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Abstract

The authors propose the use of generic elements as a viable tool for parametric model based damage detection. The

subject is divided into two related papers, and this paper is concerned with the requirements of the baseline model for

damage detection, and the use of model updating to produce a validated finite element model of the undamaged

structure. Two parameterisations are considered, based on the need to use the same parameterisation for subsequent

damage detection. The novel aspect of this approach is the use of generic elements in damage detection where a pre-

liminary updating exercise is required. The result is an updated model with physical meaning that may be used to detect

and locate damage in a symmetric structure.
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1. Introduction

Damage detection methods that use mathematical

models can be divided into non-parametric and para-

metric approaches. Doebling et al. [1] gave an extensive

review of these methods. Friswell and Mottershead [2]

provided a review of parametric identification tech-

niques in the context of model updating. Farrar and

Duffey [3] reviewed the subject of damage detection in

rotating machinery. Non-parametric methods detect

damage via the direct use of such quantities as natural

frequencies and modes, stiffness and flexibility matrices.

Parametric methods use a pre-selected set of parameters

to define the model of the structure in question and the

assumed damage mechanisms and their potential loca-
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tion. These methods determine the damage state of the

structure by means of changes in the values of the pa-

rameters. The choice of parameterisation and the type

of damage can considerably influence the performance

of these methods. A number of parameterisation tech-

niques may be employed, among them are substructure,

physical and geometric parameters, generic elements and

equivalent models of inadequately idealised structural

parts of the finite element models. The following pre-

sents a brief review of the recent use of different pa-

rameter types in damage detection.

Abdalla et al. [4] used substructure parameters along

with the theory of linear matrix inequalities to formulate

a convex optimisation problem for damage detection.

The authors applied the same approach to a real canti-

levered beam [5] and evaluated the approach for in-

complete measurements [6]. Contursi et al. [7] proposed a

procedure optimising the correlation between vectors of

differences in the natural frequencies due to damage in

the experiment and analytical model. Hassiotis [8] for-

mulated damage detection as a quadratic programming
ed.
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problem with constraints in the form of linear equalities

and inequalities, and damage is modelled by substructure

parameters using element stiffness matrices. Santos et al.

[9] formed a penalty function using the sensitivity

method and damage was again modelled with substruc-

ture stiffness parameters. Zimmerman et al. [10] em-

ployed Ritz vectors in a modified minimum rank

perturbation algorithm, and was compared with a

method based on a genetic algorithm, again employing

substructure parameters to represent the effect of dam-

age. Sohn and Law [11] introduced Ritz vectors em-

ploying the concept of Bayesian probability using

substructure stiffness parameters. Wang et al. [12] pre-

sented a two-stage damage detection algorithm, where a

quadratic programming approach was applied at the

second stage to determine the extent of the damage as

proportional changes in the elemental matrices.

Friswell et al. [13] used physical parameters in a

scheme combining a genetic algorithm and the sensitiv-

ity method for the location and quantification of dam-

age, respectively. The parameters were chosen to be the

flexural stiffness of all of the elements. Friswell et al. [14]

used subset selection for damage location and evaluated

the approach on a simulated cantilevered beam. The set

of so called candidate parameters consisted of the mass

and flexural stiffness of all of the elements, as well as

discrete masses and grounded springs attached to all of

the nodes. Papadimitriou et al. [15] presented damage

detection as a quadratic programming problem with

inequality constraints, which enabled the use of arbi-

trary physical parameter sets. Marwala and Heyns [16]

presented a combined criteria based on minimising the

Euclidean norm of the residual vector resulting from the

underlying eigenvalue problem. The Young’s moduli of

each element were chosen to constitute the parameter

vector. Yigui and Yichen [17] proposed the application

of neural networks for damage detection, where the

training samples were created by varying the parameter

values, namely flexural stiffnesses. Sawyer and Rao [18]

used physical parameters to parameterise a finite ele-

ment model for subsequent training of a fuzzy logic

based system. Damage was simulated by a reduction in

structural stiffness by varying Young’s modulus. Kim

and Bartkowicz [19] used a set of physical parameters

consisting of cross-sectional areas, moments of inertia

with respect to two different axes and polar moments of

inertia corresponding to selected elements. The authors

applied this strategy to a 10-story truss structure, re-

ducing the overall number of parameters by using only

the Young’s modulus for each element of the model [20].

Most of the papers cited above used element pa-

rameters, although alternative parameterisations have

been tried. Yun and Bahng [21] focused on structural

joints and used an approach based on neural networks.

