one 

element along adhesive thickness [33]; 

• most of the load in adhesive joint is transmitted by plastic strain thus nonlinear material model 

with plasticity should be used [18]. 

First four points causes difficulties to pass finite element geometry (mesh) requirements. For 
example, typical adhesive thickness equal 0.15mm, result in maximal element dimension 
equal 0.75mm for 5:1 element aspect ratio (even if stress gradient through the adhesive 
thickness is neglected). Such dimension is smaller then practical element size used in 
engineering strength analysis, especially in case of structural assemblies and/ or three 
dimensional problems. Requirements for relatively small element size for adhesive modeling, 
causes necessity of preparing local structural models (sub-modeling). Another problem is 
related with proper selection of criteria based on continuum mechanics to be used in analysis. 
For a given task two criteria have to be selected: yielding criterion and failure criterion. For 
yielding, Tresca and von Mises criteria should not be used in case of polymers, because there 
are no consideration of hydrostatic stress dependency. For adhesives, the yield stress is 
different for compression/shearing and for tension loading which is caused by crazing effect 
[20,21]. This issue can be solved by using the modified Drucker- Prager/Cap plasticity model 
which adequately describes the yield locus for both tensile and compressive hydrostatic 
stresses [22]. For failure, different criteria can be found in literature e.g.: maximum (shear) 
stress/strain, maximum von Mises stress, plastic yielding, principal stress/strain [23,24]. 
Irrespective of criterion selection, stress singularity may exist at the joints corners which 
causes dependency of mesh density and results. In order to overcome this problem, the critical 
stress or strain value at some distance from the edge can be used to predict the failure. One of 
such approach is based on Whitney and Nuismer point-stress criterion [23]. It was adapted 
for analysis of metal-metal adhesive bonding joint. In this approach, the adhesive failure is 
predicted when shear stress at characteristic length acb, near the overlap corner is equal to shear 
strength of the adhesive. Methodology allow to determine failure load for different overlap 
length and adhesive thickness. It requires calibration of the characteristic length acb in relation 

to overlap length. Predicted failure load was in good agreement with experiment [24]. 

Another approach was presented in [39, 40] where critical strain was analyzed. The 

adhesive failure condition is given by (5): 

 (r = rc )   c 

where: ε – strain, εc – critical longitudinal strain, rc – characteristic length. 
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Fig. 15. Longitudinal strain distribution in adhesive mid-plane as a function of normalized 

distance along overlap length, image prepared based on [21]. 

 

COHESIVE ZONE METHOD 
 

Another approach for adhesive bonding joint analysis is Cohesive Zone Method (CZM), 

proposed by Barenblatt [22] and Dugdale [23] and described in details in [24]. In this model, 

two adjacent surfaces (meshes) are bonded together according to nonlinear equation i.e. 

Traction-Separation Law τ(δ) (TSL). Example of TSL for pure loading mode is presented in 

Fig. 16. For mix-mode loading, two additional criteria are used: stress-based for damage 

initiation and energetic-based for failure criterion. The singularity issue is solved by application 

of energetic failure criterion which is based on fracture mechanics. In FEM analysis, this 

method is realized by application of specially dedicated cohesive or interface elements [29,31]. 

 

Fig. 16. In Cohezive Zone Model, adjacent 

surface elements are bonded together by 

elements which stiffness for pure loading 

mode are described by Traction-Separation 

Law σ(δ), e.g. bilinear. 

Cohesive Zone model is defined by given TSL and its parameters. Among different types 
of TSL, the simplest one is bilinear and it is defined by 3 main parameters: stiffness K, maximal 
stress σmax, critical energy release rate Gc. Referring to adhesive bonding modeling, the 

most popular types of TSL are: 

bilinear, exponential and trapezoidal. Literature recommend for brittle adhesive to use bilinear 
TSL and 

for ductile adhesive the trapezoidal one [25,30]. For example, scarf joint with ductile 

adhesive was modelled using bilinear and user-defined TSL which consist of linear 

elasticity, plastic hardening and damage softening [49]. In comparison with experiment, 

