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Abstract 
 

The behaviour of spot welded joints is to be studied in shear mode by using the end 

notched flexure (ENF) specimen. The specimen counts on several spot welds spaced 

with the same gap along the entire length except for the notch. Different configurations 

of the test specimen spacing gap and spot diameter are to be preliminary designed in 

software PTC-CREO 2.0 in order to obtain accurate results. The results obtained from 

the software are to be compared with the experimental analysis performed by means of 

a servo-hydraulic testing machine. Both the virtual and the experimental results will be 

used to extract the stress-shear displacement relation around the first spot weld which is 

in contact with the notch, that is, the corresponding cohesive law. In addition, a 

comparison between adhesive and spot weld behaviours will be carried out by means of 

analytical equations in order to prove an existing equalisation between each other. 

Despite assuming several sources of error and after facing some problems related to the 

experimental work, accurate convergences between experimental and theoretical results 

were not accomplished in any of the three tests performed in lab. Due to the plastic 

deformation of the specimens in lab, the cohesive law was possible to be extracted only 

from the theoretical analysis, but not from the experimental one. In its place, the load-

shear displacement was extracted. Some alternatives to solve this issue and to improve 

the performance of the tests are given at the end of this paper. 
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1. Introduction 
 

The current report is based on the analysis and study of the behaviour of a certain 

irreversible joining method, which is the spot welding, a possible new method to 

determine the shear (mode II) properties of spot welds. The way in which this method is 

to be analysed consists of joining two equally long bars with several spot welds and 

subjecting them to a punctual load vertically applied in the middle of the length. The 

specimen which is joined is a reinforced End Notched Flexure (ENF) specimen, which 

characteristics make it a much more stable model than the ordinary one (without any 

reinforcement). In this way, such constraint permits to carry out a proper study of the 

spot weld shear displacement without the need of worrying about any possible elastic 

deformation of the specimen. The spot welds will not be applied along the entire length 

of the beam. These specifications will be properly explained and detailed throughout the 

next chapters of this paper. 

Due to the existence of a great deal of information and material related to this field of 

engineering, a general review and background about the main different methods for 

joining materials (specifically welding), different kinds of specimens and other relevant 

information will be given in the next sections with the aim of acquiring a better 

understanding of the work to be performed afterwards.  

 

1.1. Background 

The background given in this chapter is aimed to introduce the reader to the different 

joining methods that exist nowadays for joining materials –especially metallic pieces– 

in order to focus afterwards on the specific joining method that this investigation is 

based on, which is the spot weld. Moreover, a brief introduction to the ENF-specimen is 

done then.  

 

1.1.1. Joining methods 

Regarding the task of joining different metal pieces, depending on the type of 

application to be performed, many different methods have been developed throughout 

history. In one hand, some of them include bolts (Fig. 1), which are reversible joining 

methods; on the other hand, others claim for rivet clamping, an irreversible joining 

method which is also widely employed in many manufacture processes (Fig. 2). 
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Fig. 1 Bolt-joined bridge bracing (Thermos 2010) 

 

 

Fig. 2 Rivet-joined railway bridge (Manfred Wassmann 2012) 

 

Nonetheless, there are many applications that require the inclusion of a bonding layer 

between both materials, mainly consisting of an adhesive. Due to the increasing 

requests for structures with light weight, this last joining method has been widely 

developed and nowadays extensively employed in many applications, Fig. 3. For 

example, it is greatly demanded in the aerospace industry to replace the typical 

mechanical fasteners in order to reduce the maintenance costs and prolong the life of the 

aircraft. Among other examples, adhesives are also used in building fields to attach 

precast concrete bricks between each other and in civil engineering for manufacturing 

new water-proof membranes, avoiding skid on roads, bonding new concrete to old ones, 

etc. Adhesives can provide the joint with several advantages which are unable to be 

accomplished by other kinds of joining methods, such as an uncommon flexibility, the 

capability of joining dissimilar materials, and also the capacity of mixing different types 

of adhesives in the same joint, achieving an optimal behaviour for each part of the 

structure while the total weight is greatly reduced as well. Other advantage to assess the 

adhesive joint is that they do not need a high energy input or any flame to carry it out. 

Nevertheless, it possesses several drawbacks that need to be taken into consideration, 

such as possible toxicity and flammability issues, or even the long term durability 
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which, depending on the use, cannot always be guaranteed. In addition, adhesives can 

present a low resistance against fire and high temperatures. Moreover, the surface in 

which the adhesive is to be applied is normally required to be pre-treated, something 

that will raise the price of the piece. 

 

Fig. 3 Adhesive application in a carbon fibre component (Sinai 2009) 

 

Another popularly used joining method consists of welding (Houldcroft and Peter 

1977). Within this group, several types can be mentioned, such as the gas welding, 

group in which the oxyacetylene welding stands out. It is a quite old method but still 

widely employed; it is based on the combustion of acetylene in oxygen, generating the 

optimum welding flame temperature to melt the material and make the joint. The way in 

which the oxyacetylene welding method is used is shown in Fig. 4 together with 

equipment needed. 

 

Fig. 4 Sketch of an oxyacetylene welding and the required equipment  

(4mechtech blogspot 2014, modified picture) 

 

Another famous method is the electric arc welding, in which by means of a welding 

power supply, an electric arc is generated and maintained between the electrode and the 
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base metal in order to melt it and eventually create the weld. The energy beam welding, 

specifically the electron beam welding and the laser beam welding, is a method which 

has been developed recently and become quite popular among high volume 

applications, such as the automotive industry; the first mentioned method employs an 

electron beam and it is performed under vacuum conditions with the aim of avoiding the 

dispersion of the beam; in contrast, the second type utilizes a high concentrated laser 

beam. Both of them are able to make deep welding joints and decrease the size of the 

melted area at once, as well as being fast and easily automated methods. The solid state 

welding is a method based on the ancient forge welding, in which the melting of the 

materials employed does not take place. Ultrasonic welding, explosion welding and 

friction stir welding are the most common methods concerning solid state welding. The 

ultrasonic welding is employed by vibrating the materials to be joined at high frequency 

at the same time as they are subjected to high pressure conditions; the explosion 

welding achieves the joining by pushing the materials together under excessively high 

pressure.  

In Fig. 5 the processes for the electric arc welding, the energy beam welding 

(specifically electron beam welding) and the solid state welding (specifically ultrasonic 

welding) are briefly sketched. 

 

Fig. 5 Sketches of several welding methods: a) Electric arc weld (Bansalwiki blogspot 

2013); b) Electron beam weld (Sapiensman 2014); c) Ultrasonic weld  

(Substech [1] 2013) 
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Finally, the friction stir welding method mentioned before consists of another solid state 

joining method and it is based on a rotating cylindrical tool (pin or probe) that plunges 

into the upper metal sheet of the two to be welded together. A base is located beneath 

the lower sheet supporting both metal sheets from the downward force applied by the 

cylindrical tool. This downward force along with the rotation of the pin when applied 

and maintained on the sheets generates frictional heat leading to the softening of the 

metals due to high temperatures. This way, the two metal sheets are merged together 

forming a solid state bond between them. The metal sheets, apart from being placed one 

on top of the other, can also be joined by putting them next to each other. The final weld 

can be either a line or just one friction spot weld. The strength, depth, diameter and 

other parameters depend on the applied force, the configuration of the tool employed 

(diameter, shape, materials) and the time of application. An easy sketch of how this 

welding method works is shown in Fig. 6. 

 

Fig. 6 Sketch of the friction stir welding method: a) Two metal sheets in front of each other; b) 

Two overlapped metal sheets (Chung-Wei 2013) 

 

Nevertheless, one of the most common welding methods is the resistance weld, which is 

the one this report is focused on. This method consists of taking advantage of the 

resistance existing in the contact between the surfaces that are to be welded in order to 

pass an electrical current through it, creating gradually increasing tiny regions of molten 

metal and finally achieving the weld. Although this method is appropriate and clean in 

terms of pollution, the applications involved are more limited than in other types of 

welding methods. The most popular methods to be mentioned within this group are the 

seam welding and the spot welding. Both resistance methods involve the joining of two 

overlapped and similar materials in which the joint is carried out by means of two 

electrodes applying current and pressure. Regarding the seam welding, the electrodes 

are rotating discs which are supposed to make a continuous weld maintaining a constant 

contact with the materials to be joined. In contrast, the spot weld includes normal 

“stick” shaped electrodes that makes the spots joints. 

Among the different available resistance welding methods, this report is focused on the 

spot welding (Miller Welds 2012). This method has been extensively used for many 

applications. Concerning engineering fields, such as the automotive industry (where it is 
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broadly employed for joining metal sheets) the calculation of the stress distribution in 

spot welds, as well as determining the zones where the stresses become more critical, 

gather special importance. As mentioned before, it is a welding method based 

practically on terms of temperature and pressure. The adherends are to be placed 

overlapped between both electrodes that apply the corresponding pressure gradually 

and, at the same time, one of the parts is heated up to temperatures close to its melting 

point by an electrical current until the spot weld is achieved (Fig. 7). The spot welding 

process is considered a strong, clean and quick way to weld. In contrast to other types of 

welding methods, the electrodes employed here are not consumable. However, a 

drawback to be mentioned is that this is the most difficult resistance welding process 

available. The spot welding method is generally employed on the joining of thin metal 

sheets. The adherends must be clean just to obtain homogeneous welds. The chemical 

properties that can result affected from this type of welding are the internal resistance of 

the material between the electrodes, which can increase ten times or even more due to 

the presence of superficial dirtiness or rust, and its corrosive properties. 

 

Fig. 7 Spot welding method sketch (Substech [2] 2013, modified picture) 

 

According to Joule Effect, expressed in Eq. (1), a temperature increase occurs in the 

spot weld due to that the resistance at this point is much higher than in the rest of the 

length. The joint is finally achieved by using the energy generated together with a 

certain pressure.  

                                                                                 

Where   is the amount of heat produced during the process,   is the electrical current 

intensity,   is the electrical resistance of the joint itself, and   is the time during which 

the current is applied.  
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There are four main parameters that are especially to be taken into account, such as the 

electrical resistance, the pressure applied, the geometry of the electrodes, and the 

intensity-time ratio during the process. For the final heating, the most important factor is 

the intensity, being inversely proportional to the time during which it is applied; and 

regarding the total amount of energy generated, the electrical resistance has the main 

influence.  

The two graphs plotted in Fig. 8 show two different relations: firstly between the shear 

strength and current intensity, and secondly between the shear strength and the welding 

time. 

 

Fig. 8 a) Relation between shear strength and current intensity; b) Relation between shear 

strength and welding time (Pandey et al. 2013) 

 

According to the graph a) displayed above, higher tensile shear strength is achieved 

with the increase of the intensity current density applied. Nevertheless, precaution must 

be taken when performing the spot weld due to that an excess in the current intensity 

would lead to molten metal expulsion (see Fig. 9), together with a minor joining 

strength and cracks appearance. When it comes to welding time, it can be seen in graph 

b) that in order to achieve the melting temperature, the minimum welding time must be 

employed; again, an excess in this parameter would mean molten metal expulsion, 

joining strength loss and the extension of the heat-affected zone (Pandey et al. 2013) –

the heat-affected zone (HAZ) will be carefully explained within this same section in the 

next pages. 
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Fig. 9 Expulsion of molten metal caused by a weld current excess (Weld Help 2014) 

 

When the welding time is maintained constant and the current intensity is progressively 

increased, the nugget diameter grows rapidly at the beginning of the welding process; 

however, after this quick raise, the diameter continue growing with a slower rate until 

the already mentioned molten metal expulsion starts to appear. In this way, these data 

provide the weldability range from small nugget diameters to the splash limit; it can be 

checked in Fig. 10 below. 