The joints in the structure were modelled as connections

with finite stiffness, i.e. flexible joints, using rotational
springs at the joint locations as an equivalent joint

model. Wang et al. [22] also considered damage detec-

tion in structural joints, but used generic elements based

solely on the translational degrees of freedom. Damage

was assumed to occur only at joint locations and other

parts of the structure were not parameterised. The ap-

proach was evaluated on a simulated model of a frame

structure with L- and T-shaped joints. Law et al. [23]

introduced a concept called Damage Detection Oriented

Modeling, which is essentially the application of a ge-

neric element parameterisation to the model of the Tsing

Ma (Hong Kong) bridge.

The goal of this and the subsequent paper is to

propose the use of generic elements in the context of

damage detection. The damage detection scheme con-

sists of model updating of the baseline finite element

model, followed by the use of the sensitivity matrix

along with the vector of (relative) changes of the chosen

dynamic properties for damage location. The approach

is tested on a thin-walled H-shaped welded test article.

This paper represents first part of the study dealing with

the model updating of the baseline mathematical model

created by the finite element method and it will be fol-

lowed by second paper dealing with the damage detec-

tion aspects.
2. Theoretical considerations

2.1. General approach

The model updating and damage location approach

proposed in this and the subsequent paper minimises the

difference between modal quantities (usually natural

frequencies and less often mode shapes) of the measured

data and model predictions. This problem may be ex-

pressed as the minimisation of J where,

JðpÞ ¼ kzm � zðpÞk2 ¼ eTe; with e ¼ zm � zðpÞ ð1Þ

where zm; zðpÞ 2 RnFðnMþ1Þ are the measured and com-

puted modal parameter vectors, p is a vector of all pa-

rameters, e is the modal residual vector and nF, nM are a

number of identified natural frequencies and corre-

sponding mode shape coordinates. The modal residual

in Eq. (1) is a non-linear function of the parameters and

the minimisation is solved using a truncated linear

Taylor series and iteration. Thus the Taylor series is

zm ¼ zj þ Sjdpj þ higher order terms

zj ¼ zðpjÞ; Sj ¼ SðpjÞ; dpj ¼ pm � pj
ð2Þ

where the matrix Sj 2 RnFðnMþ1Þ�nP consists of the first

derivatives of the modal quantities with respect to the

model parameters, index j denotes the jth iteration and

pm is the parameter vector that gives the measured

outputs. Friswell and Mottershead [2] gave more detail
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Fig. 1. The effect of model updating on sensitivity matrix and

its use in damage location.
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on the algorithms available for model updating. In this

paper mode shapes will not be used for the updating

studies, except for pairing individual modes, and Sj will

be of size RnF�nP . This will not be the case for damage

location presented in the companion paper. By neglect-

ing higher order terms, an iterative scheme may be de-

rived, using the linear approximation,

dzj ¼ Sjdpj ð3Þ

where dzj ¼ zm � zj, dpj ¼ pjþ1 � pj. This formula will

be the basis of model updating and also for damage

localisation in a slightly modified form.

A frequent problem that arises in model-based vi-

bration-based damage detection, whether parametric or

non-parametric, is the need for a very accurate mathe-

matical model, so that it correctly captures the actual

structural dynamic behaviour in some pre-determined

frequency range. Often in structural health monitoring

the changes in the measured quantities caused by

structural damage are smaller than those observed be-

tween the healthy (i.e. undamaged) structure and the

mathematical model. Consequently, it becomes almost

impossible to discern between inadequate modelling and

actual changes due to damage. There are two alternative

approaches to this problem [14]. The first is to update

the healthy model so that the correlation between the

model and the measured data is improved. This ap-

proach requires that the errors that remain after up-

dating are smaller in magnitude than the changes due to

the damage. Furthermore the changes to the model

should be physically meaningful, so that the updating

process corrects actual model errors, and does not

merely reproduce the measured data. The second ap-

proach is based on the use of (relative) differences be-

tween data measured on healthy and potentially

damaged structure. Translated into mathematical terms,

the following modified version of Eq. (3) is considered

Sdp ¼ zm � zð0Þ ¼ zd � zu � dz ð4Þ

where dp is a vector of parameter changes due to dam-

age, zd, zu are vectors of measured modal quantities of

the damaged and undamaged structure, respectively. In

this case, assuming that the only changes in the structure

are due to damage, the problem may be reduced to

finding those parameters that reproduce the measured

changes. As the parameters in this case represent both

the location and the type of damage, it should be pos-

sible through the minimisation of dz in Eq. (4) to iden-

tify the region as well as the form of the damage via the

selection of an optimal subset of parameters from vector

dp. This approach leads to the problem of parameter

subset selection from the full set of parameters included

in dp. The subject of parameter subset selection and its

utilisation in damage location will be studied in the
second paper. This paper will consider the need for ac-

curate mathematical models and role of model updating.