bilinear TSL gives underestimated failure load because of lack of adhesive yielding 

consideration, and therefore more accurate results were obtained for user-defined TSL. For 

butt-joint, experimental results showed that bilinear TSL is more suitable for brittle adhesive 

and exponential curve gives more accurate results for ductile adhesive [26]. Although, in 

majority of literature, possibility of obtaining accurate results are associated with adhesive 
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ductility and TSL selection, there can be some exceptions. Three adhesive types, with 

different characteristic (from brittle to ductile) were analyzed with bilinear, exponential and 

trapezoidal TSL [27]. All three types of TSL predict similar results and all were accurate in 

comparison with experimental tests for different adhesives. 

Not all TSL parameters can be directly determined by experimental tests. Critical Energy 

Release Rate GC in mode I, II or mix mode are determined according to well-known 

specimen configuration: 

e.g. mode I – Double Cantilever Beam (DCB) [28], mode II – End Notched Flexure (ENF) 
and mix- 

mode I/II – Mixed-Mode Bend test specimen (MMB) [23]. For mode II and mix-mode, 
right now, there is not available any standard test method dedicated to adhesive materials. In 
order to determine fracture toughness for adhesive materials, similar specimen configuration 
as for composite materials for which standards exists can be adapted (mode II [33] and mix-
mode [34]). For determination of maximal stress σmax, and stiffness K of elastic response 
there is also lack of available standards. In order to define these parameters the following 
methods can be used: 

• Property determination method, in which bulk adhesive properties are used in order to evaluate the 

maximal stress σmax and stiffness K [29]. 

• Inverse method, in which CZM parameters are calibrated by iterative comparison of experimental 

results and numerical analysis with different parameters values. Initial parameters values can be assumed 

based on adhesive bulk properties [34]. 

• Direct method, in which the whole TSL curve is determined. In this approach, experimentally 

determined curve, J integral in function of cohesive zone displacement δi, is 
differentiated according to (6) [31]. 

 

Although in literature it is common to find many examples of accurate CZM results, most 

of them are dedicated to relatively simple specimen geometry e.g.: single lap joint [32], 

scarf joint [30]. The reason behind it can be method requirement of using small size of 

cohesive element e.g. in 3D single lap joint analysis (240mm×15mm×2.4mm), the adherends 

were modeled using 75000 elements, while the 10mm long adhesive was modeled with 

3750 elements. 

 

3. CONCLUSIONS 
 

Among many different aspects of adhesive bonding, engineers have to primarily 

reconcile two: designing reliable structure for required margin of safety and minimizing 

structural mass. Presented methods differ from each other with regards to degree of 

complexity. First one, average stress method, is currently the easiest and the most general one. 

Due to its simplicity and very inaccurate analysis results, design values for adhesive shear stress 

has to be set on a very low level e.g. 8% of bond lap-shear strength (41.4 versus 3.4 MPa) [34]. 

It can lead to over conservative results and may result in having mechanical joint being more 

weight efficient than adhesively bonded joint. From the engineering point of view, with 

experimentally confirmed design values, method is easy to implement and use. In order to design 

reliable and lighter structure, more complex analytical methods with nonlinear relation along 
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overlap may be used: Volkersen solution [24] or Hart-Smith solution considering adhesive 

ductility [18, 19]. Although mentioned methods are fast and simple, solutions are limited to 

simple structural configuration like single or double lap joint and typical boundary condition. 

In case of complex structure, which is the case in most of the practical engineering problems, 

numerical analysis has to be used. Currently two methods are being developed: first based on 

point-stress criterion and second based on Cohesive Zone model. Both of them require 

experimental calibration and none of them were not experimentally validated at complex 

engineering case level. From practical engineering point of view, in FEM analysis, it is desired 

to use possibly large element size and therefore, comparing this two methods, the point 

stress/strain method seems to be more suitable for this purpose. CZM can be more general and 

may give more accurate results, but unfortunately has also essential drawbacks. It is 

complicated to use, analysis are time consuming because of difficulties with achieving 

convergences, and it requires additional experimental tests which are not always 

standardized. 
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