 

Fig. 10 Weldability range according to the nugget diameter, with an increasing current intensity 

and a constant welding time (Resistance welding manual, Ruukki) 
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There are always minimum and maximum margins for a spot weld to be optimum; these 

margins (such as the ones mentioned earlier, among others) must be taken into 

consideration when performing the spot weld. They are usually determined and 

provided by the manufacturer of the spot welding machinery. By simply varying these 

parameters, different spot welds can be achieved, differing in diameter, strength and 

internal properties.  

In the same study mentioned earlier (Pandey et al. 2013), by using statistics related to 

the data obtained from diameters, HAZ and shear tests, it was concluded that the most 

optimum parameters for a spot weld are an intermediate current intensity and pressure 

along with a long welding time. In addition, the contribution of each of these three 

parameters supposes a 61% from the current intensity, a 27.7% from the welding time 

and a just a 4% from the electrode pressure. Eşme (2009) also confirmed the importance 

of the current intensity and the control of the shear strength during a spot weld. 

According to this author, the first most important factor was actually the current 

intensity, however he found that the second one was not the welding time, as the 

previous study had confirmed, but the electrode pressure, followed then by the welding 

time and the electrode diameter. This last parameter was found to be insignificant 

compared to the others. Nonetheless, in the industrial labours it is recommended to use 

short times for welding processes in order to prevent electrode deterioration and wear. 

Concerning the pressure, at the beginning this should be low enough just to maintain an 

appropriate contact between the adherends; but when the melting of the spot weld starts, 

the pressure should increase its value considerably in order to expel gases and make a 

proper welding. The geometry of the electrodes varies significantly depending on what 

kind of work is to be performed. 

It is possible to distinguish five different steps during a spot welding process. A first 

step consisting on the placement of the adherends, overlapped and attached; secondly, 

the approach of the electrodes to the parts until remaining in contact with them and the 

electrical current starts to flow; a third step consisting of the whole time during which 

the current is applied; afterwards, the forging time, since the electrical current is cut 

until the retreat of the electrodes; and finally, the cooling time, involving the quitting of 

the pressure. The process is briefly displayed in Fig. 11 below. 



 

10 
 

 

Fig. 11 Spot welding process sketch (Resistance welding manual, Ruukki) 

 

Besides the already mentioned joining methods, there is a third important one to be 

mentioned which is, in some way, related to this paper. It is the so called spot weld-

bonded joint and, as its name may indicate, it consists of a mixture between both joining 

methods, the adhesive and the spot welding. Some more detailed information is given 

afterwards in this same section. A sketch of the spot weld-bonded joint is shown in  

Fig. 12. 

 

Fig. 12 Spot weld-bonded sketch (Al-Bahkali 2011, modified picture) 

 

1.1.2. Failure criteria for spot welds 

First of all, it is important to mention that the failure mode or the failure mechanism of a 

resistance spot weld depends on several decisive factors which make considerably 

complex the task of predicting how or when it will appear (Pouranvari et al. 2007). In 

addition, these factors are variable from one spot weld to another. Examples of these 

factors are the spot weld diameter, material properties of the base metals, and the type 

of load applied to the spot weld. Besides, the microstructure and properties of a spot 

weld are not uniform.  
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With regard to the failure criteria, it has been established that if the plastic deformation 

is notable (as in cases of metal sheets), the analyses should not neglect the effects of 

energy criterion during the process, but both energy and strength criteria must be 

considered (Cavalli et al. 2005). 

Before explaining the different failure modes possible to be developed by a spot weld, it 

is needed to define the concept “heat-affected zone”. The HAZ is a zone belonging to 

the base metal and located around the already welded region –in the case of this paper, 

around the spot nugget– which did not melted during the welding process but modified 

its microstructure and properties because of the heat originated. As a consequence, the 

welded joint ends up with three different zones: the unaltered base metal, the welded 

zone itself (nugget) and the HAZ, each one with different –but similar– mechanical 

properties. These three zones can be distinguished in Fig. 13. 

 

Fig. 13 Different zones originated after an ordinary welding (Miller welds 2014, modified 

picture) 

 

A spot weld is most likely to fail when affected by shear tension either by a full button 

pullout or an interfacial fracture. A full button pullout occurs when a fracture is 

developed in the base metal sheet or in the heat affected zone ripping out the whole 

nugget from the fractured sheet (Fig. 14). An interfacial fracture occurs when the nugget 

fails at the interface of the two sheets, leaving one part of the nugget in first sheet and 

the other part in the second one (Fig. 15). Another less probable failure mode to occur is 

when the two earlier mentioned modes happen at the same time ripping out half of the 

nugget from one sheet while the other one fails at the interface (Radakovic and 

Tumuluru 2008). 
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Fig. 14 Full button pullout  

(Rosendo et al. 2007) 

 

Fig. 15 Interfacial fracture 

(Rosendo et al. 2007)

Davidson (1983) and Dvidson et al. (1983) investigation of the relation between the 

shear tension and the stiffness of the spot weld led to the conclusion that the spot weld 

is exposed to less rotation when the specimen is stiffer, which leads to a more strong 

joint. A study of Radakovic and Tumuluru (2008) about the possibility of prediction of 

the failure mode of a resistance spot weld in shear tension mode for high strength found 

that stiffer specimens are more likely to fail according to the interfacial fracture mode 

and that flexible specimens will more probably fail by a full button pullout. The study 

also suggests that a full pullout failure will occur if the diameter of the spot weld is four 

times larger than the sheet’s thickness. In the same study the authors reported that the 

failure mode has nothing to do with the quality of the spot weld. All finite element 

models that they made (different spot weld diameters and sheet thicknesses) failed 

according to full button pullout while in the experiment it varied between the two 

modes. The carrying load capacity of the spot welds though, were more than 90% equal 

to the made experiments that failed by interfacial fracture. In addition to that, this study 

proposed mathematical equations to predict the capacity loads of the spot weld for each 

failure mode. Still, the equation of the capacity load suggested by Radaj and Zhang 

(1991) for the interfacial fracture is considered a better approximation. 

It must be taken into consideration that, independently of the material, elastic-plastic 

properties for spot-welded specimens have to be defined for different regions within the 

spot weld joint. As said before, this is due to the fact that mechanical properties vary 

between the nugget itself, the heat-affected zone surrounding it, and the base metal 

(Zuniga and Sheppard 1995), having the nugget the highest hardness, followed by the 

HAZ and the base metal. Some more detailed information about the microstructure of a 

spot weld and its properties is going to be given in the next section. 

From (Cavalli et al. 2005) in which different specimen geometries were subdued to 

mixed-mode failure criteria to relate normal and shear modes of deformation, it was 

demonstrated that if the appropriate cohesive parameters are determined for any weld, 

independently of the geometries, it is possible to develop quantitative predictions for 
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deformations, strengths and failure mechanisms as long as the welds are nominally 

equal. In addition, the study concludes that the model is able to take the transitions 

between nugget fracture and nugget pullout, something that is opposed to the idea for a 

weld that, to be valid, the weld must fail by pullout as the book (Specification for 

Resistance Welding of Carbon and Low-Alloy Steels 1999) mentions. The study of 

Cavalli et al. (2005) has also demonstrated that the nugget failure is not a signal of a 

low quality weld, but only the consequence of the preferred crack path considering the 

whole configuration of the specimen (fracture, loading and geometry features). This 

conclusion was achieved by means of testing two identical welds with a diameter of 7 

mm together with identical sheets with a thickness of 2 mm; the first specimen was 

tested in the coach peel geometry and failed by pullout; the second one was tested in the 

lap shear geometry and failed by nugget failure. Moreover, the study determines that, 

the pullout failure is more likely to appear in larger welds. The study also tested two 

specimens subjected to shear stress, but this time with different nugget diameters (4.5 

mm and 7 mm diameter). The results (Fig. 16) show that the 4.5 and the 7 mm diameter 

nuggets were capable of supporting 2000 and 5000 N, respectively. Consequently, it can 

be concluded that by increasing the nugget diameter by 1.55 times, the load supported 

became more than the double of its original value. 

 

Fig. 16 Results for the load-displacment curves obtained from specimens subjected to shear 

stress. Specimens made of aluminium with a thickness of 2 mm. The nugget diameters are 4.5 

and 7.0 mm (Cavalli et al. 2005)

 

1.1.3. Internal microscopic properties of a spot weld 

When a spot weld is completely performed, three main different zones can be 

differentiated, each one of these zones is affected in different ways by the electrode. 

Fig. 17 shows the different regions of, and around a RSW (resistant spot weld).  
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Fig. 17 Ordinary internal microscopic view of a RSW (Goodarzia et al. 2009) 

 

The abbreviation FZ stands for the fusion zone; this region melted entirely during the 

spot welding process. The HAZ, defined in the previous section, represents the heat-

affected zone; this region did not melt totally but it was significantly altered by the heat 

induced by the welding and, together with its subsequent cooling from the process, such 

alteration led to a change concerning microstructure and properties. Finally, the notation 

BM represents the base metal region or the original metal sheets, which can be 

considered unaltered after the whole process. 

Many studies about the mechanical properties of spot welds have been carried out since 

the chance of controlling the behaviour of a spot weld became possible. A study made 

by Goodarzia et al. (2009) involving low carbon steel, showed that the microstructural 

fusion zone of spot welds depends on the heat when performing the spot weld, the 

cooling rate afterwards and the material properties of the proper metal sheet. The 

hardness distribution of the RSW according to the same study is plotted in 

Fig. 18. 

 

Fig. 18 Microhardness of a RSW, only half of the spot weld is plotted  

(Goodarzia et al. 2009) 

 

The fusion zone can always be easily distinguished from the other zones by its hardness, 

which is larger than the ones in rest of the zones. In the previous graph it can be 

observed that this hardness is relatively stable and uniform ranging between 340 and 
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350 Hv and spreading out between zero and 2.5 mm from the centre of the spot weld. 

This indicates that the spot weld process involves a high cooling speed. Referring to the 

same study, it can be observed that the hardness within the fusion zone is around     

times greater than the hardness in the base metal. It was also concluded that some 

parameters of the fusion zone, such as size or depth, are in general considerably 

dependent on the welding process (current intensity and welding time). Afterwards, in 

the same graph, an exaggerated decrease appears in the hardness from around 2.5 to 3.0 

mm, almost linearly; this region is the heat-affected zone. The last portion of the curve 

plots a stable and lower value of the hardness; this region represents the base metal 

hardness. 

Concerning the cooling rate of a RSW, several studies have been carried out in the last 

decades. For instance, in 1993, an equation was proposed by Cerjak and Easterling 

(1993) allowing the prediction of the cooling rate depending on the materials which the 

base metal was made of. Later, in 2006, a simple analytical model was presented by 

Gould et al. (2006) which was also able to predict the cooling rate. 

Pouranvari published another research in 2012 (Pouranvari 2012), showing that there is 

some kind of correlation between the FZ size and the failure mode of a spot weld, either 

in tensile shear tests or in cross tension tests. In addition, a transition from IF 

(Interfacial Fracture) mode to PF (Pullout Fracture) mode was observed when 

incrementing the size of the FZ for both metals used in the experiment (similar and 

dissimilar combinations of DP600 dual phase steel and low carbon steel). Another study 

made by Marya et al. (2006) proposed an equation for critical weld nugget size during 

tensile-shear experiments depending on the maximum and the minimum hardness 

values within the HAZ and the sheet thickness. Pouranvari et al. (2011), also suggested 

an analytical equation to determine the critical spot nugget in tensile-shear tests, but this 

time depending on the hardness of the FZ and the pullout failure location. 