The question that arises for this second approach is

how accurate does the baseline model need to be? Tit-

urus [24] successfully applied this technique using the

original baseline model to a T-shaped structure and

compared five different parameterisation approaches.

However, if the baseline model is relatively inaccurate,

so that the model predictions are significantly different

from the measured data from the healthy structure, then

model updating must be applied. This is demonstrated

symbolically in Fig. 1. If the difference between the

baseline mathematical model (represented by point A)
and the data measured on the healthy structure (point B)
is too large then model updating becomes necessary. In

essence, this approach assumes availability of a model

that is able to correctly estimate the actual parameter

vector dpB using zd � zu and SB, i.e. a model close en-

ough to point B. This is not the case for the baseline

model represented by SA and the same set of experi-

mental data represented by zd � zu, producing an in-

correct estimate dpA.
The above approach does assume that the damage is

small, in the sense that the linear approximation given

by Eq. (4) is accurate. In practice the change in the re-

sponse is relatively small, although the change in a local

parameter may be large. Although there is no guarantee

that the approach will work when the linear approxi-

mation is inaccurate, usually the parameters with large

changes will be identified. This is still a useful result,

since the identification of damage location is often more

important that accurately estimating damage extent.

2.2. Generic elements

Generic elements have been developed for use in

model updating and may be considered as equivalent

models of elements or substructures [25]. Law et al. [23]

applied generic elements to the finite element model

updating of the Tsing Ma bridge in Hong Kong. Wang

et al. [22] used generic elements in damage detection,
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dealing with the simulated problem of damage detection

in a frame structure with flexible L-shaped and T-shaped

structural joints.

Generic element parameterisation is based on al-

lowing changes to the eigenvalues and eigenvectors of

the stiffness matrices of structural elements or sub-

structures. These changes are usually constrained so that

properties such as the rigid body modes and the geo-

metric symmetry are retained. The form of generic ele-

ment parameterisation assumed in this paper is a

modification of a standard formulation [2] where only

changes in the stiffness matrices are allowed, assuming

the correct modelling of mass properties and thus that

the damage only influences the stiffness properties.

In the standard formulation, the eigenvalue problem

for any selected substructure or element stiffness matrix

can be written as

ðKSUB � kSUB
i IÞ/SUB

i ¼ 0

ðUSUBÞTKSUBUSUB ¼
0 0

0 KS

" # ð5Þ

where

USUB ¼ ½/SUB
1 ; . . . ;/SUB

nR
;/SUB

nRþ1; . . . ;/
SUB
nSUB

�
¼ ½UR;US� 2 RnSUB�nSUB ; nR 6 6 ð6Þ

KSUB is a substructure stiffness matrix, USUB is the ei-

genvector matrix of KSUB, kSUB
i and /SUB

i are the ith ei-

genvalue and eigenvector of matrix KSUB, respectively.

Submatrix KS is a diagonal matrix of non-zero eigen-

values of matrix KSUB. The dimensions of these matrices

depend on the size of the chosen substructure, where

nSUB is a number of degrees of freedom of substructure

and nR 6 6 is the number of rigid body modes, UR, US

are submatrices of USUB corresponding to the rigid and

structural modes, respectively.

A modified set of substructure eigenvectors [2] may

be obtained by a linear transformation, as

½U0R;U0S� ¼ ½UR;US�
SR SRS

0 SS

� �
ð7Þ

where the index 0 denotes the original quantities and

matrices without index 0 represent modified quantities.

Notice that in Eq. (7) the modified rigid body modes do

not contain any of the structural modes. By rearranging

Eq. (5) and using Eq. (7), the modified substructure

stiffness matrix may be written as

KSUB ¼ U0SS
T
SKSSSU

T
0S

¼ U0S

j1;1 � � � j1;ðnSUB�nRÞ

. .
. ..

.

