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Abstract

This paper presents an experimental study on the application of the so-called artificial
boundary condition (ABC) frequencies for structural damage identification. Aided by the
corresponding sensitivity analysis, more suitable ABC frequencies can be selected for
improved identification of structural damage. An overview of the theoretical background of
ABC frequencies and their sensitivity formulation is provided first. An experimental
programme involving model steel beams in the intact and damaged states for the
measurements of ABC frequency is presented, and the extraction of the ABC frequencies is
descried and discussed. The extracted ABC frequencies are selected in accordance with the
sensitivity analysis and they are subsequently employed to identify the structural damage.
Results demonstrate that, aided by the sensitivity-based selection procedure, the ABC
frequencies can be used for practical identification of structural damage and both the damage

location and severity can be determined with good accuracy.

Key words: damage identification, ABC frequency, sensitivity analysis, genetic algorithm
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1. Introduction

In recent years, a lot of studies have been devoted to structural health monitoring and damage
identification with model-based methods, particularly the finite element (FE) model updating
techniques [1-10]. Many FE model updating techniques have been demonstrated to exhibit
satisfactory identification performance in the numerical studies. However, in physical
structures, measurement and environmental noises often dictate that only a limited amount of
modal data, including natural frequencies, mode shapes and damping ratios, may be available
with acceptable accuracy [11,15], and this restricts the extent to which damage may be

identified from a model updating procedure.

Several studies have been conducted on structural damage identification using experimentally
determined natural frequencies [2-4], and it has been found that damages in relatively simple
structures, such as 1-dimensional beams, may be identified using the first few natural
frequencies. In some latest studies (e.g. [10]), the natural frequencies of higher order modes
have been used to identify the local damages in beam-like structures, and the results
demonstrate that even small damages could be identified when higher order natural
frequencies became available. However, for complex damage identification problems with a
large number of variable parameters, using natural frequencies alone would not be sufficient,

as the number of natural frequencies is still limited.

Similarly, mode shapes may be measured with good accuracy for relatively simple cases [12-
14]; but even for simple structures problems can arise in measuring high modes if the
structure is relatively stiff, or when significant nonlinearities are involved. Moreover,
pronounced structural damage may cause variation of mode order and this can complicate an

accurate determination of higher-order mode shapes. Therefore, it would be desirable if
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additional modal information can be generated within the lower-order mode region for the

general damage detection and structural identification.

In the above respect, alternative methods have been proposed to enhance the dataset of modal
information for structural damage identification [16-19], including the incorporation of ABC
frequencies which are essentially the perturbed natural frequencies of a structure with
additional virtual supports. Several studies have been performed using ABC frequencies, as
well as antiresonance frequencies, to identify structural damages, and results demonstrate that

effective damage identification can be achieved with the use of such frequencies [20-25].

Despite the above advancements, the performance of using ABC frequencies from real
measurements for damage identification has not been systematically studied. Moreover, since
a large variety of perturbed boundary conditions, i.e. the ABC pin supports, may be
configured for the ABC frequencies, the inherent information with the ABC frequencies
requires further investigation so that more suitable ABC frequencies can be selected to ensure
better identification performance. However, only limited research in the literature has been

devoted to the selection of ABC frequency for damage identification [23, 26].

In this paper, an experimental investigation into the extraction and application of the ABC
frequencies for structural damage identification, aided by the sensitivity analysis of the ABC
frequencies, is presented. An overview of the background theory about ABC frequency and
the theoretical formulation of the ABC frequency sensitivity is provided first. The experiment
was performed on model steel beams in the intact and damaged states, and dynamic
measurements were taken for the processing and extraction of the ABC frequencies.
Extracted ABC frequencies are presented and discussed. Subsequently, the extracted ABC
frequencies are selected in accordance with the sensitivity analysis for the incorporation in

the FE model updating procedure to identify the structural damage. Results demonstrate that
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it is possible to extract ABC frequencies from the experimental, and aided with a sensitivity
based selection procedure, the ABC frequencies can be used for the identification of
structural damage effectively and both the damage location and severity can be determined

with good accuracy.
2. Theoretical background of ABC frequency

Modal frequencies of a given structure with perturbed support conditions provide extra modal
information which may be incorporated to enhance the response dataset for structural damage
identification. The practicality of such an idea is hindered by the fact that imposing added
supports physically on a structure is not normally feasible. Gordis [17, 20] introduced a
theoretical approach by which a structure under a supposed set of additional pin supports can
be derived from an incomplete frequency response function matrix measured from the
original structure, without the need of actually imposing the additional pin supports, and
hence the term of artificial boundary condition or ABC frequencies. Expressing the steady

state response of a linear system at a forcing frequency « (rad/s) in the following form:

{{kmm kmO}_wz{mmm mmo}j{xm}:{fm} (1)
Kom Koo Mom Mg Xo fo

where k and m are stiffness and mass matrices, x and f are vectors of generalized response
and excitation amplitudes, respectively. Subscript 'm' represents measured coordinates or
DOFs and subscript 'o' refers to the unmeasured DOFs (‘omitted coordinate set” or OCS).
The OCS is effectively a reduced system, where all the measured DOFs are restrained or

pinned to the ground.