 

1.1.4. ENF-specimen 

As mentioned at the beginning, the configuration of the beam to be analysed in the 

current report consists of an End Notched Flexure (ENF) specimen, which is basically a 

three-point bending beam with a planar notch at one of its ends, as shown in Fig. 19. 
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Fig. 19 Ended Notched Flexure (ENF) specimen (Composites 2006) 

 

Throughout last years, many studies and analyses have been carried out in order to 

improve the model and design of the ENF specimen. Russell and Street (1982) were the 

first who proposed an analytical solution for this problem. It was a very simplified 

analysis, which solution neglected the crack tip deformation at the end of the notch as 

well as the transversal shear deformation; it was simply based on the beam theory. 

Later, it was demonstrated that their solution did not almost take into account the 

Energy Release Rate (ERR). This parameter has to be considered and calculated due to 

its relevance for the purpose of this report.  

An improvement of Russell and Street’s solution was made by Carlsson et al. (1986) by 

means of Timoshenko beam theory, including the transversal shear deformation in the 

analysis. Nevertheless, the neglected crack tip deformation problem still remained. With 

the aim of including in the analysis the effect of the crack tip deformation, there have 

been several modifications later on. Gillespie et al. (1986), and Whitney et al. (1987) 

included the crack tip speciality; their analysis was mainly based on the shear 

deformation plate theory. Basing on Reissner’s Principle, Whitney (1988) analysed the 

ENF specimen by using a higher order beam theory. Four years later, Wang and 

Williams (1992) took into account a correction factor so as to correct the crack length. 

This time, considering the new crack length, the ERR was estimated by using the 

Classical Beam Theory (CBT). One year before Wang and Williams reached their 

conclusion, Chatterjee (1991) had concluded the same, but with a different method. He 

used the already known numerical solution for the problem in isotropic strip, and then 

converted it into an orthotropic one. Sometime later, basing on elasticity theory, 

Kanninen’s beam for Double Cantilever Beam (DCB) specimen was extended by 

Corleto and Hogan (1995) to ENF specimen. In this way, they achieved an analytical 

solution for the ERR including also the crack tip deformation. After that, without taking 

into account the transversal shear deformation, a simplified analysis of the beam was 

managed by Ding and Kortschot (1999) basing on elasticity models. It is important to 

know that, despite all the previous authors provided a much better estimation of the 

ERR, their analytical approximations were correct only for the mode-II fracture 
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specimen, as long as it is also symmetric. Other kinds of problems, such as different 

materials for both parts of the specimens, or cases where several mode fracture 

specimen exist, do not allow the use of these approaches. 

 

1.1.5. Research about adhesives 

As will be seen later, experimenting with adhesives can suppose an interesting source of 

information to foresee the behaviour of other kind of joining methods, such as the spot 

welding one, which can be related to adhesives’ by including a factor in the formulae to 

adjust the results.  

Considering the same ENF specimen as the one to study with spot welds, also with the 

same load features, it has been demonstrated that the traction-deformation relation of 

the specimen subdued to shear stress, can be supposed as a property of the adhesive 

layer, therefore, the geometry of the adherends does not affect it (Leffler et al. 2007) In 

this kind of experiments, the crack tip gains special importance; the crack tip is located 

at the beginning of the notch (in the spot-welded specimen to study, it will be supposed 

to appear at the first spot of the notch). It is said that the crack tip cannot propagate if 

the energy released when it propagates is smaller than the adhesive’s fracture energy. 

The distance between the crack tip and the load point is the so-called process zone,   

(see Fig. 20). From the study of Leffler et al. (2007), it can be concluded that the 

process zone depends on the stiffness of the adherends. Cavalli and Thouless (2001) and 

Andersson and Biel (2006) determined that the plastic deformation of the adherends 

provides different fracture energy from the elastic deformation, due to the reason that 

adherends which deform plastically generate shorter process zones. An important 

conclusion from the shear behaviours of adhesives layers is that the maximum load is 

reached when the energy release equals the fracture energy only when the size of the 

process zone is unaltered by the crack propagation. If the adherends are elastic, an 

increasing load will extend the process zone; when the load reaches its maximum, the 

energy release has not equalled the fracture energy and the process zone has not reached 

its critical value. If the load continues, the process zone increases its length until the 

crack begins propagating and then decreases its length. Therefore, as a conclusion, the 

maximum load does not correspond to equal both energy release and fracture energy. 

 

Fig. 20 Specimen joined by adhesives (Leffler et al. 2007) 
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It was mentioned before that apart from spot-weld and adhesive joining methods, there 

is a third method that deserves special mention in this paper. It is the weld-bonded joint, 

and consists of combining both previous modes. This can be considered an 

improvement for joining methods as it enhances the mechanical properties. In the study 

carried out by Al-Bahkali (2011), a comparison between the three joining methods 

previously defined is performed. It was concluded that both the supported load 

capability as well as the displacement suffered by the specimen before failure were 

higher in the weld-bonded, followed by the adhesive and the spot-weld (see Fig. 21). 

The geometry employed for the three specimens was the one previously sketched in Fig. 

12. 

 

Fig. 21 Load-displacement curves for spot-wed, adhesive and weld-bonded specimens 

(Al-Bahkali. 2011) 

 

1.2. Experiment to perform 

In this section all the previously defined information is specified and focused on the 

case which this paper is based on. In this way, firstly the ENF-specimen is to be detailed 

for a spot welded specimen study, considering all the geometry required, such as the 

nugget diameter, distance between spots, notch length, etc. Secondly, a brief description 

of the equipment that is to be used to perform the real experiment is carried out. 

 

1.2.1. ENF-specimen 

In the case of this paper, the mentioned beam is composed of two geometrically equal 

bars (adherends) made of the same material and joined by spot welds. The specimen 

implied counts on several spot welds separated by gaps, (Fig. 22) which are also to be 

determined. It should be pointed out that the current work has never been done before 

with such load configuration, constraints and spot welds. 
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Fig. 22 Sketched ENF specimen to be analysed (Composites 2006, modified picture) 

 

1.2.2. Other specimens 

Apart from the ENF-specimen previously mentioned, other variations of the single spot 

weld have been analysed by many authors over the last decades, subjecting it to 

different loads, as shown in Fig. 23, 24, 25 and 26. Some of them have performed 

experiments also with different materials and geometries. Strength-based 

approximations have demonstrated that the weld seems to work well if the geometries 

of both adherends are maintained constant; in contrast, substantial changes in stress can 

occur around different regions surrounding the spot weld if the geometries vary. 

 

              

Fig. 23 Spot weld subjected to torsion 

(Wung 2000) 

                      

 

 

Fig. 24 Spot weld subjected to shear 

(Dancette et al. 2012) 
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Fig. 25 Spot weld subjected to peel 

(Wung 2000) 

                                                

 

Fig. 26 Spot weld subjected to tension 

(Dancette et al. 2012) 

 

1.2.3. Geometry of specimens 

In principle, the experiment is to be performed by using two thin metal sheets, one on 

top of the other. The sheets are welded together by using spot welds. However, the 

slenderness of these sheets has been found to be so high that they are not able to support 

a transversal load by themselves. Consequently, in order to avoid plastic deformation, 

each one of the metal sheets has been attached to a thicker beam by means of some kind 

of adhesive. These thick beams are 1 m long, 32 mm wide and 16 mm high and they are 

provided by the University of Skövde. The process of gluing the metal sheets to the 

beams has been realised in the labs of the University of Skövde under the supervision of 

Anders Biel. They have been received with the dimensions of 1 m in length, 30 mm in 

width and 1 mm in height (thickness). The metal sheets were firstly provided by Volvo 

Company in Olofsröm and then given to the company ABB Robotics, residing 

nowadays in Gothenburg. Once the sheets have been received and correctly cut 

according to measures, they were also manipulated by the same company (ABB 

Robotics) so as to make the spot welding process according to some specifications that 

will be discussed in the following chapters. In Fig. 27 all the dimensions of interest are 

shown. They are properly defined afterwards. 

 

Fig. 27 Geometry of the ENF-specimen to be analysed. All thicknesses are out of scale (own 

source) 
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The length of the sheets and beams,  , the width of the sheets and beams,  , (not 

visible in the figure above) and the thickness of both sheets and the thickness beams, H, 

will have a constant value, whereas the diameter of the spot weld,  , the spot weld 

gaping distance,  , and the notch length,  , will be variable. They will vary from one 

analysis to another until finding the most favourable configuration. 

Once all the parameters are defined, the new design will be totally configured and ready 

to be manufactured. The two thick beams will support the load while the two welded 

sheets will avoid the separation from each other. Finally, special equipment will be 

employed to perform the real experiment, so the nuggets will be eventually be studied 

without a plastic deformation of the sheets. The equipment to be used is explained in 

detail in the next section. 

 

1.2.4. Equipment 

The equipment employed for this experiment consists of basically a servo-hydraulic 

testing machine (INSTRON 8802). This machine is able to cover a wide range of static 

and dynamic test applications, from simple metal pieces to larger scale and more 

complicated components. It is mainly composed of an accurately aligned twin-column 

load frame, which is made of a high stiffness material. It includes two hydraulic lifts 

and locks, and the actuator can be placed and activated in the upper part or the lower 

table of the structure. The model involved in this experiment, shown in Fig. 28, was 

modified in some features so as to adapt the performance to the required experiments 

carried out in the lab, such as the table length, which is 1200 mm, the stroke length, 

with a value of 250 mm (±125 mm), and a maximum supported load of 100 kN whether 

in tension or compression. Moreover, the machine is equipped with a load cell placed 

between the hydraulic grip and the actuator to measure the gradually applied load. The 

vertical displacement will be measured with a linear voltage differential transformer 

(LVDT) located under the loading point. In addition, an extensometer tied to two plates 

and fixed on each adherend will be used to measure the shear deformation. The 

equipment provides console software including full system control from a computer. 
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Fig. 28 Full equipment to be employed to perform the experiment (University of Skövde) 

 

1.3. Goal 

The main goal of the current experiment consists of determining the behaviour of the 

spot welds in the specimen when a transversal punctual load is applied in the middle of 

the length. This goal will involve inherently finding out the gradually increased load 

supported by the specimen with respect of the deformation produced, which will be 

mainly shear deformation. In other words, the principal objective is to extract the 

cohesive law of the specimen, that is, the stress-displacement relation occurred during 

the entire experiment time around the first spot weld is in contact with the notch. 

 

1.4. Purpose 

The reason why this experiment is made is mainly to determine mechanical properties 

for simulation including fracture of spot welds in shear mode. As mentioned before, 

despite many other similar experiments have been carried out by other authors, the 

ENF-specimen provided with numerous spot welds is being analysed in this paper for 

the first time. In this way, the engineering itself will result benefitted with some new 

knowledge. Within the engineering fields, special mention must be done to the 

automotive industry, in which the spot welding method is extensively employed. In 
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addition, by optimising the characteristics of this kind of specimens, economical 

improvements can also be achieved, making possible the fact of saving joining materials 

and energy required during the process. It is also important to mention that, since these 

spot-welded models are widely employed in many engineering applications and in 

products and devices of daily life, the improvement acquired with these specimens 

could also benefit the society itself. 

