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ABSTRACT: One of the most promising computational methods in the field of Structural Health Monitoring
is the Finite Element Model Updating. The VCUPDATE solution presented in this work is a Scilab code per-
forming the iterative updating algorithm interfaced with a Finite Element code (OpenSees or ANSYS) execut-
ing the numerical analysis. The code is applied to the damage detection on beam structures. At first, a simple
case numerically generated by OpenSees is investigated. Subsequently, using experimental test data, the code
is applied to a real structure by using OpenSees as well as ANSYS.

1 INTRODUCTION

Every Finite Element (FE) model is a numerical ap-
proximation of the real structure by several assump-
tions which can lead to heavy differences between
the model and the real structure. Through the com-
parison of experimental data from dynamic testing
and numerical data, these differences can be usually
well highlighted.

The Finite Element Model Updating (FEMU) is a
numerical technique used to minimize the differenc-
es between the real structure and the FE model. In
fact, the FE model properties (e.g. mass, stiffness,
boundary conditions) can be modified by the updat-
ing procedure and the resulting structure presents a
better dynamic agreement with the physical reality.

Consequently, the FEMU can be employed also to
the purpose of damage detection. In fact, by using
experimental data from a damaged structure and ap-
plying the updating procedure, the resulting structur-
al parameter distributions (e.g. elastic modulus) can
point out a deficiency in the structural properties
which means the occurrence of damage. In this optic,
the FEMU can be proficiently applied in the field of
Structural Health Monitoring.

This contribution presents the FEMU solution
VCUPDATE, an iterative updating algorithm written
in Scilab (Scilab Consortium 2006) and interfaced
with the FE codes OpenSees (PEER 2006) and AN-
SYS (SAS 2005). The code has been already applied
with good results to several different structures
(Mordini et al 2007, 2008, Mordini & Wenzel 2007).

2 THEORETICAL BASICS

The FEMU can be performed using direct or itera-
tive methods (Friswell & Mottershead 1995). The
former has the advantages of not requiring iteration
and of reproducing measured data exactly. However,
if the measured data are inaccurate, a FE model with
no physical meaning could be obtained. On the con-
trary, within iterative methods, a non-linear penalty
function is minimized through subsequent linear
steps and therefore, more computational time is re-
quired. In this work, a sensitivity-based iterative me-
thod is used. The main steps of the code are shown
in Figure 1.

The software framework is controlled by the Sci-
lab code. A graphical front-end has been developed
in order to facilitate the input phase. The parameters
are computed by the Scilab code and are subsequent-
ly passed-in to the FE code which performs the nu-
merical analysis computing the eigenfrequencies and
the mode shapes. Afterwards, this data are trans-
ferred to the Scilab code by using external files and
they are used to compute the new parameter values.
The program flow is controlled by a convergence
criterion which stops, if the case, the iterative proce-
dure.

There is no virtual limit to the parameter number
and to the problem complexity to be investigated.
Obviously, the computational time has to be taken
into account in the FE model creation as well as in
the parameter choice. In particular, the analyst
should always remember that an iterative algorithm
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can involve a high number of iterations and that the
parameters should be chosen according to the inves-
tigated problem with engineering insight.

Scilab OpenSees / ANSYS
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Figure 1. VCUPDATE architecture.

The first version of VCUPDATE was developed
by using OpenSees. Subsequently, the connection
with ANSYS was realized in order to provide the
system with better modeling capabilities. Moreover,
ANSYS allows the graphical visualization of the
model and of the results, including the outcomes
from the updating procedure. It has been observed,
however, that the updating procedures by using
OpenSees are much faster. Due to this advantage,
the use of OpenSees is in general preferred.

Finally, both Scilab and OpenSees are open
source and free of charge software. This aspect can
be decisive for a wide range of engineering compa-
nies which are interesting in employing the FEMU
applications but can not afford the high licensing
prices of the commercial solutions available on the
market.

2.1 Sensitivity analysis

The sensitivity analysis is performed to select the
most sensitive parameters for the FE model. Moreo-
ver, the sensitivity matrix is used in the updating al-
gorithm too.

