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Abstract. This paper presents the application of response surface method in finite element model
updating, as an approach for improving the accuracy and efficiency of the finite element model
of a laser spot welded structure, to reflect the physical responses of the structure. The procedures
of implementation for response surface in model updating such as sampling method, selecting
the significant updating parameters and constructing a quadratic polynomial response surface
are discussed. Initially, the finite element model of the structure was developed using CQUADA4
shell element alongside CWELD element connectors to represent laser spot weld joints. Then,
NASTRAN SOL 103 was used to calculate the dynamic behaviour of the model (natural
frequencies and mode shapes). The experimental modal analysis was then conducted under free-
free boundary conditions via LMS SCADAS to obtain experimental data. The minimisation of
the discrepancies of the finite element model was based on objective function that was formed
by the residuals between finite element and experimental natural frequencies. Results show that
response surface method was efficient to be used in finite element model updating since it is
capable to improve the accuracy of the finite element model.

1. Introduction

In recent years, many structural engineering problems have become more laborious to be solved due to
the high demands towards complex and unique design of the structure, involving many sophisticated
numerical analysis and simulation software to be used for design analysis. One of the most predominant
and practical numerical analysis tools is the finite element method. However, the finite element model
of a structure is normally constructed based on the engineering assumptions of the structural design
whereby it may not truly represent all the aspects of an actual structure [1]-[4]. These may result in a
highly disagreement between the predicted result of the finite element model and the actual structure.
Discrepancies that are generated from the finite element model basically originated from the
uncertainties in simplifying assumptions of the structural geometry, material properties and mechanical
joints. It is often required to optimise the finite element model by adjusting the uncertain parameters
that may improve the prediction results or responses of an actual structure [5], [6].

Since initial finite element models are always not in good agreement with the actual structure, finite
element model updating is such a procedure that can be used to alter or modify the uncertain parameters
that appear so that a more realistic model can be achieved. Theoretically, finite element model updating
is an inversed problem in which the dynamic characteristic is used to identify and modify the uncertain
parameters of finite element model [7]. Previous studies by Ren et al stated that setting up of an objective
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function, selecting updating parameters and applying robust optimisation algorithm are the crucial steps
in model updating [8]. Moreover, Mottershead et al have stated that, finite element model updating is
not only emphasizing the satisfactory degree of accuracy of predicted results with actual structure, but
the updated parameters must also maintain the physical meaning of the structure so that it can mimic the
actual structure accurately and reliably [9].

Basically, there are two methods of model updating which are, direct based model updating and
iterative based model updating [9]. Direct based model updating methods are commonly known as one
step procedure as it directly updates the finite element model to reduce the discrepancies with
experiment result without considering the physical meaning of the updated parameters. Meanwhile,
iterative based model updating methods are involved with the identification of sensitivity of responses
to the updated parameters so as to preserve the physical meaning of the structure. Many previous works
had involved with the use of iterative based model updating by coupling with sensitivity analysis [10]—
[14]. Boscato et al stressed that, the sensitivity based model updating required complicated constructions
of sensitivity matrices because the finite element models should be tuned and recomputed iteratively
during optimisation process [15]. Furthermore, for a large structure, a finite element model contains a
very large degree of freedoms and since iterative method is a repeated procedure, it may cause
convergence difficulty and also contribute to high computational time [16]. These issues make all the
stated methods as not efficient and unpractical to be used for the complex jointed structure such as laser
spot welded structure. Therefore, alternative approaches are explored to obtain more efficient method
that can be used to improve the correlation of the initial finite element model to the experimental data
by using response surface based model updating.

Response surface method is an approach to replace a finite element model by an approximate meta-
model. Originally, meta-model is a simplified model of an actual model of finite element model and has
been replaced statically to represent the input and output relation. Thus, response surface is much
efficient, fast running and has low computational cost since only few yet important parameters are
involved in predicting the responses [17], [18]. In the finite element model updating, once the response
surface of a structure has been constructed, the process is reduced to the task of finding the smallest
value on the response surface and the parameters that correspond to the smallest value are selected to
update the model. The aim of this paper is to present a procedure of finite element model updating based
on response surface method and to obtain better correlation between the predicted and measured results.
In this work, the laser spot welded structure has been used since it contains complex joint connector and
it also involves with many uncertainties.