 

1.5. Method  

With the aim of achieving the principal goal, several ordered previous steps have been 

carried out in order to obtain accurate and appropriate results, as well as reducing the 

time inverted. Firstly, a preliminary analytical study of the problem is to be performed. 

This first step was based basically on other authors’ investigations. For this point, 

previous experiments involving adhesives as the principal joining method were taken 

into account, as long as some requirements were accomplished, like load configuration 

and supporting conditions. The purpose of this analytical study was to have some useful 

equations which were to be used afterwards to obtain the results. Moreover, another 

reason why adhesives have been considered in this paper is basically because under the 

same circumstances, the behaviour performed by adhesives can be very similar to the 

one performed by spot welds. Such demonstration is also proved in this paper. 

Secondly, the design of the specimen was determined or decided a priori as a first 

approximation, depending on a general idea of the problem and basing on investigations 

and similar experiments performed by other authors. For the design, not only the 

stiffness of the adherend is to be determined (which will be given by the mechanical 

properties of the material), but also the spot weld spacing and the most appropriate 

diameter for the nugget. 

Afterwards, once the general dimensions and mechanical properties have been decided, 

some simulations are to be performed in software PTC-CREO 2.0. The purpose of these 

simulations is to obtain results (specifically the shear displacement values) with the aim 

of inserting them in the expressions previously set in the analytical analysis. In order to 

obtain a wide range of results and future conclusions, it has been necessary to test the 

simulations with different configurations of spot weld gaping and spot nugget 

diameters. As it will be seen in the next section, the analysis of the problem is 

performed by using two different criteria from the analytical study; therefore, if the 

results from both criteria converge with enough accuracy –assuming a certain margin of 

error–, the next step would be performing the real experiment with the equipment 

mentioned before and with the specimens previously provided by the company 

involved. The results obtained from the analytical analysis and the software together 

with the ones from the real experiment in the lab are to be compared and analysed. 

Finally, some conclusions have been achieved about how the stresses and the shear 
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displacement vary when features such as nugget diameter or gap distance, among 

others, are modified. 

 

1.6. Limitations  

When it comes to write the current project, collect all the data and calculate the results, 

some drawbacks and limitations are found in almost all the steps followed from the 

beginning until the end and final writing of this paper. In this section, the different 

limitations found are listed and detailed with the aim of allowing the reader know the 

difficulties that can appear when a theoretical idea is performed in real life. 

 

1.6.1. New experiment 

The first drawback found is that this exact experiment has never been done before, 

therefore, either related scientific articles or any information was unavailable at any data 

base. It may be considered a drawback since the only support available is based on other 

similar experiments and investigations, such as peel tests, shear tests, experiments with 

adhesives, with single spot welds, with weld-bonded spots, etc., but not identical to this 

one, which complicates in some way the process of carrying out the project. However, 

this feature can be considered at the same time as an advantage; it is important to 

mention that it is always a privilege to be the first ones at studying a certain topic, either 

related to engineering fields or not. 

 

1.6.2. Software employed 

Concerning the software, the first problem discovered should not be considered a real 

drawback, but a limitation. CREO 2.0 is only able to provide linear physical model 

behaviours, that is to say, curves within the elastic region of the cohesive law 

determined afterwards. Nonetheless, although it would have been interesting to plot the 

entire cohesive law including the plastic behaviour, this issue did not suppose a real 

drawback since the cohesive law was only required within the elastic behaviour of the 

specimen. 

Secondly, another limitation exists concerning the software used. It involves the shear 

displacement results when loads and boundary conditions are applied. Once the 

simulation has run without any computational problem, it was found that the output 

results window only allowed seeing shear deformations along the global coordinate 

system axes, but not along the deformed beam longitudinal direction, which is the one 

of interest. In Fig. 29 the mentioned directions can be distinguished; the red arrow 

represents the global  - axis and the blue arrow represents the deformed beam 

longitudinal axis. However, since the vertical displacement of the beam was extremely 

small in every simulation (never greater than 2.9 mm), the difference between 
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deformations along the undeformed and the deformed specimen longitudinal directions 

was not significant at all. For this reason, this drawback did not suppose a great trouble. 

 

Fig. 29 Deformed and undeformed beams longitudinal directions (own source) 

 

1.6.3. Real specimen 

When the real specimen was finally received by the company, a little obstacle was 

found concerning the dimensions. As mentioned before, the metal sheets provided by 

Volvo Company (Olofström) had the dimensions of 1 m in length, 30 mm in width and 

1 mm in thickness. These sheets were already measured and cut when they were given 

to ABB Robotics to perform the spot welds, so the dimensions had to remain as they 

were and could not be changed. The most appropriate measures would have been the 

same as the thick beams provided by the University of Skövde which are to be glued on 

have, that is, 32 mm width. In any case, although this two-millimetre difference is not 

too significant to be considered, it may lead to some margin of error and divergences in 

results from the simulations, which were run with a constant 32 millimetres width for 

the whole beam (metal sheet and thick beam). 

 

1.6.4. Spot welding process 

When the process of welding the sheets was to be performed, some limitations related to 

the spot nugget diameter were also present. Apparently, the company involved in the 

welding process could only provide two different electrodes, which were a 20 mm and a 

16 mm diameter electrode (Fig. 30). In addition, since the one of 20 mm diameter was 

already mounted, in order to facilitate the process and save some time, that electrode 

was the one used to perform the spot welds of all specimens. Therefore, not all the 

intended spot diameters were possible to be performed, but only the ones which could 

be provided by a 20 mm electrode. These diameters were found to be 6 and 8 mm. 
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Fig. 30 Electrodes available for the welding process (picture provided by ABB Robotics) 

 

1.6.5. Real experiment 

When it comes to the real experiment, the only limitation that could be mentioned is the 

reduced number of steel beams available. In spite of performing a total of 24 welded 

sheets (which means a total of 12 specimens), only six beams could be employed, that is 

to say, only three experiments could be performed (two beams for each one). 

 

2. Problem analysis 
 

In this section the study of the problem is going to be carried out. It involves two 

different kinds of analysis. In one hand, an analytical study is to be done in order to set 

the expressions and formulas which are to be used afterwards to obtain the numerical 

results. On the other hand, the Finite Element Method (FEM) analysis will be performed 

with the help of the software PTC-CREO 2.0. The results obtained from the software 

will be then inserted in the expressions concluded in the analytical study. 

 

2.1. Analytical study 

For the analytical study, two different stress criteria were considered and compared each 

other so as to obtain similar results regarding the stress suffered by the spot weld. As 

mentioned in the previous section, the first criterion involves some adhesives theory and 

equations that are going to be carefully explained afterwards. The second criterion is 
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related to the material resistance theory, specifically, the shear stress criterion. It was 

applied to the spot weld, which was considered as an extremely short and thick bar. 

 

2.1.1. Adhesives criterion: Energy Release Rate (ERR) 

The following information related to the adhesive ERR criterion has been taken and 

summarised from Leffler K., Alfredsson K. S. and Stigh U. research, “Shear Behaviour 

of adhesive layers”, at the University of Skövde (2007). 

Firstly, to consider the adhesive criterion, some changes must be made in the geometry 

of the specimen previously defined. As can be seen in Fig. 31, the geometry remains 

being the same except for the spot-welded-length portion. This time, that portion is 

joined with a single adhesive layer instead of several spot welds. 

 

Fig. 31 Equivalent ENF-specimen with adhesive 

 

The behaviour of the adhesive layer which will take place during the experiment is 

controlled by two deformation modes (Klarbring, 1991) –assuming that the adhesive is 

much softer than the adherends. The first and most important deformation mode is the 

shear deformation,  , and the second deformation mode is the elongation,   (see Fig. 

32). Their corresponding stresses are   and  , respectively. 

 

Fig. 32 Deformation modes and conjugated stresses for an adhesive layer with thickness 

 

In this section, the energy release rate,  , with respect to the shear deformation at the 

crack tip is to be studied. The energy release rate, also known as strain energy release 
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rate, is the energy dissipated during the deformation –or fracture– per unit of new 

originated deformed area. By using a path independent  -integral (Rice, 1968), the 

energy release rate is expressed in Eq. (2). 

  ∫(     
  

  
  )                                                        

 

     

Where   represents any counter-clockwise path around the crack tip and   is the strain 

energy density of the material. The traction vector has been denoted as   and the 

deformation field as  . The energy release rate will be equal to zero as long as   is 

taken as an enclosed path and there are not any abnormalities inside it. Taking into 

account that the crack tip has a free surface, the traction vector   will be zero, therefore 

Eq. (2) ends up as follows. 

  ∫                                                                       

 

     

Expanding the previous expression and considering the constraining due to the stiff 

adherends, the following equation is obtained. 

  ∫      ∫    

 

 

                                                           

 

 

     

From the previous equation it can be concluded that   is in fact the area under traction-

deformation relation. According to Leffler et al. (2007), after some numerical analyses, 

it was proved that excluding the point load, the normal stresses   can be neglected along 

the adhesive layer. Therefore, Eq. (4) gives the following result. 

     ∫    

 

 

                                                                        

 

And differentiating Eq. (5), the aimed relation is obtained. 

     
     

  
                                                                          

In the same way it was said before, since the energy release rate can be considered as 

the area under traction-deformation relation, it has been sketched in Fig. 33 an enclosed 

path A, B, C, D which will be studied in terms of energy release rate. 
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Fig. 33 Enclosed path A, B, C, D from the considered adhesive portion 

 

In order to clarify the previous figure, it is important to point out that the path D has 

been taken through the thickness just left of the loading point; the path B has been taken 

through the thickness at its left end; and paths A and B have been taken along the 

adherends interface. 

Considering that there are no singularities inside the closed path, the addition of all the 

energy releases   ,   ,    and    must be zero. 

                                                                             

Neglecting the influence of the compressive stress and evaluating each term, the path 

independent  -integral expression shown in Eq. (2), gives the following results for    

and   . 
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Where    and    denote the horizontal displacements of the upper and lower interfaces, 

respectively. The addition of both terms can be expressed as one single term, Eq. (10). 
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Concerning the value of   for paths B and D, the results are the following. 

                                                                              

   ∫         ∫   
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The minus sign in Eq. (11) is owed to the different directions of integration for    and   

and        represents the strain energy density of the material under the loading point. 

Assuming the adhesive at the loading point as in a state of linear elasticity      , the 

shear stress,    , can be considered constant through the thickness of the adhesive. In 

that way,           can be written and supposed constant. In addition, the term 

       in Eq. (12) is the rotation of the loading point, so it has been decided to denote 

it simply as  . Considering all these notations,    ends up as expressed in Eq. (13). 

                                                                             

 

In Eq. (14), an expression provided by Alfredsson (2004) is shown; it is employed for 

the shear stress in the adhesive layer along the portion of length which is contained 

between the loading point and the limit of the notch (at the crack tip), and it is based on 

the Euler-Bernoulli beam theory. 
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Where   and   are the height and the width of the adherends, respectively,   is 

Young’s modulus, and   is the load applied. Inserting this expression in Eq. (10), the 

result gives the following value. 
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The integrals in the previous expression can be directly solved. 
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The term    represents the differentiation of   with respect to  . According to the same 

author, Alfredsson (2004), the value of    at the crack tip has the next value. 

       
   

    
                                                                    

Where   has been used to denote the length of the notch.  