Sym jðnSUB�nRÞ;ðnSUB�nRÞ

2
64

3
75UT

0S ð8Þ
Eq. (8) is a basis for generic element parameterisation

for damage detection used in this paper. j1;1; . . . ;
jðnSUB�nRÞ;ðnSUB�nRÞ are the most general parameters for

this parameterisation. Employing additional assump-

tions related to the geometric symmetry or anti-sym-

metry of the corresponding eigenvectors may

significantly reduce the total number of parameters. The

sensitivity of natural frequencies with respect to these

parameters is

oki
opj

¼ /T
i

o

opj
K0

 
þ
XNP

l¼1

Klðpelem;lÞ
!
/i

¼ /T
i

oKjðpelem;jÞ
opj

/i ð9Þ

where NP is a number of parameterised substructures or

elements, pelem;l is a group of parameters corresponding

to lth substructure or element, p is a vector of all pa-

rameters, K0 is non-parameterised part of the global

stiffness matrix, ki is the ith eigenvalue and pj is jth
parameter of a chosen parameterisation.

Generic elements introduce flexibility into the joint in

a controlled way. Other equivalent models, such as

discrete rotational springs, offset parameters or changing

the properties of elements adjacent to the joint may also

be used, although generic parameters do have advanta-

ges [26]. In particular, all models pre-judge how the joint

will operate within the full model of the structure,

whereas the generic element approach automatically

finds the likely low frequency motion of the joint.

Consider a two dimensional �T’ joint constructed from

three beam elements. Each node has three degrees of

freedom and, since the substructure has four nodes, the

substructure stiffness matrix has three rigid body eigen-

vectors and nine flexible eigenvectors. Fig. 2 shows the

nine flexible eigenvectors for this substructure, where the

circles and dots represent the nodes and the dotted line is

the undeformed joint. The finite element shape functions

have been used to produce smooth deformation shapes.

The lower eigenvectors have much simpler deformation

shapes that are more likely to represent the motion the

substructure would undergo in many of the global

modes of the structure. Thus reducing the eigenvalues

corresponding to these eigenvectors makes the joint

substructure more flexible in the frequency range of the

global dynamics. Higher frequency eigenvectors of the

substructure may also be included if the motion of

the joint is more complex, however the first two eigen-

vectors of the �T’ joint were found to characterise the

dynamics of the frame structure considered later. Fig. 3

shows the three flexible eigenvectors of a beam element,

which has three degrees of freedom per node and hence

three rigid body eigenvectors and three flexible eigen-

vectors. Again the deformation represented by the first

eigenvector will most likely represent the motion the
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Fig. 2. Substructure eigenvectors for a �T’ joint.
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Fig. 3. Substructure eigenvectors for a beam element.
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element would undergo in the global modes of the

structure. Gladwell and Ahmadian [25] gave further

explanation of the physical meaning of generic elements.
2.3. Model updating

This paper will use the eigensensitivity method for

model updating, which requires the derivatives of the

chosen response quantities with respect to the chosen

model parameters [2]. The method is based on Eq. (3)

and minimises the residual,

e ¼ dz� Sdp ð10Þ

where e is a modal residual vector and the matrix

S 2 RnF�nP consists of the first derivatives of the response

modal parameters with respect to the model parameters.

Since Eq. (10) is a linear approximation the process is

iterative, although the iteration index has been omitted

for clarity. If natural frequencies alone are used, then nF
and nP are the total number of identified natural fre-

quencies and model parameters, respectively. The fol-

lowing cost function provides the basis for the iterative

updating procedure, taking into account additional
regularisation constraints and the different relative im-

portance of the measured data [2]. Thus,

JabðpÞ ¼ eTWeeeþ ajfp� p0g
T
Wppfp� p0g

þ bjfCp� dgTfCp� dg
a 2 ð0; 1Þ; Wee 2 RnF�nF ; Wpp 2 RnP�nP

b 2 ð0; 1Þ; C 2 Rneq�np ; d 2 Rneq

ð11Þ

where the diagonal weighting matrices Wpp;Wee repre-

sent the analyst’s confidence in the initial model pa-

rameter values and the accuracy of measured data

respectively, the parameter a controls the regularisation

due to the initial parameter values, while the parameter

b provides the same effect for the parameter constraints

and p0 is an initial estimate of the parameter values. The

regularisation conditions reduce the parameter change

during the iteration process and assuming an exponen-

tial form ensures that the effect of the a priori infor-

mation continually decreases. The magnitude of a and b
affects the convergence rate of the parameter estimation

process, but not the final parameter estimates. If the

procedure converges to the local minimum closest to the

initial parameter values, then since a and b are less than

one, the regularisation terms become negligible. Thus,



2278 B. Titurus et al. / Computers and Structures 81 (2003) 2273–2286
on convergence, the cost function does not depend on a
or b.

