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Abstract 
Efforts focussing on modelling of spot welds in typical automotive structures have been spent during the 

last decades resulting in a number of different modelling techniques. One of the crucial aspects common 

to all these approaches is the difficulties related to the local complexity of the modelling of the actual 

connections. In order to handle this complexity, spot weld models are often dependent on parameters 

tuning their characteristics. This paper discusses the tuning of two different spot weld models with respect 

to certain parameters; the RBE3-Hexa-RBE3 model (also known as the ACM 2) and the Spider2 model 

available in the pre-processor Ansa. With the current trend towards increasingly refined finite element 

model meshes, current guide lines need to be updated and elaborated further in order to identify the best 

performing models. In this paper, model studies are discussed targeting tuning of spot weld parameters 

together with a new proposal for an exact method for updating the Young’s modulus and density of 

isotropic shell structures analytically using an initial FE calculation. 

1 Introduction 

Although the modelling of spot welds has been subject to extensive research during the past 15 years and 

quite a few models for structural dynamics have been developed, a general a priori modelling approach is 

still missing. The challenges are many and varied, some being related to their geometrical complexity, 

which is induced by the steel sheets being deformed locally by the welding tools, leaving a visible surface 

print. An example of such a print, on one of the benchmark structures analyzed in this study, is shown in 

figure 1. The surface print is clearly visible and a dashed line indicates the diameter of the actual 

connection between the metal sheets. The diameter is approximately 6mm while the diameter of the 

welded zone amounts to approximately 9mm. Moreover, the geometry of the spot weld region is often not 

symmetric as in figure 1 and is in general dependent on the welding tools applied. 

To incorporate such geometrical complexity, if at all practically viable, would require very fine finite 

element meshes around the spot weld area in order to model the stiffness of the spot weld correctly. For 

obvious reasons, this is usually avoided in practice, and simplified models, commonly based on an 

approach where a few elements are used to tune the stiffness of some parameters of the spot weld model. 

This study discusses a method for the optimal tuning of these parameters and presents results to be used in 

commercial softwares like the pre-processor Ansa and Nastran. 
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2 Model updating methods 

For a meaningful tuning of the parameters introduced in the spot weld models, the underlying models of 

the joined structural elements preferably should be as close to the real structure as practically possible. In 

order to enable this, some adjustments of the models established, e.g. related to geometrical variation, 

nodal interpolation and also the elastic moduli should be performed. Methods for such updating methods, 

in particular for the Young’s modulus of isotropic plates are discussed in the following.  

2.1 Comparison of calculations and measurements 

In order to compare calculations of spot welded structures with measurements, and in the end improve the 

models used for the spot welds, an efficient updating method was sought. The first step was to set up a 

cost function, measuring quality in one variable such that it can be used in a numerical optimization 

algorithm. The present approach evaluates model quality by comparing a set of frequencies to 

measurements and applies the modal assurance criterion to correlate modes. A similar approach has for 

example been used by Palmonella et al. [1], [2]. 

2.1.1 Frequencies 

A very simple but yet practical method for model quality evaluation is the comparison of eigenfrequencies 

from measurements and calculations according to equation (1). Often but not necessarily, the first n 

eigenfrequencies are evaluated in this way. The number of modes taken into account is in practice limited 

by finite element model and measurement errors as well as the difficulty of matching the correct 

frequencies. Therefore, an upper limit of ten to fifteen modes is practicable. The experimental 

eigenfrequencies are measured in advance and the calculated frequencies are functions of some defined 

model parameters. The objective function is positive and, theoretically, the global minimum corresponds 

to the optimum set of these parameters. 

 ��� = ∑ � ����	
� − 1������  (1)  

One of the critical aspects in applying this approach is to ensure a proper matching between the 

experimental and calculated frequencies. Especially if the modal density in the frequency range of interest 

is high, or the complexity of the structure in investigation is high, frequencies obtained by calculation do 

not necessarily come in the same order as for the identified measured modes. Moreover, under such 

conditions, it is frequently the case that not all frequencies necessarily are measured or extracted correctly 

from measurement data. Therefore, some kind of pre-filtering needs to be applied and in the present work 

the modal assurance criterion has been applied in order to ensure a correct eigenfrequency correlation. 