Finally, inserting the last values of   ,   ,    and    in Eq. (7), it becomes: 
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In accordance with Alfredsson (2004) and Leffler (2005), some terms can be neglected 

from Eq. (18). For example, if the distance   is long enough, the shear deformation at 
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the loading point      , is considerably smaller than the one at the end of the notch 

     , the term      can be safely ignored. The same occurs with the strain energy 

density coming from the integration of the path D in the penultimate term,     ; its 

value will be definitely much smaller than the strain energy at the crack tip, thus, it can 

be also ignored. Furthermore, considering again a long distance between the crack tip 

and the loading point, the third term on the right hand side of the equation including 

      influences in less than 1%, so it can be neglected too. Regarding the last term, as 

the load is applied in the middle of the length, assuming a little margin of error, the 

rotation of the loading point can be considered non-existing.  

Taking into consideration all the previous simplifications, the final aspect of the   

expression concludes as shown in Eq. (19). 

  
 

  

    

      
 

 

  

  
                                                             

 

Once the expression of   is obtained, an indispensable change must be made due to the 

fact that the real experiment to be studied involves spot welds and not an adhesive layer. 

This change consists basically on making both specimens equivalent, the adhesive-

joined and the spot-welded one. It will be carried out by multiplying the expression of   

by a factor  . This factor is simply a relation between two areas; one of them is the area 

of a single spot weld, ant the other one is its equivalent for a certain portion of the 

adhesive layer. The equivalence of areas for both specimens is shown in Fig. 34. 

 

Fig. 34 Areas relation between the spot-welded and the adhesive-joined specimens (own source) 

 

Where the radius of the spot weld has been denoted with  , the width of the adherends 

with   and the distance between centres of two consecutive spots with  . 
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The expression of the factor   has the following value. 

  
  

   
                                                                              

Consequently, the expression of the energy release rate,  , which is to be employed for 

spot welds, ends up as shown in Eq. (21). 
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The previous expression is the one which is finally to be used to calculate the shear 

stress in spot welds in terms of energy release rate. As expressed in Eq. (6), the shear 

stress is equal to the differentiation of the energy release rate with respect to the shear 

displacement. Reminder: 

     
     

  
             

 

 
                                                            

Where   is the energy release rate obtained from Eq. (21) and   is the corresponding 

shear displacement obtained when a certain load is applied. 

 

2.1.2. Shear stress criterion 

For this criterion, the spot weld must be considered as a bar which slenderness has an 

extremely small value. This is due to the dimensions of the spot weld; its height is not 

larger than a quarter of a millimetre and its thickness always has several millimetres of 

diameter. In the real experiment, the spot weld will be subjected basically to shear stress 

and, consequently, generating shear deformation –as mentioned before, normal 

compression stresses and compressive deformations are neglected. 

In the same way, the mentioned bar which emulates the spot weld has been subjected to 

shear stress and originated a certain shear deformation, Fig. 35. 

 

Fig. 35 Short bar emulating the behaviour of the spot weld (own source) 
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Where the thickness of the spot weld has been denoted as  .  

In order to analyse the shear stress produced, the shear modulus,  , also called modulus 

of rigidity, must be considered. 

  
 

      
                                                                       

Where   and   denote Poisson’s ratio and Young’s modulus, respectively. Once the 

shear modulus is obtained from the mechanical properties of the material, the next 

parameter to study is the stiffness that the bar generates against the shear movement; it 

is expressed by the next formula. 

  
  

 
                                                                             

Where   denotes the area of the spot weld. 

From the stiffness shown by the bar, the reaction force generated at the clamped end can 

be easily calculated by applying the next expression shown in Eq. (25). 

                                                                                  

Finally, the last step is calculating the shear stress directly from the reaction force 

previously obtained and the spot weld area, Eq. (26). 

  
 

 
                                                                                

Joining all the terms together, the final expression to calculate the shear stress ends up 

with the following aspect. 

  
  

       
                                                                         

The previous analytical result for the shear stress must coincide for every nugget 

diameter (assuming some margin of error) with the result obtained from the previous 

criterion, shown in Eq. (22). 

 

2.2. FEM Analysis 

For the Finite Element Method analysis, a preliminary study about the geometrical and 

mechanical properties of all the pieces (adherends, sheets and spot welds) has been 

made, followed by the choice of a proper local mesh refinement around the first and 

most critical spot weld. Finally, the load to be employed and the chosen boundary 

conditions are to be discussed. As mentioned at the beginning of the current chapter, 

this analysis has been performed with the software PTC-CREO 2.0. 
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2.2.1. Geometry and materials 

In the same manner it was said before, the metal sheets have been determined to be 1 

mm thick, 1 m long and 32 mm wide. The dimensions of the metal beams where the 

sheets are to be attached are determined with a thickness of 16 mm, a length of 1 m and 

a width of 32 mm. 

During the performance of the experiment, the metal sheets will be attached to the metal 

beams by means of an adhesive layer. The properties of the adhesive layer as well as the 

process of gluing the sheets to the metal bars will be explained in following sections on 

in this paper. 

As for the simulations, the spot welds and the metal beams and sheets have been 

considered as one single part. Each pair of beam-sheet has a height of 17 mm (16 mm 

from the metal beam and 1 mm from the metal sheet), a length of 1 m and a width of 16 

mm –this last dimension is the half of the real value (32 mm) and it is due to the 

symmetry of the model that will be discussed later. Both pairs of beam-sheet have been 

joined by the spot welds so that, as said before, the model consists of one single piece. 

The whole piece has been given the same material properties (  = 210 GPa and   = 

0.3). The thickness of the spot welds is 0.22 mm. This dimension is larger than the real 

one, but it was used since it is the smallest distance between two surfaces which can be 

introduced in the software. For a better understanding, see Fig. 33. 

A total of four different diameters were chosen for running the simulations; these 

diameters are ten, eight, six and four millimetres. In addition, in order to have a wide 

range of simulations and see which one gives a better result, three different gaps 

between the spot welds were chosen for each of the previous diameters. In this way, a 

total of twelve different simulations were obtained. The gaps between the spot welds are 

measured from the edge of one spot weld till the edge of the other one; their values are 

ten, fifteen and twenty millimetres. 

 

Fig. 36 Numerical constant dimensions of the specimen. All thicknesses are out of scale (own 

source) 
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Approximately the third part of the total length has been left free of spot welds. This 

part is the notch,  , of the specimen and its length ranges between 300 and 330 mm 

depending on the spot weld diameter and the gaping distance between them. In Table 1 

these geometrical parameters together with the number of spot welds are displayed for 

all the performed simulations. 

Table 1 Geometrical parameters of the performed simulations 

Spot weld diameter, ϕ 
[mm] 

Gap, d 
[mm] 

Number of 
spot welds 

Notch, a 
[mm] 

 
4 

10 49 324 

15 37 312 

20 29 324 

 
6 

 

10 44 306 

15 35 301 

20 27 318 

 
8 

10 38 326 

15 30 325 

20 25 320 

 
10 

10 35 310 

15 28 315 

20 24 300 

 

2.2.2. Mesh refinement 

When visualising the results from the simulations, it can be observed that not all the 

spot welds behave in the same way. It is important to mention that the first spot weld, 

that is, the one which is in contact with the notch, is the one that supports the most of 

the load and the one that suffers more shear displacement and breaks first. Therefore, in 

order to obtain more accurate results, a local mesh refinement of a magnitude of 1 mm 

was established around the first spot weld for each simulation (see Fig. 37).  

 

Fig. 37 Local mesh refinement given to the first spot weld (own source) 
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With the exception of the mesh refined volume surrounding the first spot weld, the 

average number of elements for the rest of the specimen is about 2300, with 1000 nodes 

and 11.5 as a maximum aspect ratio. In contrast, the region in which the mesh 

refinement has been applied makes the average number of elements raise to 13700, with 

3300 nodes and a maximum aspect ratio of 11.35.  

In the next section, other features related to the simulations such as symmetry applied, 

boundary conditions and loads employed are commented. 

 

2.2.3. Symmetry, Boundary conditions and loads 

Although some brief notes have been previously made about the global coordinate 

system, at this point it must be totally established and clarified. First of all, the origin of 

the global coordinate system is located at the beginning of the spot welded end of the 

specimen, exactly in the centre of the lower beam face perpendicular to the longitudinal 

direction and considering the symmetry already carried out (this symmetry is explained 

a few lines below in this same section). As can be checked in Fig. 38, the  - axis is the 

one representing the longitudinal direction of the beam, the  - axis is the vertical one, 

that is to say, the one with the same direction as the load, and finally, the  - axis is 

obviously perpendicular to the plane set up by  - and  - axes and with the direction 

shown in the figure. 

 

Fig. 38 Global coordinate system (own source) 

 

Before going into detail about boundary conditions and loads, it is important to define 

the symmetry that can be perceived in the previous figure and that has been considered 

for all the performed simulations. At this point, it can be suspected that the specimen 

contains the symmetry plane parallel to    plane, sectioning the whole beam 

longitudinally dividing it into two equal parts and cutting off the spot welds in half. In 

order to clarify it even more, the previous figure containing the location of the global 
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coordinate system has been slightly modified and the symmetry plane coloured in red. It 

can be seen in Fig. 39. 

 

 

Fig. 39 Symmetry plane coloured in red (own source) 

 

When it comes to boundary conditions, in one hand the symmetry plane has been 

evidently constrained in its perpendicular direction, that is to say, along the  - axis. On 

the other hand, the most important boundary conditions are located at the ends of the 

specimen. These constraining are placed along the  - direction in the lower edges of the 

two beams joined by the spot welds. As can be seen in Fig. 40, for the spot welded end, 

the lower beam lower edge is constrained in  - and  - axes, and the upper beam lower 

edge is constrained only in  - axis. 

 

Fig. 40 Boundary conditions in the spot welded end (own source) 

 

For the notched end, the boundary conditions are similar to the previously defined ones, 

excepting for the constraining in  - axis, since the specimen must be allowed along this 
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direction when the load is applied. Both beams lower edges are constrained only in the 

vertical direction, that is, in  - axis. The notched end boundary conditions are shown in 

Fig. 41. 

 

Fig. 41 Boundary conditions in the notched end (own source) 

 

Finally, concerning the load, a force of 1 kN is applied vertically in the negative 

direction of  - axis along a line traversing the specimen along  - axis in the middle of 

the total length (at   = 500 mm). The reason why this load value has been selected is 

because it is an average force which does not suppose either the yielding or the breaking 

of the specimen. In addition, it must be noted that the behaviour performed by the 

model provided by the software is always ruled by the linear region of its elastic curve. 

Therefore, using a smaller or a larger force does not influence to the cohesive law 

shape. Location, direction and magnitude of the force applied are all shown in Fig. 42 

together with the boundary conditions previously established. 

 

Fig. 42 Force applied: location, direction and magnitude (own source) 

 

2.3. Real experiment 

In this section all the data and description of how the real experiment has been carried 

out are explained in detail. Firstly, some information about the welding process 

performed to join the metal sheets is given, followed by the preparation of the specimen 
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and the equipment to employ in the lab. Finally, both the process of gluing the sheets to 

the beams and the load experiment are also described. 

 

2.3.1. Welding process 

The welding process was made in the company ABB Robotics in Gothenburg on 9
th

 

May. A total of 50 metal sheets were provided by Volvo Olofström, of which only 24 

were employed to produce real specimens; the rest of them were previously used to 

perform peel tests for each nugget diameter considered, as well as for testing different 

combinations of current intensity, force applied and welding time, in order to 

accomplishing the desired diameter. The equipment employed for this work was the 

company own industrial robot IRB 6700 (see Fig. 43). 