2. Experimental Modal Analysis (EMA)

In the experimental work, the laser spot welded structure which consists of two sub-components: hat-
shape plate and flat plate as shown in Figure 1 were tested. The sub-components of the structure were
connected by twenty laser spot welds with nominal 5 mm diameter for each and were separated by 60
mm apart. The material used to fabricate the sub-components of the structure are cold rolled mild steel
sheets with overall dimension of 560 mm length, 110 mm wide and 15 mm thickness.

The experimental modal analysis was performed to the laser spot welded structure by using impact
hammer and roving accelerometers method so as to measure the dynamic characteristic of the structure
such as natural frequencies and mode shapes. The frequency bandwidth of interest was set from 1 —
1000 Hz. Prior to measuring the dynamic characteristic of the structure, the structure was set up under
free-free boundary conditions whereby four sets of rubber band and strings were used to hang the
structure from the specially designed clamps by attaching the strings to the holes on the structure and
the other ends of the strings to the clamps (Figure 2). Finally, all the data obtained were processed using
LMS SCADAS data acquisition system.
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Figure 1. Laser spot welded structure

Figure 2. The structure is suspended using Figure 3. Geometry of a laser spot welded
rubber bands and strings structure

3. Finite Element Modelling of Laser Spot Welded Structure

The finite element model under investigation is a laser spot welded structure that has been constructed
so as to replicate component of car body-in-white such as pillar part. In the pre-processing stage of the
finite element modelling, the MSC PATRAN was used to develop the finite element model. The
structure was modelled using CQUAD4 elements (shell) and the model was meshed into 3 mm meshing
size based on the suitability of the meshes size recorded from mesh convergence test (Figure 4). The
CWELD element connectors as shown in Figure 5 then were used to represent as laser spot welds and
to connect the hat-shape plate and flat shape plate sub-components as recommended from previous
studies [19]-[21]. The material properties used in the finite element modelling was based on nominal
properties of mild steel as shown in Table 1.

Table 1. Material properties of the laser spot welded structure [21]

Component Property Value Unit

Hat shape plate Young's Modulus 210 GPa
Poisson's Ratio 0.30 Unitless

Mass Density 7700 kg/m?®

Flat shape plate Young's Modulus 210 GPa
Poisson's Ratio 0.30 Unitless

Mass Density 7700 kg/m?

La?gr\:/%ot[v)v)eld Young's Modulus 210 GPa
Poisson's Ratio 0.30 Unitless

Mass Density 7700 kg/m3
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Figure 4. Finite element model of laser spot Figure 5. CWELD element connectors
welded structure

In this research, normal mode analysis was run using MSC NASTRAN with SOL 103 solver that
was used to identify the natural frequencies and mode shapes of the finite element model. The equation
of motion that has been used to discretise the system to a finite element model, also known as 2™ order
differential equation is given as

M (t) + Cx(t) + Kx(t) = f(t) 1)

where M, C and K are symmetric matrices of mass, damping and stiffness. Meanwhile %, x and x
represent the vector of accelerations, velocities and displacement respectively and f(t) is vector of
external forces. It has been found that, the damping value of the structure can only be determined
experimentally. In this study, the experimental frequency response function (FRF) data as shown in
Figure 6 indicates that the laser spot welded structure tends to be undamped. The value of damping is
less than one percent and it can be considered lightly damped [20]. Therefore, the effect of damping can
be theoretically neglected in finite element modelling. As a result, for the undamped free vibration
analysis, the equation (1) can be simplified as

Mi(t) + Kx(t) =0 2
The equation (2) can be solved by assuming the harmonic solution in the form of
X = ¢psinwt (€))
where ® and ¢ are the mode shape and natural frequency of the system. If the differentiation of the
assumed harmonic solution is performed and substituted in equation (2), the equation of motion yields
and simplified to the following
(K—w?M)¢ =0 (4)

The natural frequencies and mode shapes of the laser spot welded structure can be predicted by
solving the equation (4) using finite element commercial software such as MSC NASTRAN.
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Figure 6. Frequency response function (FRF) of laser
spot welded structure

4. Response Surface Methodology for Finite Element Model Updating

Finite element model updating based on response surface methodology is an approach to acquire the
global approximations of the structural response that contains objectives and constraints established
from functional evaluations at various points in the design space. Basically, finite element model
updating based on response surface methodology often involves a combination of experimental
strategies, mathematical, probability and statistical methods and much useful for the engineers to
optimising structures based on the research interest [22].