6mm 

9mm 

Figure 1: Spot weld surface print with indicated metal connection diameter 
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2.1.2 Modal Assurance Criterion 

Assuming correct association between measured and predicted modal displacements has been found, the 

modal assurance criterion compares measured mode shapes �� and computed mode shapes ��, indicating 

high MAC values for shapes that coincide. 

 ����� = ��∙��|��|���� (2) 

2.2 Numerical optimization approach in Nastran 

While tuning spot weld models with respect to modelling parameters, it would be possible to compute a 

large number of calculations with different sets of parameters and subsequently evaluate the quality of 

these calculations using equation (1) and (2). Assuming 3 parameters per model and 10 parameter steps 

for each parameter would result in 1000 calculations to be evaluated separately for each model. 

Therefore, a time efficient numerical optimization is used applying the SOL200 optimizer available in 

Nastran. The objective function in (1) is directly implemented optimizing material data parameters of spot 

weld models automatically. Shape parameters of the spot weld model such as geometrical variations or 

nodal interpolation methods are changed manually using a pre-processor. 

In order to guarantee proper mode correlation, the MAC matrix is applied while setting up an 

optimization. A mode tracking option available in Nastran automatically maintains the initial mode order 

for all iterations. 

The Nastran code for this algorithm is available in [3]. 

2.3 Analytical updating of the Young’s modulus and density for isotropic plates 

Because of an uncertainty in material data of the used test pieces, the Young’s moduli of the isotropic 

shell structures are updated before welding the parts. In order to find the correct Young’s modulus of each 

part, analytic equations are derived and applied to the structures. 

The updated optimal Young’s modulus of a random isotropic structure is calculated with equation (3) 

using an initial finite element calculation with the same shape and n experimentally determined 

eigenfrequencies. 

 �� !"#$! = ����#�"% &∑ '(�,�*�+�,-(�	
� .*�/0
∑ 1(�,�*�+�,-2

(�2 	
� 4*�/0
5

�
 (3)  

The derivation of this dependency is shown in the detailed report of this study [3] and uses the square root 

dependence between two frequencies of the same mode and associated Young’s moduli of isotropic 

structures (4) when small damping is assumed. This correlation is derived by using the proportionality 

between the Young’s modulus and stiffness matrix that is valid for isotropic structures [4]. 

 6� !"#$! = 6���#�"%789�:,+	:8�*�+�,-  (4) 

Similar dependencies are derived for updating the density: 

 ;� !"#$! = ;���#�"% &∑ ' (�	
�
(�,�*�+�,-.*�/0

∑ 1 (�2 	
�
(�,�*�+�,-2 4*�/0

5
�
 (5) 
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It is in general not possible to update both the density and Young’s modulus of one part using frequencies 

as the Young’s modulus and density scale the eigenvalue problem of the equations of motion in a linear 

dependent way. A similar analytic equation for the Poisson’s ratio cannot be derived due to the its non-

linear relation with the stiffness matrix.  

 

 

Figure 2: Benchmark structures: part 1 (top), part 2 (bottom) 

3 Benchmark 

3.1 Benchmark structures 

As benchmark, parts cut out of a Volvo truck cabin illustrated in figure 2 are used. Each of them is welded 

with approximately 30 spot welds and having the first ten resonance frequencies in the frequency range 

between approximately 65Hz and 350Hz. All four single parts consist of stamped sheet metal of 1.2 or 

1.5mm thickness. The spot weld diameter of the tool is approximately 6mm and the actual metal 

connection amounts to approximately 9mm (see figure 1). This metal connection between the sheets is 

measured simply by using two thin paper stripes fitting in between the metal sheets on both sides of a spot 

weld. Adjusting the paper stripes parallel, the distance in between equals the diameter of the metal 

connection with an error smaller than the variation in spot weld diameter. 