At j’h iteration, the sensitivity matrix can be writ-
ten as

ad .
S, =1 1)
apj

where Op; is the perturbation in the parameters and
od; is the change between measured and numerical
data.
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The matrix S can be computed by analytical me-
thods (direct derivation) as well as by numerical me-
thods (perturbation techniques). If direct derivation
is chosen, the differentiation of the structural eigen-
value problem with respect to the parameters must
be performed, where the system stiffness and mass
matrices are required. On the contrary, perturbation
techniques can be carried out using results from mul-
tiple FE analyses, without knowledge of the system
matrices.

In this work, the perturbation technique approach
is chosen: the sensitivity matrix is calculated using
the forward difference of the function with respect to
each parameter. In particular, if the problem has n
parameters, n+1 FE runs are required: the first one
with the starting values for the parameters and » dif-
ferent runs perturbing one parameter only in each of
them.

The forward difference method has the form (Jai-
shi & Ren 2005)

¢_0d _Ad _d(p+ap)-d(p)

- 9 (2)
dp  Ap Ap
. AD (—
with Ap. =—\p.—p ), 3
P =100 (p, gi) 3)

where Ap; is the perturbation in the i" parameter, AD
is the forward difference step size and EP,- —-p.)is
the difference between the upper and lower bound
for the i" parameter. Each vector Ad/Ap gives one

column of the sensitivity matrix.

2.2 Sensitivity matrix and mode shape scaling

Using different structural properties with very differ-
ent values as parameters may lead to numerical prob-
lems in the iterative solution (Dascotte et al. 1995).
This problem arises from the ill-conditioning of the
sensitivity matrix and is more probable when both
frequencies and mode shapes are used as data. An
appropriate scaling of the sensitivity matrix can im-
prove the stability and speed up the convergence.

In this work, the sensitivity matrix is scaled by nor-
malizing parameters and data by their initial values.
The scaling matrices are defined as

L L
b, d,
D, = and D, = . @
0 1 0 1
L pn L dn_

The scaled parameters and scaled data can be written
as
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Ap=D,Ap and Ad =D,Ad (5)

respectively. Therefore, the scaled sensitivity matrix
is

S=D,sD,". (6)

This method can lead to numerical problems
when the mode shape values are very small or zero.
In this case, a different way to scale the sensitivity
matrix has to be used.

Experimental and numerical mode shapes should
be scaled consistently to properly perform the updat-
ing algorithm. Moreover, experimental and numeri-
cal mode shapes can be 180 deg out of phase. To
solve these problems, the Modal Scale Factor (MSF)
can be used. In partlcular within VCUPDATE the

i™ numerical mode is rescaled to the i" experlmental
one by multiplying it by a MSF calculated as (Fris-
well & Mottershead 1995, Allemang & Brown,
1982):

(pexp i ¢VILH’I‘[ i

. (7)
gpnum,i wnum, i

MSF ((pexp 0> Poum, ,)

2.3 Updating algorithm

The updating problem can be represented as the mi-
nimization of a penalty function J(Ap) subjected to
the constraint Ad=SAp (Friswell & Mottershead
1995). For each parameter, an upper and a lower
bound can be specified as P.<p;Sp;.

Inserting the weighting 1 matrices W, and W, for
data and parameters respectively, the penalty func—
tion can be written as

J(Ap)=8TWd8+ApTWpAp. &)

Substituting the error e=Ad-SAp and minimizing
J(Ap) with respect to Ap, gives the updated parame-
ter values as

-1
pj+1:pj+[S;-Wde+Wp:| S;WdAdj; )

where Ad=d,-d; is the difference between experi-
mental and numerical data.

The sensitivity matrix should be computed at
each iteration, but this can lead to an excessive com-
putational time. VCUPDATE allows the user to
choose the frequency with whom the sensitivity ma-
trix is updated. For some extremely time consuming
cases, the initial matrix can be used for the entire
analysis.

According to experience, not all the experimental
data are measured with the same accuracy. Usually,
lower frequency data are more reliable than higher
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ones. In order to express the user confidence in
measured data, weighting matrices are used. The pa-
rameters can also be weighted separately. Using
weighting matrices is very powerful, but engineering
insight is required.

Five different ways to create the W, matrix ac-
cording to Dascotte et al. (1995) are implemented in
VCUPDATE. Several different tests were performed
in order to verify the methods: in particular, some of
them should be used carefully, since they provide, in
some cases, an increased convergence speed but, in
other cases, the final results are worse.