4.1. Latin hypercube sampling method

In order to develop a response surface that will serve as a meta-model for the finite element model, one
of the basic process is to calculate the initial predicted response features at various points in the
parameter space by performing experiment at each of the points. The values that are featured in the
experiment ran across the parameter domain fit with a response surface. The term of experimentation
herein refers to either physical experiments or computer experiments that will serve as sampling. Latin
hypercube sampling (LHS) is a method of sampling that can be used to sample the design space by
bounding the upper lower limits of each of the design variable [23]. However, this method is performed
by generating random sample points and ensuring that all portions of the design space are represented
in the same probability trend. This method operates by subdividing the sample space into smaller regions
and evenly distributed sampling points by ensuring a good coverage of the random parameter [24].

4.2. Response surface regression

It is essential to construct a response surface form that can represent structural response accurately. The
selected response surface form should be capable of attaining surfaces that meet specific smoothness
requirements of an application. In the case of finite element model updating in structural dynamics,
polynomials are popular forms representing a response surface because the calculations are simple and
the resulting function is closed-form algebraic expression [25]. The first step in response surface
methodology is to find a suitable approximation for the true functional relationship between y and the
set of its independent variables of x. Usually, a low-order polynomial in some regions of the independent
variable is employed. If the response is well modelled by a linear function of the independent variables,
the approximating function is the first order model represented as:

y = Bo + Xit1 Bix; (%)

Since the real world problems are usually very complicated, linear estimation may not perform well in
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providing a good representation of the objective function. If a curvature appears in the system, then
quadratic model will be:

n=2 n=1
y = ﬁo+2ﬁ1xl+2ﬁux +Z Z Buxix+ ) ) By (6)
i=1j=1+1 i=1 j=i+1

Equation (5) and equation (6), y is the response variable, fo is the constant term, f; is the coefficient of
the linear term, i is the coefficient of quadratic single term, g is the coefficient of the quadratic cross
product term, Siii is the coefficient of the cubic single term, fij is the coefficient of the cubic two cross
product terms, and pix is the coefficient of the cubic three cross product terms. The X, Xj, Xk terms
represent the independent variables.

4.3. Finite element model updating

Model updating is an approach to improve the correlation of finite element model and the test structure
by correcting the invalid assumptions of the model to an acceptable level of accuracy. In the structural
dynamics, the structural response are often eigen-solutions related to such as natural frequencies and
mode shapes. In this research, natural frequencies are employed as objective response. Therefore, the
optimised objective function is formulated in terms of the residuals between analytical and measured
natural frequencies and can be expressed as

n 2fe
1=Zwi(f—‘xp—1> )

where, /’lep is the i-th experimental eigenvalue and Alfe is the i-th predicted eigenvalue from the finite
element model and n is the number of eigenvalues involved in the updating procedure.

5. Results and Discussion

In this study, the dynamic characteristic of interest which is natural frequencies of the laser spot welded
structure were successfully obtained using the finite element method and experimental modal analysis.
CQUADA4 shell elements were used to model the structure, and CWELD element connectors were
implemented to represent as laser spot welds. Initially, MSC NASTRAN SOL 103 was used to
calculating the predicted dynamic characteristic of the structure. Meanwhile, SOL 200 was used for
updating the initial finite element model using response surface method in light of the experiment results.
Tables 2 shows the results of natural frequencies obtained using the above-mentioned methods.

Table 2 shows the comparison of results between the initial finite element model and experiment
modal analysis of the first six vibration modes. An enormous total error of 21.38 percent was identified
in the initial predicted model with 2" mode was contributed to the largest error. The other noticeable
modes that have a high contribution to the total error were observed in the 3" and 6" modes with 3.69
percent and 3.67 percent respectively. It has been found that, these relative errors occurred due to the
inability of the initial finite element model to mimic the actual structure accurately. This is because, the
finite element model was constructed based on engineering assumptions on geometry, material
properties, and spot weld joints [26]. Therefore, some improvement on the assumptions in the initial
finite element model must be done to accurately represent the structure.