3.2 Measurements 

Measurements were carried out using high precision equipment consisting of hammer excitation and laser 

scanning. Free-free boundary conditions were realized through rubber bands. This method guarantees high 

quality data especially considering eigenfrequencies used for evaluating the objective function. The 

bandwidth was 0-800Hz with a frequency resolution of 0.125Hz and an exponential velocity window was 

applied. A rectangular force window evaluating 3% of the sampling time and a trigger starting acquisition 

was used. The number of averages was between 10 and 40 depending on signal quality of the laser and a 

fly wheel filter contributed to a significant improvement in noise reduction. 

The MAC matrix shown in figure 3 is used to correlate modes of measurements and calculations. Modes 

of experiments and FE analysis are in well correlation. The seventh mode shape is difficult to determine 

experimentally due to the high modal density. Figure 4 visualizes two mode shapes of each structure. 
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Property/Part Part 1-1 Part 1-2 Part 2-1 Part 2-2 

Young’s modulus 207.1447=>? 204.7152=>? 214.7356=>? 215.1532=>? 

Table 2: Updated Young’s modulus of single parts 

 

Figure 5: Frequency error of part 2-2 before and after updating the Young’s modulus 

4 Spot weld models 

4.1 Overview 

A detailed overview including most kinds of spot weld models is given in [1]-[3]. 

Here, only a brief summary will be given. Spot weld models can in general be divided into three levels:  

• The first level consists of the nugget element(s) such as solids, bars or beams and represents the 

connection between the parts. All spot weld models usually include this level. 

• The second level is described by shell mesh to nugget interpolation which is necessary when 

nugget and shell nodes do not coincide. Relevant elements in Nastran are for example RBE2 and 

RBE3 elements. RBE2 elements equal a rigid connection between mesh nodes whereas RBE3 are 

weighted interpolation elements used to distribute masses and loads.  

• Pre-processors also allow for local re-meshing of the spot weld area to re-locate mesh nodes and 

optimize shell element distribution aiming at good mesh quality close to the spot weld. 

Not all models have to include all levels, but model quality trends to increase in accuracy featuring more 

levels. The first spot weld models, for example, consisted of simple beam elements connecting two nodes 

of the shells of each part, thus these models featured only one level, the nugget element level. They 

usually suffer from a too soft connection, especially when shell mesh sizes are small [5]. 

Therefore, more advanced models involve several shell mesh nodes on each part in the spot weld model. 

This approach requires either adapting the shell mesh in order to make the shell mesh nodes compatible 

with the nugget element or the use of interpolation elements between the nugget element and the shell 

mesh. Thus the number of total levels in the spot weld model is two. This kind of models usually features 

higher accuracy [5]. One of these models is the ACM2 model shown in figure 6 [6], that is currently 

probably one of the most widely used in industry. This model consists of RBE3 interpolation elements 

connecting a solid nugget and a coarse shell mesh region. 

A drawback of the ACM2 model is that the stiffness of the surrounding of the spot weld and thus the shell 

mesh has an influence on the overall spot weld behaviour [7]. Therefore, attempting to overcome mesh 

dependence,  recent approaches even re-mesh the neighbouring shell mesh elements leading to the so 

called Spider models shown in figure 7. This approach thus involves three levels including the local re-

meshing, RBE2 interpolation and one or several nugget elements.  
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These two models, the ACM2 model as well as the Spider2 model available in the pre-processor Ansa are 

subject to this study. The ACM2 model has been popular in industry because of its high level of accuracy 

and very stable automatic implementation. Crucial for the ACM2 model is, however, the correct selection 

of parameters. The Spider2 model is being analyzed due to its promising characteristics of shell mesh 

independence. 