2.4 Convergence criteria

The iterative scheme presented above is repeated un-
til a convergence criterion is satisfied. The criterion
can be based on parameters or on data.

Two different convergence criteria are imple-
mented within VCUPDATE according to Dascotte
& Vanhonacker (1989). The first is based on the fre-
quency deviation:

exp i |

fexp i

where foxp,i is the i" experlmental frequency and f;; is
the i numerical frequency at j” iteration.

A different way to check the convergence is to in-
clude the mode shape correlation too. The most im-
portant indexes for this purpose are the Modal As-
surance Criterion (MAC) (Allemang & Brown 1982)
and the Normalized Modal Difference (NMD) (Maya
& Silva 1997):

abs i

(at j" 1terati0n), (10)

T 2
9.9
MAC(¢,<,¢,()=(#X"‘T—) (n
P O NP @,
and
1-MAClp,.0,)
NMDp .0, )= pres. 12
(0,0,) \/ﬁ—Mc%’(pk (12)

The closer the MAC is to one, the better the corre-
lation is. Since the NMD is much more sensitive
than the MAC to the differences in similar vectors, it
can be used when the mode shapes are highly corre-
lated, while it is less useful for uncorrelated vectors.
The closer the NMD is to zero, the better the correla-
tion is.

The second convergence criterion implemented in
VCUPDATE includes the MAC index:
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fexp,i - fj,i‘

exp, i

1 n
cC,,; = T >, (Wf +W,(1-MAC,)

max i=l

13)

where Wy and Wg are the weights for the frequency
and MAC deviation respectively and W,,=max(W,,
Wo). By using the weights, the balance between the
importance of frequencies and mode shapes can be
directly established.

The closer the selected CC approaches to zero,
the better the agreement is between experimental and
numerical data. The convergence is achieved if
CC<e¢ (point A in Figure 2). During the analysis all
the information (updated data, updating parameters,
CC) are stored and if the convergence is not attained,
the updating procedure stops when a maximum
number of iterations is reached. Then, the informa-
tion corresponding to the iteration with the minimum
value of CC (point B) is used as output.

(at j™ iteration),

CCIot / CCabs

maximum iteration

convergence limit ¢

iterations

Figure 2. Convergence criterion.

2.5 Modal Expansion

In experimental tests, only a small number of loca-
tions can be instrumented and measured while the
results from the FE model can be obtained virtually
in any location. In order to estimate the eigenvectors
in the unmeasured locations, a modal expansion me-
thod is implemented in VCUPDATE. The required
data are estimated using the modal data from the FE
model (Friswell & Mottershead 1995). Starting from
the measured modes ®@,, and the numerical modes in
the measured locations ®,,, a transformation 7 is
defined assuming the measured modes to be a linear
combination of the analytical modes:
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¢ =0, T—T=0, &,

n,m

(14)

where * denotes the pseudoinverse operation.

Then, the experimental data in the unmeasured
locations @, are computed from the numerical data
in the unmeasured locations @,, ,;:

e = T.

n,u

3 APPLICATIONS

3.1 Simply supported beam with simulated damage

In order to verify the implementation of the updating
procedures, a simply supported beam is investigated
by means of VCUPDATE. In this case, the experi-
mental data are taken from an OpenSees run with
modified structural parameters. The possible effect
of noise is not considered. In the following para-
graphs, “Numerical Experimental” is referred to the
numerically generated data. The example, shown in
Figure 3, is taken from Jaishi & Ren (2005).

8 9 10 11 12 13 14 15

[ ] undamaged element
Bl damaged element

Figure 3. FE model of the simply supported beam with the
damage locations.

The structural properties are: length L=6 m, elas-
tic modulus E=32000 MPa, cross-sectional area
A=0.05 m2, moment of inertia J=1.66 x 10* m* and
mass per unit volume M=2500 kg/m3. The beam is
modeled in OpenSees with 15 elements and the
damage is simulated by imposing reduced material
properties E and J for elements 3, 8 and 10 by 20, 50
and 30% respectively. A value of 0.0005 has been
chosen for the convergence limit.