Finite element model updating using response surface method was successfully applied to the initial
finite element model with the minimisation of the natural frequencies in a light of measured natural
frequencies as stated in the objective function. As tabulated in Table 2, a great improvement was
achieved with the total error showing a huge decrement from 21.38 percent to 14.54 percent. The results
in Table 2 also show that the updating has led to a reduction in the individual error of every vibration
mode particularly for the 5" mode, from 3.17 percent to 1.86 percent.
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Table 2. Comparison between the measured, predicted and updated results for the structure

l. 1. 1. V. V.
Mode EMA FE Error between RSM Error between
(Hz) (Hz) | & 11 (%) (Hz) | & IV (%)

1 503.83 515.57 2.33 512.32 1.69

2 555.53 583.48 5.03 575.58 3.61

3 572.48 593.58 3.69 589.36 2.95

4 632.32 654.40 3.49 645.51 2.09

5 643.03 663.44 3.17 654.99 1.86

6 664.89 689.26 3.67 680.53 2.35
Total Error 21.38 14.54

6. Conclusion

In this paper, an application of the finite element model updating based on response surface methodology
of the laser spot welded structure is presented. The response surface using quadratic polynomial was
constructed using the finite element so as to improve the initial prediction response such as natural
frequencies. On top of that, the Latin hypercube was successfully used to develop the replacement model
of the initial finite element model of the structure. In the part of finite element modelling, CQUAD shell
element and CWELD element connectors were implemented by assuming the material properties of
mild steel to represent as hat-flat shape plate and laser spot welds respectively. After that, the initial
prediction was optimising using finite element model updating based on response surface methodology.
By replacing the original finite element model to the response surface form, the model updating process
becomes efficient and capable to reduce the discrepancies of the initial finite element model.

Acknowledgments

The authors wish to acknowledge the Malaysia Ministry of Higher Education (MOHE), Research
Management Institute (RMI) and Institute of Graduate Studies of Universiti Teknologi MARA (UiTM)
for providing financial support for this research through the fundamental research grant scheme (FRGS)
600-IRMI/FRGS 5/3 (172/2019). They would also like to extend their sincere gratitude for the support
and help given by Prof. Hadariah Bahron, all SDAV members and Assoc Prof Dr Hjh Siti Akmar Abu
Samah.

References

[1] S. E. Abdel Raheem, A. K. Abdel Zaher, and A. M. Taha, “Finite element modeling assumptions
impact on seismic response demands of MRF-buildings,” Earthqg. Eng. Eng. Vib., vol. 17, no. 4,
pp. 821-834, 2018.

[2] M. A. Yunus, M. A. S. Aziz Shah, M. N. Abdul Rani, W. I. I. Wan Iskandar Mirza, and S.
Kushairi, “Experimental and Finite Element Analysis of Laser Stitch Welded Structure,” J.
Mech. Eng., vol. 4, no. 3, pp. 155-162, 2017.

[3] M. Zhan, Q. Guo, L. Yue, and B. Zhang, “Modeling and Stochastic Model Updating of Bolt-
Jointed Structure,” Shock Vib., vol. 2018, pp. 1-12, 2018.

[4] M. A. S. Aziz Shah, M. A. Yunus, M. N. Abdul Rani, N. A. Tormidi, A. A. Mat Isa, and W. I. I.
Wan Iskandar Mirza, “Closed Mode Separation of The Symmetrical Structure,” J. Mech. Eng.,
2018.

[5] S. Daouk, F. Louf, O. Dorival, L. Champaney, and S. Audebert, “Uncertainties in structural
dynamics: overview and comparative analysis of methods,” Mech. Ind., vol. 16, no. 4, p. 404,
2015.

[6] M. A. Yunus, M. N. A. Rani, M. S. M. Sani, and M. A. S. A. Shah, “Finite element model
updating of riveted joints of simplified model aircraft structure,” AIP Conf. Proc., vol. 1952, no.



Ist Colloquium on Noise, Vibration and Comfort IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 1262 (2019) 012002  doi:10.1088/1742-6596/1262/1/012002

[7]
(8]
9]
[10]

[11]
[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

1, p. 20013, 2018.

M. Friswell and J. E. Mottershead, Finite Element Model Updating in Structural Dynamics.
Springer Netherlands, 1995.

W. X. Ren and H. B. Chen, “Finite element model updating in structural dynamics by using the
response surface method,” Eng. Struct., vol. 32, no. 8, pp. 2455-2465, 2010.

J. E. Mottershead and M. L. Friswell, “Model Updating In Structural Dynamics: A Survey,”
Journal of Sound and Vibration, vol. 167, no. 2. pp. 347-375, 1993.