4.2 Model description and parameters 

4.2.1 ACM2 model 

The ACM2 model consists of a solid nugget element with its nodes being interpolated to the shell element 

using the RBE3 interpolation method. Considering the interpolation, the RBE3 elements can be connected 

only to the closest shell elements as shown in figure 6, or even involve shell nodes beyond the centre shell 

element. 

This composition results in the following five parameters influencing the spot weld model dynamic 

behaviour:  

• Solid Young’s modulus 

• Solid shear modulus/ Poisson’s ratio 

• Solid density 

• Solid diameter 

• RBE3 diameter 

Figure 6: The ACM2 or RBE3-Hexa-RBE3 spot weld model 

Figure 7: Spider2 model (top) with two different nugget cores (bottom) 
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5 Tuning spot weld model parameters 

5.1 Parameter sensitivity 

Before applying the optimization algorithm to the selected structures, the sensitivity of all suitable 

parameters had to be analyzed. If a parameter was found to be not sensitive, the optimization would result 

in large parameter variation for different test pieces without influencing the model characteristics. 

Commonly, parameter sensitivity is evaluated in the vicinity of an initial value. During optimization of 

spot weld parameters, their values are changed over broad ranges. As a consequence, the sensitivity of a 

parameter over the whole range is of interest. As an illustration, in figure 9, the parameter sensitivity for 

the ACM2 model with respect to a change in Young’s modulus and area scale factor is plotted. 

The graphs illustrate a highly complex behavior. Starting with a soft spot weld model, a small parameter 

change has significant influence on the plotted frequency. As the spot weld reaches a certain stiffness, the 

slope decreases dramatically. This general behaviour is observed for all parameters. Therefore, a simple 

general rule can be formulated that spot weld models should rather be too stiff than too soft as an 

increased stiffness results in smaller changes of frequencies in comparison to too soft models. Since the 

slope of the frequency in figure 9 is large for soft spot weld models, a large frequency error is the result if 

the finite element model is too soft. 

 

Figure 9: Young’s modulus and area scale factor sensitivity for the ACM2 model 

 

Figure 10: Comparison of Young’s modulus and shear modulus sensitivity 

Another observation is plotted in figure 10. The shear modulus sensitivity is compared to the Young’s 

modulus sensitivity and shows that the shear modulus of the spot weld nugget is not a sensitive parameter. 

Therefore, the shear modulus is not taken into account further while tuning spot weld models. 
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Figure 11: ACM2 model optimization: Tuned Young’s modulus plotted for different area scale factors 

with upper boundary 900GPa (top), resulting objective function for different area scale factors (middle). 

Spider2 model optimization: Objective function for different spot weld diameters (bottom) 
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Area scale factor 0.1-4 in steps of 0.1 

Patch (RBE3) diameter closest shell node (equals 

7mm), 10 and 16mm 

Young’s modulus lower constraint 100GPa 

Young’s modulus upper constraint 900GPa 

Table 2: ACM2 parameter optimization 

 

Figure 12: Evaluating the new ACM2 model 

5.2 Tuning parameters 

While optimizing ACM2 parameters using the Nastran optimization algorithm, the patch size as well as 

the area scale factor are changed manually and the Young’s modulus is optimized using the algorithm. An 

overview concerning parameters is given in table 2 including parameter step size and Young’s modulus 

constraints. The result of the optimization is shown in figure 11. The figure on the top visualizes the 

optimum Young’s modulus with respect to an area scale factor change and for a certain RBE3 diameter of 

10mm. The Young’s modulus is limited by the upper constraint throughout a wide range and decreases for 

higher area scale factors. The middle figure shows the optimum set of parameters for the ACM2 model 

(part 1) as the lowest value of the objective function indicates the best model performance. As the 

Young’s modulus violates the upper constraint on a broad band, the constraint is subsequently increased to 

10000GPa resulting in a practically rigid spot weld nugget. The optimum ACM2 spot weld model features 

this Young’s modulus, an area scale factor of 2.2 and a closest node patch which is equal to an RBE3 

diameter of approx 7mm for this mesh size. The second part results in comparable optimum values. 