Eq. (11), without the constraint regularisation

ðb ¼ 0Þ represents a modified version of a cost function

given by Friswell and Mottershead [2], where here the

regularisation parameter a reduces as the iteration pro-

gresses. The general form of Eq. (11), includes the third

term which represents constraints given by properly

chosen quantities C and d [26] and neq is the total

number of these constraints. This term allows for addi-

tional a priori conditions where nominally equal pa-

rameters are approximately equal. The following

example represents an equality condition for two arbi-

trary parameters resulting in one constraint equation,

given by

pi ¼ pj

C ¼ 0 . . . 0 þ1|{z}
i

0 . . . 0 �1|{z}
j

0 . . . 0
� �

;

d ¼ 0

C 2 R1�nP ; d 2 R

ð12Þ

Matrices Wpp and C have to be chosen so that the

extended Morozov’s complementary condition,

rank

S

W1=2
pp

C

0
@

1
A ¼ NP ð13Þ

will be fulfilled [27].

Minimising the cost function (11) gives the following

update of the model parameters (the iteration index has

been omitted):

dp ¼ ½STWeeSþ ajWpp þ bjCTC��1fSTWeedz

� ajWppðpj � p0Þ � bjCTðCpj � dÞg ð14Þ

where the sensitivity matrix S is computed at the jth
parameter value, pj. Furthermore, because of possibly

large differences in parameter values and the measured

modal data, row and column scaling is employed to
1100 
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(a) 

Fig. 4. The outline and the disc
prevent ill-conditioning problems, based on the initial

parameter values and the measured data. Further in-

formation concerning the choice of the regularisation

and weighting constants will be provided during the

analysis of the experimental results.
3. Experimental structure

3.1. Geometry and experimental setup

The structure chosen to evaluate the strategy

presented above consisted of four thin-walled tubes

connected by four fillet welds. These joints were inten-

tionally manipulated to produce one healthy and six

damaged cases. This paper considers only the healthy

case, that is the undamaged structure where the model

requires updating. The second paper considers damage

detection by comparing the selected damaged cases to

the updated mathematical model of the undamaged

structure.

Fig. 4 shows the experimental structure, together

with the experimental (EMA) measurement locations.

The finite element (FEM) nodes were placed at the

measurement locations. Thus 32 degrees of freedom

were measured, whereas the FE model contained 96

degrees of freedom (three degrees of freedom per node).

The in-plane dynamics of the structure were measured,

and the structure was supported in the free–free condi-

tion supported by elastic bands. The structure was ex-

cited by a roving impact hammer and the response was

measured using two fixed accelerometers (Fig. 4(b)). The

frequency range of interest was from 0 to 625 Hz and

each time signal consisted of 215 samples. The identifi-

cation of the modal properties from the 64 frequency

response functions was performed in the frequency do-

main using the Structural Dynamics Toolbox [28].

Model updating, data management and damage loca-

tion were performed in MATLAB, although a detailed

model of the structure was also created and evaluated in

ANSYS.
1 2 12

32 

1324

27

Sensor no.1

Sensor no.2 

(b) 

retisation of the structure.
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3.2. Modelling considerations: baseline FE model

The baseline finite element model of the structure

shown in Fig. 4 was created using Euler–Bernoulli pla-

nar elements (EB2D) with three degrees of freedom

(DOFs) per node. More advanced formulations, incor-

porating shear effects and rotary inertia [29,30], or more

detailed modelling using the shell theory are not re-

quired. It will be shown that model updating of this

simple beam model is able to accurately predict the

structure’s dynamics. Simple beam theory will break

down near the joints, but here generic elements will be

used to produce equivalent models that are sufficiently

accurate for the lower frequency modes, and provide a

good starting point for subsequent damage detection

algorithms. The beam model results will be compared

to a detailed ANSYS model using four-node linear

shell elements, however the baseline beam model has

96 DOFs and the detailed shell model has 5040

DOFs.

Problem areas related to the use of EB2D (or EB3D)

elements for the FE models are the structural joints. The
90o

(a) (b) 

Fig. 5. The use of EB2D eleme

 

(a)      

Fig. 6. The detailed shell mo
inevitable simplifications lead to systematic errors that

have to be considered when a model is used for damage

detection and should be addressed by model updating.

Fig. 5 demonstrates the problem of the assumed ideali-

sation that occurs when beam elements, such as EB2D,

are employed in the modelling of joints. Determining the

correct region for the attachment point of the horizontal

and vertical parts is difficult and the assumption is made

that these two parts always meet at a 90�, see Fig. 5b.

While this approach is reasonable in the case of solid

beams, Titurus [24] showed that the error in this as-

sumption for thin-walled tubes appears to be significant,

see Fig. 5c. Thus model updating, using so called

equivalent joint models [31], may be used to produce a

model that more accurately predicts the measured data.