14



eJSE

International

Electronic Journal of Structural Engineering (10) 2010

Table 1. Results of updating procedures for the simply supported beam.

exper. initial model case 1, updated case 2, updated case 3, updated

n. of freq. fo | freq.f Ji = foi freq. f Ji—toi freq. f fi= o freq. f fi= o

mode — |NMD
[Hz] [Hz] fi 0.i [Hz] /i 0.i [Hz] /i 0,i [Hz] S 0.i

1 7.26 8.99] 23.88%| 0.03 7.26[ 0.00% 7.26] -0.03% 7.26] -0.04%

2 33,74 35.98 6.65%| 0.05 3374  0.00% 33.72] -0.06% 33.72| -0.04%

3 68.99 80.94] 17.33%| 0.11 68.99( 0.00% 68.93| -0.08% 68.96] -0.05%

4 131.82| 143.86] 9.13%| 0.09] 131.82] 0.00% 131.74 -0.06% 131.77) -0.04%

5 195.76] 224.63] 14.75%| 0.20] 195.76] 0.00% 195.68 -0.04% 195.68] -0.04%

6 306.02] 323.01 5.55%| 0.13] 306.02[ 0.00% 305.97f -0.02% 305.89] -0.04%

7 389.53| 43847 12.56%| 0.23] 389.53| 0.00% 389.44 -0.02% 389.37] -0.04%

8 51573 569.88] 10.50%| 0.24] 515.73] 0.00% 515.51 -0.04% 515.51] -0.04%

9 652.01f 715.06] 9.67%| 0.23] 652.00] 0.00% 651.69 -0.05% 651.73] -0.04%

10 761.24] 869.98] 14.28%| 044] 761.24] 0.00%] 760.89] -0.05%| 760.92] -0.04%

CC 4ps 0.1243 CC 4ps 0.0000]CC 454 0.0005[CC ,ps 0.0004

The updating procedures are performed in order
to evaluate the damage using the first 10 flexural
frequencies and corresponding mode shapes as nu-
merical experimental data. Three different cases are
investigated.

— Case 1, 6 parameters. £ and J of elements 3, 8
and 10 are used as updating parameters. The pa-
rameters are less than the considered modes. It is
assumed that the damage locations are exactly
known.

— Case 2, 10 parameters. E and J of elements 3, 5,
8, 10, 13 are used as parameters. The parameters
are equal to the considered modes. It is assumed
that the damage locations are partially known.

— Case 3, 30 parameters. E and J of all elements are
used as parameters. The parameters are more than
the considered modes. It is assumed that the dam-
age locations are unknown.

The case of undamaged beam is the starting point
for all the updating calculations. As the modes
shapes are highly correlated, the NMD instead of the
MAC is used.

Numerical Experimental

V Case 1

EJ/EJy
%
e
(%)

axial coordinate [m]
Figure 4. Damage localization.

The results of the updating procedures are shown
in Table 1. The final values of NMD are approx-
imately zero for all cases. The updating procedures
provide almost perfect results and allow exactly de-
termining the damage locations as shown in Figure 4
where the ratio of the updated bending stiffness to
the initial one is reported for all the cases and com-
pared to the numerical experimental one.

In order to verify the implementation of the mod-
al expansion method implemented in VCUPDATE,
the case 3 is repeated using only the eigenvectors of
the nodes in the central part of the beam (from node
4 to 13). Then, the modal data for other nodes are es-
timated from the FE model. The case of undamaged
beam is the starting point also for this analysis. In
this case, since the modes shapes are scarcely corre-
lated, the MAC is used. This procedure requires a
higher number of iterations and therefore, more
computational time with respect to the previous ana-
lyses.

Due to lack of space, not all the results can be
here extensively reported. However, the agreement
in terms of frequencies and damage detection is very
high. The updating procedure provides a great im-
provement in the MAC index as can be seen from
Figure 5. If the analysis is repeated using less numer-
ical experimental data, good results are obtained for
frequencies but the mode shape correlation is unac-
ceptable.
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Numerical T8 g

(b) 10 1

Figure 5. Initial (a) and updated (b) MAC matrix.

3.2 Reinforced concrete beam

A reinforced concrete beam tested in laboratory is
investigated. The beam is part of an extensive labor-
atory program carried out on five identical beams
with different damage location (Maeck 2003).

The beam has already been numerically investi-
gated by the team of Professor Guido De Roeck
(Teughels et al. 2003, Teughels et al 2002.).