 

Fig. 43 The IRB 6700 robot employed to perform the spot welds (ABB Robotics) 

 

When it comes to the peel test, it is made with the purpose of being aware of whether 

the spot weld has been properly well done or not. Once the peel test is finished, in case 

the complete spot weld had ended up in one of the sheets having pulled out even some 

part of the other sheet, it determines a proof of a well done spot weld. It can be 

explained in terms of resistance of materials. The fact of failing the metal sheets before 

the melted region means a higher yield stress for the spot weld than for the base metal, 

and therefore a better quality and performance, which is the aimed purpose. A peel test 

can be done either manually or mechanically; as can be seen in Fig. 44 and Fig. 45, for 
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this case it was performed manually by means of attaching one sheet to a clamp and 

simply pull the other sheet by rolling it up with some pliers. 

 

Fig. 44 Peel test. Attachment of the welded sheets to the clamp (ABB Robotics) 

 

 

Fig. 45 Peel test. Nugget full pullout (ABB Robotics) 

 

It was said in previous sections that the only electrode available was one 20 mm 

diameter electrode, which was able to perform two different spot diameters (6 and 8 

mm) by just modifying parameters such as force applied, current intensity and welding 
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time. After trying with different combinations, a force of 3.5 kN, a current intensity of 

12 kA and a welding time of 350 ms were found to be appropriate to perform a 6 mm 

nugget diameter, and by simply increasing the welding time to 450 ms and maintaining 

the other two parameters constant, a 8 mm nugget diameter could be achieved. To carry 

out the welding process, the metal sheets were to be previously fixed by means of two 

clamps, one at one of the ends and the other at the beginning of the notch (see Fig. 46).  

 

Fig. 46 Clamping of the sheets (ABB Robotics) 

 

After clamping the sheets, the welding process could start –the performance of the robot 

during the spot welding process can be perceived in Fig. 47. 

 

Fig. 47 Industrial robot IRB 6700 performing the spot welds (ABB Robotics) 
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Moreover, once all the specimens were welded, it was decided to make some additional 

tests in order to see what could happen in a real welding process and to prove some 

theoretical data. These tests consisted of achieving some molted metal expulsion from a 

spot weld. In order to manage it, the current intensity was intentionally increased to 14 

kA, however the welding time was reduced to 300 ms and the force was also reduced to 

1.5 kN so as to not to stick the electrode to the sheet. As can be seen in Fig. 48, some 

expulsion of incandescent steel was actually very easy to distinguish during each spot 

weld performed.  

 

Fig. 48 Molten metal expulsion after spot weld (ABB Robotics) 

 

2.3.2. Preparation of the specimens 

The physical experiments were performed in a lab of the University of Skövde on 12
th

 

and 13
th

 May. Aware of the limited number of beams available in the lab, it was decided 

to perform only three experiments. Therefore, a total of six beams were needed, two for 

each experiment. The three welded pairs of sheets employed had the following nugget 

diameters and gap distances shown in Table 2. 

Table 2 Nugget diameter and gap distance of the specimens employed 

 

Number of specimen 

 

Nugget diameter [mm] 
 

Gap distance [mm] 
 

Notch [mm] 

Specimen I 6 15 280 

Specimen II 6 20 298 

Specimen III 8 20 300 

 

The reason why the 10 mm gap was not considered is because it was found out later that 

the yielding of the spot weld was going to be impossible to achieve due to the extremely 

high resistance that it would have opposed. 
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First of all, before attaching the sheets to the beams to create the reinforced ENF 

specimen, it is needed to prepare the beams so the adhesive can be properly applied and 

distributed without any alteration. In order to do this, the first task to perform consisted 

of a general cleaning and brushing of the beams so as to remove any rest of materials 

and leave all the surfaces as smooth as possible. In Fig. 49 and Fig. 50 the beams can be 

seen before and after this procedure. 

 

Fig. 49 Steel beams before cleaning (University of Skövde) 

 

 

Fig. 50 Steel beams after cleaning. The welded sheets are visible behind the beams (University 

of Skövde) 
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After that, it was necessary to perform a washing by means of gasoline followed by a 

wash with acetone. Afterwards, once the beams were completely clean and smooth, the 

next step was the gluing. This process is explained in detail in the next section. 

 

2.3.3. Gluing process 

The purpose of gluing the sheets to thicker steel beams was simply to achieve a 

reinforced ENF specimen in order to make it able to support enough load during the 

experiment and provide proper results from the spot welds, which is the aim of this 

paper. 

For this task, the adhesive employed was the SikaPower 498, which is an epoxy resin 

adhesive with medium viscosity. It is actually widely employed in automotive industry 

to glue metal sheets together. The process of gluing the sheets to the beams must be 

carried out with extreme care, otherwise the metal sheets could result impregnated with 

adhesive in some parts which should be kept clear. The application of the adhesive can 

be seen in Fig. 51. 

 

Fig. 51 Application of the adhesive on the steel beams (University of Skövde) 

 

In order to assure that each adhesive layer maintains a certain thickness, thin metal 

plates of 0.3 mm thickness were placed at both ends of each beam. It can be seen in Fig. 

52. 
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Fig. 52 Placement of metal sheets of 0.3 mm thickness (University of Skövde) 

 

After the application and correct distribution of  the adhesive, right before assembling 

each specimen, two additional metal sheets with the same thickness as the previous ones 

(0.3 mm) were placed exactly at the beginning of the notch in each specimen. The 

purpose of these metal sheets was to make easier the perception of the shear 

displacement at the first spot weld. Next, when it comes to the assembly, the welded 

sheets were to be carefully placed on one beam, followed by another beam in top of the 

previous sheets. The three complete assembled specimens are shown in Fig. 53. 

 

Fig. 53 Assembled specimens (University of Skövde) 

 

Since there were some extra adhesive which made the thickness of the layer thicker than 

it should be, the specimens were squashed tightly so as to remove the excess of 
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adhesive, which flowed away through the lateral sides. To make it more handy, the 

adhesive had to increase its viscosity, so the specimens were previously put in the oven 

for a few minutes. In that way, the adhesive became softer and easier to handle. 

Once the specimens were correctly assembled and with the right adhesive thickness, the 

last step was putting them again in the oven at 180 ºC, this time for 30 minutes (see Fig. 

54). This process is needed because such kind of epoxy adhesive is cured by heat. 

Indeed, the reason why it is commonly used by OEMs producing cars is because it 

follows the same curing process as the painting of the car. 

 

Fig. 54 Placement of the specimens in the oven (University of Skövde) 

 

After extracting the specimens from the oven, they were to be cooled down at room 

temperature. A view of the final appearance of one of the specimens can be taken in Fig. 

55. Then, everyhing was ready to start with the load experiment, which is explained in 

the next section. 

 

Fig. 55 Specimen ready to run the experiment (University of Skövde) 
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2.3.4. Load experiment 

Before carrying out the application of the load, the first task to perform was the correct 

placement of the support frame, which were positioned at both ends of the main 

structure due to the length of the specimens (see Fig. 56). 

 

Fig. 56 Placement of the support frame (University of Skövde) 

 

For the placement of the specimen, it was needed to simulate in some way the same 

supports that were used in the simulations, which allowed only the displacement along 

the beam longitudinal direction. In order to achieve it, two cylinders made of high-

resistance steel were placed at both ends of the specimen and attached at their exact 

positions with masking tape (see Fig. 57). 

 

Fig. 57 Supports employed for the specimens (University of Skövde) 
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As can be seen in the previous figure, the metal plates which were inserted between the 

sheets at the beginning of the notch with the aim of easing the measurement of the shear 

displacement had to be removed. It was dued to the fact that the adhesive was found to 

have seeped between these plates as well, and therefore, they resulted totally glued and 

unable to provide any correct information about the shear displacement around the spot 

weld. In order to solve this unexpected drawback, instead of the plates, another 

measurement equipment was employed; it was directly located on the beams at the 

beginning of the notch and connected to the rest of the electronic equipment. It can be 

seen in Fig. 58. 

 

Fig. 58 Measure equipment employed for the shear displacement (University of Skövde) 

 

Once the specimen was placed, the measure equipment correctly installed and all the 

equipment ready, the experiment could start. 

The servo-hydraulic testing machine INSTRON 8802 previously mentioned (1.2.4. 

Equipment) was the equipment employed for the application of the load. It was applied 

with a constant speed of 3 mm/min until reaching a maximum value of 10 kN. The 

duration of the tests was no longer than five or six minutes. It can be observed in Fig. 59 

and Fig. 60 how the experiment begins with the specimen completely straight and 

intact, and after some minutes ends up with a easily visible deflected specimen. 
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Fig. 59 Specimen before starting the 

experiment (undeformed) 

 

Fig. 60 Specimen after some minutes of 

experiment (deformed) 

 

During the whole experiment, the software available in the lab provided information 

about the progressively applied load and the corresponding shear displacement 

obtained. These output data were being displayed in several screens and recorded during 

the entire experiment until it was finished. These results have been written down and 

compared with the FEM results in the subsequent section 3 (Results). 

 

2.4. Sources of error 

When comparing results obtained from the two different criteria considered in the 

analytical analysis (Energy Release Rate criterion and Shear Stress criterion), as well as 

both with the results obtained from the real experiment in lab, it must be perceived that 

different sources of error are present at all times. As can be seen in the following 

sections, these sources of error lead to divergences in results; they are due to several 

reasons that are listed below.  

 

2.4.1. Shear displacement 

The shear displacement considered is distorted when the software CREO 2.0 is 

employed. This concern was addressed in section 1.6. The shear displacement taken 

from the software was unavoidably measured along the undeformed beam longitudinal 

direction, instead of taking it from the deformed beam. As said before, since the 
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transversal displacement of the beam is barely significant, this source of error can be 

supposed substantially small, but still existing.  

 

2.4.2. Analytical criteria 

Once the values for shear displacement are obtained from the software and inserted in 

the analytical analysis expressions, the two criteria considered in this analysis also 

provide different results for the same shear stress. This is due to a certain reason that is 

being explained as follows. In Table 3 from the next section (Results) can be seen that 

the shear stress obtained from the second criterion (Shear Stress criterion) is always 

approximately between 1.5 and 2.0 times greater than the one obtained from the first 

criterion (ERR criterion); this is due to the fact that when calculating the stress around 

the spot weld by the second criterion, only shear stress is considered, but actually it also 

exists some bending stress that is not being taken into account –despite this bending 

stress is considerably small due to the tiny spot weld slenderness, it still exists. For this 

reason, the values of both bending and shear stresses merge in just shear stress, 

providing a result larger than it really should be. 

 

2.4.3. Real specimen dimensions 

In contrast to the specimen dimensions set for all the simulations, which width has a 

constant value of 32 mm, the dimension of the real sheets width differs in two 

millimetres from the real thick beams which are to be glued on –as mentioned 

previously, the metal sheets provided by Volvo Olofström were 30 mm in width. In 

addition, the thickness of the real metal sheets was found to be 0.8 mm instead of 1 mm, 

as was expected. Furthermore, since the sheets needed to be attached to something so as 

to perform the spot welds, the clamps which were used took some distance from the 

not-notched end –about 2 cm– instead of starting welding from the edge itself. These 

divergences can be perfectly considered as another source of error and, as a 

consequence, it must be expected some influence in the final results. 