Fig. 6 illustrates the phenomenon described above, and

shows a shell model of the structure (Fig. 6a), its first

strain mode shape (Fig. 6b) and the detailed deforma-

tion near one of the welded joints (Fig. 6c). Clearly the

region near the joint is more flexible than the beam

model will predict, and highlights the regions requiring

updating of the model stiffness.
(c)

nts for T joint modelling.

(b) (c)

del of the H structure.
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3.3. The identification for the undamaged case

This section presents the results of the experimental

modal analysis and compares this data with that from

the different models with a view to increasing the un-

derstanding of the dynamics of the structure. Fig. 7

shows a typical FRF chosen from the 64 that were

measured, where the structure is excited at node 2 and

the response measured at node 12, in both cases per-

pendicular to the beams. The results of the identification

correspond to the healthy or undamaged case, and the

FRF fitted by the modal analysis procedure is also
100 200 300
10 4

10 2
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Freque

A
m

pl
itu

de
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m
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/N
)

Fig. 7. Frequency response functio

60.57 Hz 126.53 H

175.89 Hz 280.77 

360.69 Hz 437.72 

Fig. 8. Identified mode shapes and natural fre
shown. Fig. 8 shows the corresponding identified mode

shapes for the healthy structure. The identified natural

frequencies and mode shapes constitute the measured

data for model updating.

The experimental results may be compared to the two

finite element models available, namely the beam model

created using EB2D elements with 96 DOFs and the

detailed shell model with 5040 DOFs and created using

ANSYS. Table 1 compares the natural frequencies ob-

tained from both models with the measured data, and

Fig. 9 gives the modal assurance criteria (MAC) matrix,

which compares the mode shapes obtained from the
400 500 600
ncy (Hz)

measured
EMA     

n between DOFs 2y and 12y.

z 147.05 Hz

Hz 320.56 Hz

Hz 566.53 Hz

quencies of the undamaged H structure.



Table 1

The natural frequencies corresponding to the baseline FE model, the detailed shell model and the experimental data

EMA [Hz] EB2D [Hz] Shell [Hz] Df [%]

EMA vs EB2D EMA vs shell

1 60.57 98.15 49.99 62.06 )17.47
2 126.53 135.95 138.95 7.44 9.82

3 147.05 182.65 151.60 24.21 3.09

4 175.89 184.93 194.12 5.14 10.36

5 280.76 293.68 310.70 4.60 10.66

6 320.56 405.33 326.48 26.44 1.84

7 360.70 510.47 366.54 41.52 1.62

8 437.72 561.67 458.51 28.32 4.75

9 566.52 608.82 613.75 7.47 8.34

EMA denotes experimental modal analysis, EB2D uses Euler–Bernoulli planar beam element (96 DOFs), and Shell uses detailed shell

model (5040 DOFs).

Fig. 9. The MAC matrix showing the correlation between the

modes of the experimental and beam model for the undamaged

H structure.
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beam model with those obtained experimentally. There

are clearly significant differences between the experi-

mental data and the baseline (beam) model, most likely

originating from the model of the joints. Table 1 shows

the natural frequencies predicted by the shell model, and

clearly demonstrates that modelling the deformation

near the joints is able to significantly reduce the errors

in the predicted natural frequencies. The biggest dis-

crepancy in the beam model is 62.18% for the first natu-

ral frequency, and all of the frequencies corresponding

to this model are overestimated. Possible causes of this

are:

• Stiffening: The beam model is stiff because rigid joints

are assumed, created by merging coincident nodes be-

longing to the horizontal and vertical parts. Of
course the shell model does not suffer from this prob-

lem. Fig. 6 is a demonstration of this for the first

mode shape.

• Material properties: A common shift in all of the ob-

served natural frequencies is usually due to incorrect

material constants or thickness. This problem will oc-

cur in both the beam and shell models. A linear iso-

tropic material is characterised by the Young’s

modulus E, Poisson’s ratio l and the density q.
Changing the material constants can also allow for

small changes in wall thickness. These parameters

will change only slightly from their initial values.

• Weld uncertainty: In the shell model the conditions in

the region of the fillet weld will be highly uncertain,

due mainly to two effects with opposite influences

on the structural dynamics. A local stiffening of this

region will occur due to presence of additional-weld-

ing material and a local softening is possible (and ac-

tually observed) due to a reduction in plate thickness

due to the welding process.