The beam is indicated in the experimental pro-
gram with the number 4. The beam was artificially
damaged by applying a vertical static load at x=4 m
in a three point bending configuration. Then, the
modal test was performed in a free-free boundary
condition configuration. This means that the beam
supports were very flexible allowing free modal dis-
placements.

This procedure was repeated for different load le-
vels: in this work, the experimental data related to
the step number 5 are considered. The corresponding
imposed load is 25 kN.

Electronic Journal of Structural Engineering (10) 2010

i 15 mm —=] |=—
15ran ° Ny

Longitudinal bars 6016
Stirrups ®8

200 mm

250 mm
Figure 6. The investigated beam cross-section.

The structural properties are: length L=6 m, cross-
sectional area A=0.05 mz, moment of inertia
J=1.93x10"* m* (considering the steel contribute,
Figure 6) and elastic modulus E=37500 MPa.

To record the dynamics outcomes, 31 accelero-
meters are placed at both sides of the upper surface
of the beam, for a total number of 62 sensors. The
values from each couple of sensors are averaged to
obtain only 31 values. The first 4 frequencies and
mode shapes are recorded. Due to the damage, a re-
duction in frequencies and significant changes in
mode shapes are observed. In the first mode, a slight
torsional component is recorded but it cannot be ob-
served in the modes shapes as the average value
from the sensors with same axial coordinate is re-
ported.

The beam is modeled using 30 2D beam elements
and the elastic modulus for each element is taken as
parameter. In order to reproduce the experimental
conditions, the beam is supported by very flexible
springs. This lead to the first four mode shapes
shown in Figure 7 where no points with zero dis-
placement common for all the modes are present.

The experimental setups for the damaging steps
and the dynamic testing tests are shown in Figure 8a
and Figure 8b respectively.

1 -
0.8
0.6 1
0.4 4
0.2

axial coordinate [m]

Figure 7. First four mode shapes.

Two different updating processes are performed,
namely the initial-to-undamaged and the unda-
maged-to-damaged step. In the first, the initial FE
model is updated to the undamaged beam in order to
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eliminate the initial modeling errors. Then, in the
second, this undamaged model is updated to the
damage state. A value of 0.0005 for the convergence
limit is used.

The convergence ratio is very fast: for the first
updating process, two iterations only are necessary
whereas for the second the convergence is achieved
in three iterations only.

. 4 m

Electronic Journal of Structural Engineering (10) 2010

The results in terms of frequencies and NMD are
reported in Table 2. The improvement in frequency
values is very high and the FE model can be taken
very close to the experimental model. This can be
seen also from the updated CC,, values which are
almost zero.

2m

l Damaging load

@ | {

OV A Y Y |

6m

® | |

COUE AL LY Y |

Figure 8. Static (a) and dynamic (b) test configuration with experimental crack pattern.

The improvement of the updating procedures on
mode shapes can be seen in Figure 9 and Figure 10.
The correction in the mode shapes is evident. The
worst case is the first mode, probably due to the ef-
fect of the torsional component that is here neg-
lected.

It can be concluded, therefore, that VCUPDATE
is able to bring the numerical model to be almost
coincident with the real structure in terms of dynam-
ic behavior.

The comparison between the elastic modulus dis-
tribution obtained by VCUPDATE and a previous
study (Teughels 2003) is reported in Figure 11. The
reported elastic modulus ratio is strictly related to
the damage since the loss of stiffness due to the pro-
gressive external load can be properly modeled as an
elastic modulus decrement. This damage distribution
can be as well directly compared to the experimen-
tally obtained crack pattern reported in Figure 8b.

The damage can be successfully located with a
smooth distribution. The initial-to-undamaged step
is characterized by an elastic modulus reduction in
the central part of the beam, probably due to the
crack pattern induced by the self weight. On the con-
trary, in the undamaged-to-damaged step, the maxi-
mum change is located close to the applied load as
can be seen from Figure 8. A parameter decrement
can be recognized near the first support (x=2 m): this
could be due to the effect of the beam self weight.

The damage distribution provided by VCUP-
DATE is in good agreement with the previous study
where a more sophisticated algorithm is imple-
mented. In fact, in the work of Teughels, the FE
properties are not separately corrected, but a damage
function obtained combining seven triangular shape
functions is used. This procedure should avoid a
non-realistic stiffness pattern with many peaks in-
stead of a smooth distribution and other numerical
problems, Moreover, the optimization problem has
only seven variables and this should lead to save
computational time. However, the VCUPDATE pro-
cedures are as well very effective since the solution
is achieved in few iterations.