Moreover, in view of the fact that the real specimen is actually composed of four 

different pieces (two metal sheets and two thick beams joined by spot welds) and the 

one modelled in CREO 2.0 is made of just one single piece (one beam with 

discontinuities in the mid plane originated by the spots –Fig. 61) some margin of error 

must also be expected concerning this issue. In other words, the task of gluing the metal 

sheets to the thick beams leads to a different behaviour from the one that the specimen 

would have if the beams were welded directly without any additional sheet.  
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Fig. 61 Discontinuities in the mid plane from the model employed in software consisting in one 

single piece. The symmetry has already been performed (own source) 

 

2.4.4. Microstructure and internal properties 

In in the background of this paper it was mentioned that the process of performing any 

weld –in this case, a spot weld–, involved an alteration of the microstructure and 

mechanical properties within the metal piece material. In this way, three different zones 

could be distinguished (the base metal, the HAZ and the melted region of the nugget 

itself), having each of them different properties. When it comes to the software, none of 

these features is taken into consideration, implicating another source of error that has a 

lot to do with the shear deformation of the spot welds. 

 

2.4.5. Gluing process 

As a consequence of the divergence in width between the metal sheets and the beams 

mentioned in this same section, the application of the adhesive on top over the beams 

and the subsequent placement of the sheets caused some important problems that must 

be pointed out. When assembling the specimens, in some regions the adhesive seeped 

between the welded metal sheets where the spot welds had been performed. Even after 

cleaning the assembled specimens again and removing this extra adhesive, it remained 

unavoidably in some parts. In addition, such difference in width supposed a surface 

layer of 2000 mm
2
 for each specimen (1000 mm x 2 mm) in which only adhesive 

contact was present. This drawback led inevitably to a higher resistance of the joint to 

be shear deformed, since the resistance of some adhesive was added to the resistance of 

the spot welds. 
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3. Results 
 

This results chapter has been split into two subsections, one dedicated to the FEM 

Simulations from CREO 2.0 (together with the analytical criteria), and a second one 

dedicated to the results obtained from the real experiment. In principle, the main 

purpose to achieve in this chapter is a convergence between the results of shear stress 

obtained from the first and second criteria studied in the analytical analysis (ERR 

criterion and Shear Stress Criterion). In order to make it possible, as said in previous 

chapters, both the analytical and the FEM studies have been merged. That is to say, the 

results of shear deformation obtained from the software have been inserted in the 

expressions concluded in the analytical study and these are the ones which provide the 

final stress results.  

 

3.1. FEM Simulations 

For this subsection, the results have been divided into numerical results obtained from 

the simulations and the analytical criteria, and a second part dedicated to the 

corresponding cohesive laws, which is the main purpose of this paper. 

 

3.1.1. Numerical results 

In the same way that it was said in section 2.2 (FEM Analysis), since the first spot weld 

is the one which supports most load and has a greater shear displacement, being the first 

to fail, the main purpose to achieve from the simulations consists of obtaining the shear 

deformation –also called shear displacement in this paper– of this first spot weld along 

the direction of the deformed beam,    (see Fig. 62). Nevertheless, this deformation was 

found to be impossible to plot in the software employed. This drawback was mentioned 

and explained previously in chapter 1.6 (Limitations); it is also briefly recalled in the 

next paragraph. 

  

Fig. 62 Discontinuities in the mid plane from the model employed in software consisting in one 

single piece. The symmetry has already been performed (Leffler et al. 2007, modified 

picture) 
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In contrast to plot the shear deformation along the deformed beam direction, the 

software permits to visualise displacements in the directions of the established 

coordinate system –for this case, in  - direction. However, due to the fact that the 

deflection of the beams has been found to be extremely small –never greater than 2.9 

mm– compared to the length of the specimen, taking this shear deformation along x- 

axis,  , instead of the deformed beam direction is an acceptable approximation that has 

been adopted. The results of all the performed simulations are shown in Table 3. 

  Table 3 Maximum deflection and shear deformation v obtained from the simulations 

Spot weld diameter, ϕ 

[mm] 
Gap, d 
[mm] 

Shear deform, v 
[µm] 

Maximum deflection 
[mm] 

 
4 

10 4.7 -2.8 

15 4.9 -2.8 

20 6.3 -2.9 

 
6 
 

10 3.0 -2.7 

15 3.2 -2.7 

20 3.7 -2.8 

 
8 

10 2.6 -2.8 

15 2.7 -2.8 

20 2.8 -2.8 

 
10 

10 2.0 -2.7 

15 2.1 -2.7 

20 2.0 -2.6 

 

It can be seen in the previous table that the maximum vertical deflection of the 

specimen ranges between -2.6 mm and -2.9 mm. However, as can be expected, due to 

the configuration of the ENF-specimen, it does not occur exactly at the middle of the 

length where the load is applied. This is completely attributable to the distribution of the 

spot welds; the fact of being present only along a certain portion of the specimen 

(approximately two thirds of the total length), makes this part much more stiff than the 

rest of the model, that is, than the notch. Consequently, the maximum deflection is 

unavoidable moved towards the notched end. The location of the maximum deflection 

can be perceived in rough outlines in Fig. 63, in which the total deformation of the 

beam has been plotted with the scale increased in 10% in relation with the real 

deformed beam. 

 

Fig. 63 Deformation of the beam (own source) 
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Finally, the results of the shear stress originated from the shear deformation have been 

displayed in Table. 4. As said before, the shear deformation results have been inserted 

in Eq. (22) from the ERR criterion and in Eq. (27) from the Shear Stress criterion, both 

discussed in the analytical study. After calculating the shear stress using both methods, 

a comparison of these results is made in order to figure out how the two methods 

converge into one equal solution; the sixth column of the table shows the mentioned 

convergence. In addition, stress concentration values according to von Mises have been 

inserted in the last column, and as it can be expected, these values are significantly 

larger than the others. 

Table 4 Comparison of the shear stress between all the simulations 

Spot weld 
diameter, 
ϕ [mm] 

Gap, 
d 

[mm] 

Shear 
deform, v 

[µm] 

Shear  stress 
(Criterion I) 

[MPa] 

Shear stress 
(Criterion II)  

[MPa] 

Convergence 
(%) 

von Mises stress 
concentration 

[MPa] 

 
4 

10 4.7 87 171 196 387 

15 4.9 106 177 167 409 

20 6.3 122 230 205 452 

 
6 
 

10 3.0 60 112 188 264 

15 3.2 71 119 167 434 

20 3.7 87 135 154 593 

 
8 

10 2.6 49 97 196 180 

15 2.7 62 98 157 222 

20 2.8 71 101 141 227 

 
10 

10 2.0 41 74 178 387 

15 2.1 52 76 148 409 

20 2.0 58 75 130 452 

 

It can be observed that the results obtained with the Shear Stress criterion differ from 

the ones obtained with the ERR criterion between 1.5 and 2.0 times. The reasons why 

this divergence appears has already been previously explained in chapter 2.3 (Sources 

of error). In addition, as can be expected, for each diameter the shear displacement and 

the shear stress increases their values together with the gap. Another distinctive feature 

that can be distinguished from the previous table is that the convergence between both 

criteria tends to increase its accuracy when the gap decreases. 

In the previous chapter (2.2. FEM Analysis) it was mentioned that the spot weld which 

supports the largest stress and shear displacement values is the one in contact with the 

notch. This can be observed in Fig. 64; it shows how the stress is mainly distributed 

around the upper and lower edges of the spot weld, leading to the von Mises stress 

concentration values shown in the previous table. Due to the fact that the stress 

distribution is more or less visually the same for all the simulations (differing only on 

numerical values), it has been decided to plot just one example, which belongs to the 

specific specimen with 6 mm spot welds and 10 mm gap distance. 
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Fig. 64 Stress distribution according to von Mises (MPa). Specimen composed of 6 mm spot 

welds and 10 mm gap distance (own source) 

 

3.1.2. Cohesive law 

As it was mentioned several times before, the cohesive law is basically the curve which 

describes the behaviour of the specimen, plotting along the vertical axis the stress 

suffered by the first spot weld (crack tip) when the load is applied, and the generated 

shear displacement in the same spot along the horizontal axis. 

In order to make a complete results collection, all the results displayed in Table 4 

previously shown for both the ERR analytical criterion and the Shear Stress analytical 

criterion have been plotted in the corresponding cohesive laws. In this way, there is a 

total of ten different graphs (one for each diameter), five of them consisting of the first 

criterion and the other five consisting of the second one. Moreover, it has to be 

mentioned that each graph contains three curves, which make the distinction between 

the three different gaps established for all the simulations. Firstly, the five cohesive laws 

corresponding to the analytical criterion I are displayed below (see Fig. 65, Fig. 66, Fig. 

67 and Fig. 68). 
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Fig. 65 Cohesive law corresponding to the 4 mm diameter spot weld and the Energy Release 

Rate criterion (own source) 

 

 

Fig. 66 Cohesive law corresponding to the 6 mm diameter spot weld and the Energy Release 

Rate criterion (own source) 
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Fig. 67 Cohesive law corresponding to the 8 mm diameter spot weld and the Energy Release 

Rate criterion (own source) 

 

 

Fig. 68 Cohesive law corresponding to the 10 mm diameter spot weld and the Energy Release 

Rate criterion (own source) 

 

When it comes to the curves of each graph previously shown, it can be perceived that all 

of them follow the same pattern –except for the first graph with 4 mm spot welds–, 

where the specimen with a gap of 20 mm between spots, subjected to a certain stress, 

suffers a smaller shear displacement at the crack tip, followed by the specimens with a 

gap of 15 and 10 mm, respectively. In other words, the relation between the shear stress 

and the shear displacement is directly proportional to the gap distance. In contrast, there 

is some inconsistency related to the 4 mm-spot-welded specimen cohesive law (Fig. 
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65), which shows a different behaviour, having the specimen with a 15 mm gap the 

highest stress-displacement relation, followed by the ones with a 20 and 10 mm gap, 

respectively. 

Secondly, the other five cohesive laws corresponding to the analytical criterion II are 

displayed as follows (see Fig. 69, Fig. 70, Fig. 71 and Fig. 72). 

 

Fig. 69 Cohesive law corresponding to the 4 mm diameter spot weld and the Shear Stress 

criterion (own source) 

 

 

Fig. 70 Cohesive law corresponding to the 6 mm diameter spot weld and the Shear Stress 

criterion (own source) 
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Fig. 71 Cohesive law corresponding to the 8 mm diameter spot weld and the Shear Stress 

criterion (own source) 

 

 

Fig. 72 Cohesive law corresponding to the 10 mm diameter spot weld and the Shear Stress 

criterion (own source) 
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for each diameter. As can be seen, the relation between the shear stress and the shear 
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elastic –linear– region, reaching a maximum of 500 MPa shear stress, which is the yield 

stress of the material employed. 

Moreover, apart from the cohesive laws, in order to acquire a better understanding of 

the problem and to make it easier to comprehend, it has been decided to plot the relation 

between the force applied and shear displacement suffered, firstly for each diameter and 

secondly for each gap. In this way, seven new graphs have been determined (four for 

each diameter and three for each gap). The following four graphs plot the load-

displacement relation for each spot diameter (see Fig. 73, Fig. 74, Fig. 75 and Fig. 76). 

 

Fig. 73 Load-displacement relation corresponding to the 4 mm diameter spot weld (own source) 

 

 

Fig. 74 Load-displacement relation corresponding to the 6 mm diameter spot weld (own source) 
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Fig. 75 Load-displacement relation corresponding to the 8 mm diameter spot weld (own source) 

 

 

Fig. 76 Load-displacement relation corresponding to the 10 mm diameter spot weld (own 

source) 
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which shows the opposite behaviour than the one recently explained, as well as placing 

the green curve completely superimposed to the red one. 

Finally, three more graphs have been plotted below, which show the same load-

displacement relation, but this time fixing the gap and varying the curves according to 

the nugget diameter (see Fig. 77, Fig. 78 and Fig. 79). 