The Spider2 model optimization is shown in figure 11 (bottom) where the objective function is plotted 

with respect to model diameter. Considering the solid nugget option, this model proved to be very soft and 

optimizations resulted in a Young’s modulus value which violated the upper constraint of 10000GPa. For 

reference, a curve applying the default Young’s modulus of 210GPa is plotted. Even when applying this 

high modulus solid nugget, a rigid RBE2 element connecting all element nodes is preferable. A reason for 

the soft behavior of the solid nugget might be the boundary between shell elements and solid elements as 

shell elements feature rotational degrees of freedom and solids only allow for translational degrees of 

freedom. In general, the required diameter for a good performing Spider2 model is very high and amounts 

to approximately 11mm. 

The error of the first 10 frequencies of part one of the best performing ACM2 and Spider2 model are 

compared to an original ACM2 model with a different set of parameters shown in figure 12. Here, the new 

ACM2 model performs best on average.  
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5.3 Modelling guide lines 

In this study, the ACM2 model showed the best performance and is recommended for modelling spot 

welds also due to its stable automatic implementation. Optimum parameters are a solid Young’s modulus 

of 10000GPa resulting in a rigid nugget, an area scale factor of 2.0, a solid density should be set to a small 

value such as 1kg/m³ such that practically no mass is added through the spot weld model and an RBE3 

diameter of 7mm. The latter ascertains that the stiffness of the spot weld is maintained for refined shell 

element meshes. The Spider2 model is not recommended in the current implementation in Ansa due to its 

risk of instability and disadvantages in performance compared to the ACM2 in this study. 

6 Conclusions 

In this study, the ACM2 and Spider2 spot weld models have been analyzed. Spot weld models are 

commonly dependent on parameters due to the high geometrical complexity of real spot weld connections. 

An approach has been presented tuning spot weld models with respect to parameters to fit experimental 

data in the best possible way. Applying these methods, the discussed spot weld models were optimized 

using a half automated procedure and were evaluated against each other. The best performing model is the 

ACM2 model. The results are formulated as modelling guide lines for direct implementation in 

automotive structure models using pre-processors like Ansa. 

In order to increase precision, the Young’s modulus of the single parts is determined before welding. An 

efficient analytical updating method has been presented and applied to the benchmark structures. 

Acknowledgements 

We would like to thank Anders Granhäll (Volvo 3P) for his contributions with vibrometer scanning. 

References 

[1] M. Palmonella, M. I. Friswell, J. E. Mottershead, A. W. Lees, Finite element models of spot welds in 

structural dynamics: review and updating, Computers and Structures, 83 (8-9), 2005, pp. 648-661 

[2] M. Palmonella, Improving Finite Element Models of Spot Welds in Structural Dynamics, University 

of Wales Swansea, School of Engineering, 2003 

[3] B. Krank, Improving finite element spot weld models for structural dynamics, KTH Royal Institute of 

Technology, Department of Aeronautical and Vehicle Engineering, Stockholm, 2012, ISSN 16514-

7660 

[4] O. C. Zienkiewicz, R. L. Taylor, The finite element method for solid and structural mechanics, 

Elsevier, 2005, ISBN-13 978-0-75066321-2 

[5] P. Lardeur, E. Lacouture, E. Blain, Spot weld modeling techniques and performances of finite 

element models for the vibrational behavior of automotive structures, Proceedings of ISMA vol. 25, 

pp. 387-394, 2000 

[6] D. Heiserer, M. Chargin, J. Sielaft, High performance, process oriented, weld spot approach, First 

MSC Worldwide Automotive User Conference, Munich, 1999 

[7] P. Salvini, F. Vivio, V. Vullo, A spot weld finite element for structural modelling, International 

Journal of Fatique, 22, pp. 645-656, 2000 

3916 PROCEEDINGS OF ISMA2012-USD2012