The same structure is investigated by VCUP-
DATE by means of the FE code ANSYS. In this
case, a single step analysis is considered: the starting
model is directly updated to the damaged beam. In
the practical assessment of safety levels for Structur-
al Health Monitoring purposes, in fact, this is the
standard way to evaluate the existing structures
when no previous test data are available.

The use of VCUPDATE in conjunction with AN-
SYS provides the user with increased modeling ca-
pabilities. The FE mesh can be freely chosen and
there is no necessity to place a node of the FE model
in the same location of a sensor where the eigendata
are recorded. In this way, the best FE model can be
chosen without taking care of the sensor position.
The code requires the position of each sensor and
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subsequently, the numerical mode shapes are com-
puted in the sensor positions as a function of the
mode shapes of the entire FE model.

Both a Beam and Plane stress model are used.
The first contains the 2-node, 2D elastic beam
BEAMS3 element. It is a uniaxial element with ten-
sion, compression, and bending capabilities, with
three degrees of freedom (two translations and one
rotation) for each node. The Plane stress model is

Table 2. Updating procedure results for the OpenSees analysis.

Electronic Journal of Structural Engineering (10) 2010

based on the 4-node, 2D structural solid, PLANE42
element. It is a plane element used in plane stress
case with two translational degrees of freedom for
each node. For both analyses, the springs are mod-
eled with the spring-damper COMBIN 14 element. In
order to test the mesh independence of VCUPDATE,
several different mesh refinements are used in the
calculations, for both Beam and Plane stress models.

. | starting model updated model
n.of experimenta
frequency Ji = Jfoi frequency fi = Joi
mode freq. fo [Hz] £ [Hz] 7 NMD 1z 7 NMD
initial-to-undamaged ste
1 22.02 23.72 7.72% 0.057 22.03 0.05% 0.054
2 63.44 65.20 2.78% 0.035 63.43 -0.01% 0.030
3 123.27 127.51 3.44% 0.060 123.26 -0.01% 0.030
4 201.92 210.25 4.13% 0.084 201.91 0.00% 0.048
CC ups 0.0451 CC s 0.0002
undamaged-to-damaged step
1 19.35 22.03 13.86% 0.094 19.35 0.02% 0.065
2 56.90 63.43 11.48% 0.104 56.89 -0.03% 0.043
3 111.64 123.26 10.41% 0.130 111.62 -0.02% 0.031
4 185.22 201.91 9.01% 0.171 185.18 -0.02% 0.038
CC ups 0.1119 CC ¢ 0.0002
. mode shape 1 1 mode shape 2
0.8 1 0.8 A
0.6 4 0.6 A X
0.4 + 0.4 -
0.2 0.2 4
0 T T 1 0 T T 1
02 ¢ 1 5 6 0.2 { 1 2 6
-0.4 1 0.4 A
-0.6 1 —— Exp. undamaged 0.6 4
-0.8 1 — — - VCUPDATE initial 0.8
44 axial coordinate [m] +—* VCUPDATE updated 1 4 axial coordinate [m]
) mode shape 3 ; mode shape 4
4
0.8 4 0.8 A
0.6 0.6
0.4 + / 0.4
0.2 / 0.2 4
0 T T T 1 0 T T 1
02 ¢ 3 5 6 02 ¢ 4 5 6
-0.4 4 0.4 A
-0.6 1 0.6
-0.8 1 0.8
14 axial coordinate [m] 43 axial coordinate [m]

Figure 9. Experimental and numerical mode shapes for the initial-to-undamaged step.
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mode shape 1

0.8
0.6 -
0.4 -
0.2

02 ¢ 1
0.4
-0.6 1
-0.8 1

14 axial coordinate [m]

mode shape 3

Exp. damaged
— — - VCUPDATE initial
+—— VCUPDATE updated

0.2 4
-0.4 -
-0.6 -
-0.8 -

14
0.8 A
0.6 -
0.4 A
0.2 A
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mode shape 2

0

-1 4

14

axial coordinate [m

mode shape 4

]

0.8 -
0.6 -
0.4 -
0.2

0.2 4
0.4
0.6

-0.8
14 axial coordinate [m]

0.2 1
-0.4
-0.6
-0.8

0.8 A
0.6 -
0.4 A
0.2 A

0

axial coordinate [m]

44

Figure 10. Experimental and numerical mode shapes for the undamaged-to-damaged step.