Titurus [24] analysed these possible factors and

concluded that due to the difficulty in assessing their

relative influence on the predicted results, that model

updating of the beam model should be used to improve

the correlation of the model and measurements.
4. Model updating

4.1. Parameterisation

Two different parameterisations are chosen, since two

alternative approaches will be proposed for the subse-

quent damage detection [32]. Both approaches use pa-

rameters based on generic elements or substructures.

Parameterisation A for the thin-walled structure will be

used for partial damage localisation, while parameteri-

sation B will be used for complete damage localisation
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Fig. 10. Parameterisaton A of the baseline model of the thin-walled H structure.
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and is able to handle structures that are symmetric. The

nominal values of the geometric dimensions are given in

Fig. 4.

Parameterisation A consists of the five parameters

shown in Fig. 10. The first two parameters are based on

the first two eigenvalues of the �T ’ joint substructures

containing the fillet welds. The remaining parameters are

from the generic elements of the straight beams. The

beams are split into three groups, and each group has a

different generic parameter, namely the first eigenvalue.

The reasons for choosing these parameters was high-

lighted in Section 2.2 and Figs. 2 and 3 give the sub-

structure eigenvectors. Thus the parameter vector p is

p ¼ ½p1; p2; p3; p4; p5�T ¼ ½j1
11; j

1
22; j

2
11; j

3
11; j

4
11�

T ð15Þ

where ji
jk denotes the ðj; kÞ element of matrix given in

Eq. (8) for the ith element or substructure. Initial values

of these parameters are determined from the nominal

geometric and material parameters of the structure.

Note that all elements or substructures within a group

have the same element matrix. This parameterisation

allows partial localisation to be performed where the

type of element containing the damage may be identi-

fied.

Parameterisation B extends this parameterisation by

allowing the generic parameters related to similar parts

of the structure, whether elements or substructures, to be

independent. This allows complete damage localisation

by using 28 parameters and is shown in Fig. 11. This

parameterisation will be employed primarily for damage

detection and localisation. The parameters are ordered

as,

p2i�1 ¼ ji
11; p2i ¼ ji

22; i ¼ 1; 2; 3; 4

pjþ4 ¼ jj
11; j ¼ 5; 6; . . . ; 24

ð16Þ
p1, p2 p10 p9 p11 p12 p13 p3, p4 p14 p15

p7, p8  p21 p22 p20 p19 p18 p5, p6 p17 p1

p25 

p24 

p23 

p28

p27

p26

Fig. 11. Parameterisation B of the baseline
In fact 28 parameters are too many for a well con-

ditioned model updating problem, although the com-

plete set of parameters will be needed for damage

location. For model updating the physical understand-

ing of the nature of the structure reduces the number of

parameters to 11, and also introduces regularisation

terms, as explained in the next section.

4.2. Parameter estimation

The finite element model used for updating consisted

of EB2D elements, as shown in Fig. 4b. The presence of

the accelerometers is taken into account by adding dis-

crete mass elements. The initial material parameters

were chosen as E ¼ 210 GPa and q ¼ 7850 kgm�3. In

both cases the first seven natural frequencies were used

for model updating (see Table 1). The eighth and nineth

natural frequencies, not used for model updating, were

used to check the quality of the updated model outside

the frequency range considered. The weighting matrices,

Wee and Wpp, were taken to be diagonal with the recip-

rocal values of the variance of the natural frequencies

and parameters along the diagonals. The variances of

these quantities were chosen as a constant percentage of

the relevant quantities; 0.8% for the natural frequencies

and 2% for the parameters. For both parameterisations,

the updated results showed little sensitivity to the choice

of the parameter a, except for the speed of convergence,

and so its value was simply set equal to 0.5, without any

need to optimise the regularisation parameters. Fig. 12.

shows the convergence of the parameter estimates and

modal predictions for parameterisation A.
For updating the baseline model, the number of pa-

rameters in parameterisation Bwas reduced to help avoid

possible ill-conditioning. Parameters related to the wel-

ded joints (that is parameters p1 to p8) were left inde-

pendent, although additional regularisation conditions
parameter: κ11, κ22 

parameter: κ11 

parameter: κ11

parameter: κ11 

6

model of the thin-walled H structure.
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Fig. 12. Model updating of the H structure for parameterisation A.
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were employed so that related parameters in the different

welds had similar stiffness. Thus, parameters p1; p3; p5; p7
were considered to be nominally identical, as were pa-

rameters p2; p4; p6; p8. Parameters fp9; p10; p14; p15; p16;
p17; p21; p22g were replaced by a single global parameter,

as were fp11; p12; p13; p18; p19; p20g and fpig; i ¼ 23; . . . ; 28.
A further constraint was introduced, as the first two of

sets of global parameters for the uniform beam elements

are nominally identical (those sets containing p9 and p11,
see Fig. 11). Note that the cross beams have a different

cross section to the long beams (see Fig. 4). This ap-

proach may be justified on physical grounds as the beam

cross section should be very consistent, whereas the four

welds, although nominally identical will be different due

to manufacturing tolerances. The global regularisation

parameter b was chosen using engineering judgement to

ensure that the model converged consistently to the

nearest local minimum, and its value was set to 5� 10�7.