 

Fig. 77 Load-displacement relation corresponding to the 10 mm gap (own source) 

 

 

Fig. 78 Load-displacement relation corresponding to the 15 mm gap (own source) 
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Fig. 79 Load-displacement relation corresponding to the 20 mm gap (own source) 

 

By looking at these previous three graphs, it can be established for a certain load that 

the specimen with the smallest diameter suffers the largest shear displacement, followed 

by the rest of the specimens, increasing the diameter progressively until reaching the 

biggest one and its corresponding smallest deformation. In other words, for a certain 

gap distance, the load-displacement relation is directly proportional to the nugget 

diameter. 

As mentioned before, the force applied in the previous seven graphs does not ever 

exceed the value of 1 kN, since this load does not suppose the yielding of either the 

sheets or the spot welds, that is, all the curves stay within the material elastic region 

(other value could have been taken as well). 

  

3.2. Real experiment 

Regarding the results obtained from the real experiment, they were progressively 

measured by the measurement equipment placed on the specimen and recorded in the 

computer. With a constant speed of 3 mm/min the load was increasing its value from 

zero to 10 kN for each test. The duration of these tests ranged between five and six 

minutes, depending on the specimen, until the maximum load value was reached. These 

results are to be divided in the same way as the FEM simulations, that is, into numerical 

results and behaviour curves (cohesive laws). 
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3.2.1. Numerical results 

Since the real experiment together with its output data provided a full range of results, 

including plastic deformation of the specimen, the limitation of the behaviour curves 

only within the elastic region of the material was not present this time. In any event, in 

order to make a consistent comparison with the results obtained from FEM simulations 

and assuming elastic behaviour, from the full range of output results (ranging from 

30.000 to 50.000 groups of load, shear displacement and maximum deflection results, 

depending on the test), only the data related to the 1 kN load considered before has been 

employed. 

In this way, results concerning the 1 kN load have been written down for each specimen 

below. 

Table 5 Results obtained from the real experiment 

Spot weld diameter, 
ϕ [mm] 

Gap, d 
[mm] 

Shear deform, 
v 

[µm] 

Shear stress 
(criterion I) 

[MPa] 

Shear stress 
(criterion II) 

[MPa] 

6 15 1.8 1266 667 

20 18.6 190 6773 

8 20 8.4 217 3075 

 

As can be seen, the stress results obtained from applying the analytical criteria (ERR 

criterion and Shear Stress criterion) considered in the analytical study (section 2.1), are 

completely inconsistent, existing almost no convergence between both criteria. This 

problem must be due to the sources of error mentioned before (section 2.4) and will be 

discussed later at the end of this paper. 

 

3.2.2. Cohesive law 

When it comes to the cohesive law, in the same way it has been commented in the 

previous chapter, the analytical criteria considered were found to be uncertain and 

inconsistent when it was applied to the experimental results. It must be noted that the 

output data provided by the computer did not include any stress values. In contrast, it 

provided data related to the time spent during each test, the load applied every ten 

milliseconds, the vertical deflection at the loading point and the shear displacement 

suffered by the first spot weld. In addition, because of some reasons to be discussed 

later in chapter 4 (Conclusions and Discussion), the load-displacement relation did not 

follow a linear behaviour either. As a reminder, the parameters of three specimens 

employed are also listed below. 
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Table 6 Nugget diameter and gap distance of the specimens employed 

 

Number of specimen 

 

Nugget diameter [mm] 
 

Gap distance [mm] 
 

Notch [mm] 

Specimen I 6 15 280 

Specimen II 6 20 298 

Specimen III 8 20 300 

 

The mentioned load-displacement relation is plotted in the next graph (Fig. 80) for each 

test. Despite the inconsistencies previously commented, it can be perceived that, as can 

be predicted and according with results obtained from the FEM simulations, Specimen 

II suffers the greatest shear displacement, followed by Specimen I and finally by 

Specimen III. 

 

Fig. 80 Load-displacement relation from the real experiment (own source) 
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criterion. In the same manner as it was mentioned for the load-displacement relation, as 

a consequence of the sources of error, the curves plotted below do not represent exactly 

the stress suffered by the first spot weld. 

-11000

-10000

-9000

-8000

-7000

-6000

-5000

-4000

-3000

-2000

-1000

0

0 0,0002 0,0004 0,0006 0,0008 0,001 0,0012 0,0014

Lo
ad

 [
N

] 

Shear displacement [m] 

Load-displacement curve of the experiment 

D_8 Gap_20

D_6 Gap_20

D_6 Gap_15



 

67 
 

 

Fig. 81 Cohesive law corresponding to the three specimens tested in lab and the Energy Release 

Rate criterion (own source) 

 

When it comes to the second criterion employed (Shear Stress criterion), the cohesive 

law was found to be completely incoherent, displaying stress values which exceeded 

400,000 MPa in some cases, reason why it has been decided not to plot it in this paper. 

 

3.3. Comparison of results 

In this chapter a brief comparison between the analytical/software results and the 

experimental ones is to be performed. The table shown below displays both results for 

the three specimens tested in the lab, along with an additional column for the shear 

deformation, the ERR criterion and the Shear Stress criterion results, indicating the 

convergence between them. 

Table 7 Comparison between FEM simulations and experimental results 

Spot weld 
diameter, ϕ [mm] 

 

Gap, d 
[mm] 

Shear deform, v 
[µm] 

Shear stress (criterion I)  
[MPa] 

FEM LAB Convergence FEM LAB Convergence 

6 
 

15 3.2 1.8 177 % 71 1266 6 % 

20 3.7 18.6 20 % 87 190 46 % 

8 20 2.8 8.4 34 % 71 217 33 % 
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Spot weld 
diameter, ϕ [mm] 

 

Gap, d 
[mm] 

Shear stress (criterion II) 
[MPa] 

FEM LAB Convergence 

6 
 

15 119 6773 2 % 

20 135 667 20 % 

8 20 101 3075 3 % 

 

As can be seen in the previous table, the specimens provide results quite different 

between the FEM simulations and the lab experiment, existing a very low convergence 

between them. These large divergences can be derived from the different sources of 

error mentioned in section 2.4 (Sources of error). 

 

4. Conclusions and discussion 
 

Rather than a conclusion, the first and most important fact that can be mentioned from 

this investigation is that, concerning to results, it has not worked completely as 

expected. The goal of this paper was mainly to extract the cohesive law from the 

specimens and make them coincide between analytical/software and experimental 

results, assuming some margin of error. However, as it has been shown before, such 

goal has been found to be impossible to accomplish with the specimens tested in lab 

because of several drawbacks that are also to be mentioned in this chapter. 

Nevertheless, despite analytical and experimental results, the main purpose of this 

report was to provide the engineering itself with some new knowledge about welding 

joining methods, and it actually has been accomplished. It is important to mention that 

this exact experiment has been performed in this paper for the first time, and therefore 

there is some useful and interesting information that can be concluded. 

First of all, it is to be pointed out that there are many sources of error which limit in 

several ways the task of acquiring the desired results (see chapter 2.4. Sources of error). 

However, despite divergences in results due to the software employed or any other 

reason, the main feature which has led to the wrong results involves the gluing process. 

When it comes to the adhesive, a very small difference in width between the sheets and 

the beams (only 2 mm), which in principle was not thought to be determining, has 

finally resulted to be the main reason why the experiment did not work in the way it was 

expected. Once the specimens were assembled, this two-millimetre divergence in width 

basically meant a surface of 2000 mm
2
 (1000 mm x 2 mm) between the beams with 

pure adhesive contact, which was not absolutely within the specifications for the 

project, but only spot welds contact. Furthermore, some adhesive accidentally seeped 

between the welded sheets, region which should have remained clear. Consequently, the 

resistance of the joined sheets to be shear-deformed was highly increased, in such a way 

that the steel beams ended up deforming plastically even before the failure of the spot 
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welds. The conclusion obtained from this problem is that the sheets width should be at 

least the same as the beams width. Having the sheets a larger width than the beams 

could be even better so as to attach plates between the sheets to measure the shear 

displacement and mainly to avoid the contact between both adhesive layers and a 

possible adhesive seepage between the sheets. 

Nonetheless, despite the failure of some part of the experiment, there is still an 

important conclusion to point out. Since all the specimens were assembled in the same 

way, all of them had the same adhesive characteristics and dimensions, but they 

provided different results. In fact, the real experiment coincided with the 

analytical/software results when it comes to the pattern involved. That is to say, the 

shear displacement suffered by the three specimens followed the same order as in the 

analytical/software results (less resistance when the gap increases or the diameter 

decreases). The results showed larger shear displacement from the specimen with 6 mm 

diameter and 20 mm gap, followed by one with 6 mm diameter and 20 mm gap and 

finally the one with 6 mm diameter and 15 mm gap. Therefore, it can be concluded that 

the spot welds actually worked in spite of the limitations and drawbacks. 

Moreover, it must be noted that, as it was concluded in chapter 3 (Results), the criteria 

studied in the analytical analysis (Energy Release Rate criterion and Shear Stress 

criterion) did not work for the real experiment output results.  

Another feature to mention is that the gap existing between spot welds should be 

increased beyond the maximum value of 20 mm that was established in this paper. 

Small gap spaces such as 10, 15 or 20 mm provided welded specimens much stronger 

than it was expected, leading the beams to plastic deformation before the failure of the 

spot welds. Notwithstanding the yielding of the spot welds according to the software 

results by applying the mentioned gaps and even smaller loads than the ones applied in 

the real experiment, it must be reminded that it happens in some way because there are 

many features that the software does not take into account, such as the modification of 

the internal mechanical properties around the spot weld. Indeed, the spot weld –

principally the fusion zone– becomes much more resistant than the base metal. Hence, 

as another conclusion it could be said that, concerning the software employed, CREO 

2.0 could not be the best choice due to the limitations mentioned in chapter 1.6, such as 

spot weld thickness. 

In addition, for this kind of experiments, some modifications should be performed 

concerning the beams employed to create the reinforced ENF specimen. For example, 

employing beams made of any material with a higher yield stress, and consequently a 

more elastic behaviour, so as to assure that the failure will come only from the spot 

weld shear displacement, which is the aimed result. 

It is also interesting to mention that in this spot welded ENF specimen, the model is 

much more constrained compared to an ordinary experiment (see Fig. 82), leading to a 

higher resistance and, consequently, to an increase in stress values according to ERR 

and Shear Stress criteria. 
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Fig. 82 Ordinary experiment: bending of the sheets due to the shear loading (Radakovic and 

Tumuluru 2008) 

 

In contrast to the model observed in the previous figure, the ENF specimen employed is 

constrained in such way that the beams (reinforced ENF specimen) completely impede 

the deformation shown in Fig. 82. 

 

5. Future work 
 

This section is mainly based on the previous one. The work to perform in the future in 

order to improve the experiments and acquire more appropriate results is briefly 

commented next. 

Firstly, with the aim of avoiding the main problem concerning the real experiment, as it 

was said before, the width of the sheets cannot ever be smaller than the beams width; 

they must have at least the same width. 

Once the problem of the adhesive is fixed, it would be interesting to redo the 

experiments and also to run new ones but increasing the distance between spot welds, at 

least in order to dismiss the possibility of the adhesive to be the main reason of the 

wrong results. 

The material employed for the reinforced ENF specimen steel beams should be changed 

for other with higher resistance. Moreover, the proper geometry of the beams must be 

also considered to be modified if it becomes necessary. 
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