1.2 4
1 4
o
53]
< 0.8 A
=
=
53]
0.6 Previous study
+——= VCUPDATE
04 T T T T T 1
0 1 2 3 4 5 6
axial coordinate [m]
(a)

Eynd ! Edam
o
[e+]
1

0.6 Previous study
E’—‘ VCUPDATE ]
04 T T T T T 1
0 1 2 3 4 5 6
axial coordinate [m]
(b)

Figure 11. Damage distribution for initial-to-undamaged (a) and undamaged-to-damaged (b) step.

In Figure 12, the analysis outcomes in terms of
elastic modulus distribution for the Beam model
with two different meshes are shown. Analogously,
for the Plane stress model, the results are shown in
Figure 13 for an element size of 0.4 and 0.2 m re-
spectively.

The damage distribution of these figures can be
compared with the one from the OpenSees analysis
(Figure 11). It can be noted that the agreement is, in
general, very satisfactory. The results in terms of ei-
genfrequencies, NMD values and mode shapes are as
well very good but they cannot be extensively re-
ported here due to lack of space.

In general, both models and all the meshes can
capture very well the physical structural behavior.
Moreover, it can be noted from the pictures, that the
employed mesh has a negligible influence on the
outcomes. Obviously, it is always required that the
adopted mesh can effectively describe the structural
response.

In Figure 12, it can be noted that the left part of
the beam presents an elastic modulus higher than the
starting one. This is, in principle, not possible, but
the same phenomenon is revealed also in the Open-
Sees calculation and in the previous study (Figure
11). Therefore, it is possible that this discrepancy is
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due to the experimental data or to a real non-
homogeneous distribution of the structural stiffness
due, for example, to a local different concrete drying
process. Furthermore, it is clear that the effect is less
remarkable in the Beam model with the refined
mesh. This is probably due to the fact that the fine
mesh can better describe the structural behavior.
Moreover, the higher the number of elements, the
higher the number of parameters in the updating
procedure and therefore, the better is the possibility
to reach the minimum of the objective function. In
the Plane stress model (Figure 13), the same problem
is even more pronounced. But, again, in case of
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more refined mesh, this phenomenon is limited to a
very few elements.

It has to be mentioned that no numerical error
could be addressed to mode shape expansion since in
this case this procedure is not used.

Moreover, no errors can be addressed to concrete
non-linearities since the level of the excitation dur-
ing the dynamic investigation was very low. This
means that, even in the damaged case, the structure
remained in a limited range where no remarkable
change of stiffness is recorded.
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Figure 12. Elastic modulus distribution [N/m?] for the Beam model with element size 0.1 and 0.05 m.

4 CONCLUSIONS

In this contribution, the application of Finite Ele-
ment Model Updating to the damage detection on
beam structures is presented. The updating proce-
dures are implemented in VCUPDATE, a Scilab
code interfaced with the Finite Element codes Open-
Sees and ANSYS. The code is here applied to dam-
age detection on beam structures.

At first, a simply supported beam with simulated
damage is investigated. This means that the experi-
mental eigendata are numerically generated by
OpenSees. By using frequencies and mode shapes, it
is possible to effectively locate and quantify the
damage with high accuracy.

Subsequently, the real case of a reinforced con-
crete beam is examined. This structure was artificial-

ly damaged in a laboratory test inducing an asymme-
trical damage distribution. By combining frequencies
and mode shapes, it is possible to accurately locate
and quantify the damage. When possible, the results
were compared with outcomes from other studies.

In this optic, it must be underlined that, even if
VCUPDATE is based on simple theoretical basics, it
provides very good results even when compared
with other codes based on more advanced theoretical
formulation.

In all the applications, the results provided by
VCUPDATE are very satisfactory obtaining a very
high accuracy in the modal behavior description as
well as in the damage location. All the reported out-
comes are deeply and critically evaluated and dis-
cussed.
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Figure 13. Mesh and elastic modulus distribution [N/m?] for the Plane stress model with element size 0.01 and 0.05 m.
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