In total, 11 parameters were updated and seven addi-
tional regularisation equations were employed. Fig. 13

shows the convergence of the parameter estimates and

modal predictions for parameterisation B.
Table 2 compares the predictions from the initial and

updated models to the experimental natural frequencies.

The MAC values are not shown due to space limitations,

although it is clear from Figs. 12 and 13 that the MAC

values are all above 95% on convergence. The worst

correlation in case of parameterisation A is 97.3%

(originally 95.1%) corresponding to the seventh mode,

whereas initially the lowest correlation belonged to the

third mode, which changed its MAC value from 67.6%

to 99.1%. In the case of parameterisation B, the lowest

MAC value was 97.2% (originally 95.1%) for the sixth

mode, whereas initially the lowest correlation belonged

to the third mode, whose MAC value changed from

67.6% to 99.0%. These values were used to pair the

computed and experimental mode shapes throughout

the model updating exercise. The MAC values or mode
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Fig. 13. Model updating of the H structure for parameterisation B.

Table 2

The natural frequencies of the baseline model, updated model and experiment

FEM [Hz] PAR A [Hz] PAR B [Hz] EMA [Hz] FEM vs

EMA [%]

PAR A vs

EMA [%]

PAR B vs

EMA [%]

1 98.15 60.13 60.23 60.57 62.06 )0.71 )0.55
2 135.95 123.74 123.76 126.53 7.44 )2.21 )2.19
3 182.66 150.15 150.15 147.05 24.21 2.11 2.11

4 184.93 175.49 175.54 175.89 5.14 )0.23 )0.20
5 293.68 281.53 281.42 280.77 4.60 0.27 0.23

6 405.33 321.95 321.73 320.56 26.44 0.43 0.36

7 510.48 361.15 361.03 360.69 41.52 0.13 0.09

8 561.67 485.35 485.58 437.72 28.32 10.88 10.93

9 608.82 594.05 594.06 566.53 7.47 4.86 4.86

FEM denotes the baseline FE model, PAR A denotes the model with parameterisation A after updating, PAR B denotes the model

with parameterisation B after updating, EMA denotes the experimental data.
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shapes were not used in the objective function. Figs. 12

and 13 show the relative differences in the predicted and
measured natural frequencies, and also the changes in

the parameters from their initial values.
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4.3. Summary of updating results

Model updating based on generic elements resulted in

greatly improved mathematical representations of the

real structure. The predictions of natural frequencies

improved greatly, as demonstrated in Table 2. The ini-

tial error in the first natural frequency was reduced from

62.06% to )0.71% (parameterisation A), and )0.55%
(parameterisation B). The maximum errors after up-

dating were in the second and third natural frequencies,

which were about ±2%, whereas the other natural fre-

quencies were predicted to within ±0.5%. The most

likely cause of the larger errors on the second and third

natural frequencies is the difficulty in exciting the ends of

the longerons of the structure. These problems were

observed in the identification of the modal parameters

and in the comparison of measured and synthesised

FRFs. Almost identical results were achieved for both

parameterisations and only slightly better results were

achieved for parameterisation B. This suggests that the

extra freedom in this parameterisation does not provide

any improvement for the given set of experimental data,

and it is likely that the quality of the welding was high. It

is also important to note that the eighth and nineth

natural frequencies, which were not used for updating,

also improved significantly.
5. Conclusions

This paper has presented the use of generic elements

in the context of finite element model updating, where

the model will be subsequently used for damage detec-

tion. An updated model, that retains physical meaning,

is vital. Furthermore this model should retain a large

number of parameters so that the damage location may

be determined, for example by using subspace angles.

The proposed approach was verified on an H-shaped

frame structure made of thin-walled beams and con-

taining four fillet welds. After model updating, the finite

element model produced using only Euler–Bernoulli 2D

beam elements accurately predicted the real behaviour

of the structure represented by the experimental modal

model. Confidence in the physical meaning of the up-

dated model is further enhanced due to an improved

correlation between the experimental and predicted

mode shapes, as well as a significant improvement in the

natural frequency prediction outside frequency range

used for updating.
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