M. S. Mohd Zin, M. N. Abdul Rani, M. A. Yunus, W. I. I. Wan Iskandar Mirza, A. A. Mat Isa,
and Z. Mohamed, “Modal and FRF Based Updating Methods for the Investigation of the
Dynamic Behaviour of a Plate,” J. Mech. Eng., vol. 4, no. 3, pp. 175-189, 2017.

Y. Yuan and H. Liu, “An iterative method for solving finite element model updating problems,”
Appl. Math. Model., vol. 35, no. 2, pp. 848-858, 2011.

J. E. Mottershead, M. Link, and M. L. Friswell, “The sensitivity method in finite element model
updating: A tutorial,” Mech. Syst. Signal Process., vol. 25, no. 7, pp. 2275-2296, 2011.

M. A. Yunus, H. Ouyang, M. N. A. Rani, and A. A. M. Isa, “Modal test and model updating for
a welded structure made from thin steel sheets,” 20th Int. Congr. Sound Vib. 2013, ICSV 2013,
no. 7, pp. 7-11, 2013.

M. N. Abdul Rani, S. Kasolang, M. H. Othman, M. A. Yunus, W. I. I. Wan Iskandar Mirza, and
H. Ouyang, “Finite Element Modelling and Modal Based Updating for the Dynamic Behaviour
of a Laser Spot Welded Structure,” ICSV 2016 - 23rd Int. Congr. Sound Vib. From Anc. to Mod.
Acoust., pp. 1-8, 2016

G. Boscato, S. Russo, R. Ceravolo, and L. Zanotti Fragonara, “Global Sensitivity-Based Model
Updating for Heritage Structures,” Comput. Civ. Infrastruct. Eng., vol. 30, 2015.

L. Deng and C. S. Cai, “Bridge Model Updating Using Response Surface Method and Genetic
Algorithm,” J. Bridg. Eng., vol. 15, no. 5, pp. 553-564, 2009.

T. Marwala, Finite-element-model updating using computional intelligence techniques:
Applications to structural dynamics. 2010.

S. Sehgal and H. Kumar, “Structural Dynamic Model Updating Techniques: A State of the Art
Review,” Arch. Comput. Methods Eng., vol. 23, no. 3, pp. 515-533, 2016.

M. Palmonella, M. I. Friswell, J. E. Mottershead, and A. W. Lees, “Guidelines for the
implementation of the CWELD and ACM2 spot weld models in structural dynamics,” Finite
Elem. Anal. Des., vol. 41, no. 2, pp. 193-210, 2004.

R. M. N. . Abd Halim. N.I, Yunus.M.A, Kasolang.S, “Finite Element Model of the Spot Welded
Joints of Door in White (DIW),” Eng. Appl. Sci., vol. 11, no. 11, pp. 2474-2478, 2016.

M. S. M. Zin, M. N. A. Rani, M. A. Yunus, M. S. M. Sani, W. I. I. Wan Iskandar Mirza, and A.
A. Mat Isa, “Frequency response function (FRF) based updating of a laser spot welded structure,”
AIP Conf. Proc., vol. 020055, p. 020055, 2018.

M. A. Yunus, S. Nazri, M. N. Abdul Rani, A. Tormodi, and S. Kasolang, “Response surface
reconciliation method of bolted joints structure,” MATEC Web Conf. AiGEV 2016, vol. 90, p.
01013, 2017.

G. G. Wang, “Adaptive Response Surface Method Using Inherited Latin Hypercube Design
Points,” J. Mech. Des., vol. 125, no. 2, p. 210, 2003.

S. W. Doebling, F. M. Hemez, J. F. Schultze, and A. L. Cundy, “A Metamodel-Based Approach
to Model Validation for Nonlinear Finite Element Simulations Model Validation — Beyond Test
/ Analysis Correlation,” Simulation, 2002.

C. Mares, J. E. Mottershead, and M. L. Friswell, “Stochastic model updating of a spot welded
structure,” Int. Conf. Noise Vib. Eng., vol. 1-8, pp. 1885-1898, 2005.

M. S. M. Zin, M. N. A. Rani, M. A. Yunus, M. A. Ayub, M. S. M. Sani, and M. A. S. A. Shah,
“Modal based updating for the dynamic behaviour of a car trunk lid,” in AIP Conference
Proceedings, 2019, p. 020001.