Introducing the impedance matrix, Z =k — @?m, Eq. (1) can be re-written as:

Zom  Zmo ||Xm _ fin 2
Zom  Zoo |[Xo B fo @
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Assuming there exist no excitation on the omitted coordinates, i.e., f,=0, Eq. (2) can be

rearranged as:

fm = (me _Zmozgézom)(xm) (3)
Thus:

Hr_n%n = (Zmm — ZmoZ;olzom) (4)
where f,,is the generalized excitation at the measured coordinates or DOFs, x,, is the

generalized response at these DOFs, and H,,,, is the frequency response function (FRF)

matrix measured from the structure.

From Eq. (4), it can be seen that at the natural frequencies of the OCS, Z,: is singular, so
H. L is also singular. This means that by identifying the singularities from the elements of

H.L , one can determine the natural frequencies of the OCS, i.e., the frequencies of the

structure as if it was physically pinned at the measured DOFs. The relationship can be more
conveniently illustrated using an example shown in Fig. 1, where (a) shows the actual simply-
supported beam, (b) depicts a perturbed boundary condition with two additional pin supports
at “i” and “j”, for which the modal frequencies are to be evaluated, and (c) shows the actual
measurement settings. Instead of physically imposing the two additional pins as indicated in
Fig. 1(b), the modal frequencies under such a boundary condition can be determined by
measuring the (2x2) FRF matrix on the original beam at points “i” and “j” shown in Fig. 1(c),

and subsequently identifying the singularities from the inverted FRF matrix.
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(a) Actual simply-supported beam

(b) Implied perturbed boundary condition

Force

i), i

o s
FRFii FRFji
Force
[ I
= -
FRFij FRFjj

(c) Actual measurements for extraction of ABC frequencies

Figure 1 Hlustration of artificial boundary condition frequency measurement settings

3. Overview of the sensitivity formulation and verification

In this section, an overview of the theoretical formulation for the sensitivity of ABC
frequencies is provided. In particular, the sensitivity of two-pin ABC frequencies and the
underlying mode shape contribution [26] are discussed in connection with the selection of

ABC frequencies for damage identification.

3.1 Sensitivity analysis of one-pin ABC frequencies

Based on the concept of the ABC frequencies as briefly described in Section 2, the classical
driving-point anti-resonance is effectively the one-pin ABC frequencies. Hence the
sensitivity analysis of one-pin ABC frequencies follows the same formulation as the driving-
point anti-resonance. From the general definition of the frequency response function (FRF),

the driving-point FRF can be expressed as [18]:
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where det(/\—a)zl)k =(a)12 —a)zxwzz —wz)’”(wkz_l—wzxwlf+1_a’2)"'(w§ _wz)

The driving point anti-resonance frequencies, i.e. the one-pin ABC frequencies, denoted by

@y_pin i+ Can be obtained by setting Eq.(5) to zero. According to Mottershead [18], the

sensitivities of anti-resonance (one-pin ABC) frequencies to a particular structural parameter

can be expressed as:

n 2

aa)lz—pinfi —2x k=1 " k¢p
a) n n
Z(Puk Zdet(A a)l—plnl ) kp [Pk Zﬁ”ik Zdet(A_a)lz—pin_il)k’p Dix
k= p¢k K= Bj( (6)

where p is the structural parameter, in this study p represents the beam element stiffness.

Eq. (6) indicates that the sensitivity of the one-pin ABC frequencies is a combination of the
sensitivity of mode shape displacement at the same point and the sensitivity of the natural
frequencies, all to the same parameter p. It is understandable that the localisation capacity of
the one-pin ABC frequencies is dependent upon the relative significance of the mode shape
contribution in the sensitivity, therefore a relative mode shape contribution ratio as proposed
in [19] is adopted here:

__9
9] +/o]

(")

where C is the relative mode shape contribution ratio, €2 denotes the natural frequency

contribution and @ is the mode shape contribution in the one-pin ABC sensitivity. @ and €2

can be calculated from the first and second term of Eq. 6, respectively.
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The (one-pin) ABC frequencies that contain a larger mode shape contribution are expected to
be relatively more sensitive to damage and hence should be selected for the FE model

updating.

3.2 Sensitivity analysis of two-pin ABC frequencies

The similar line of formulation can be extended to the sensitivity of two-pin ABC frequencies

and the determination of the mode shape contributions in the two-pin ABC frequency

sensitivities, as discussed in detail in [26]. Let the measured 2x2 FRF matrix be expressed

as:
hii hijj|
H = (8)
[hji hj;
Inverting the above matrix yields:
- { h _hhul ©
‘h”h” - hljhjl‘ — i ii

The singular (peak) frequencies in the inverted matrix, i.e. the two-pin ABC frequencies, can

be calculated by setting ‘h”hjj —h;;h ;| to zero. For simplicity and without losing generality,

ijriji
let us consider just the first three modes of the ABC frequencies. The two-pin ABC

frequencies with pins at i and jcan be represented as:

w2 =A1xa)3?+A2xa)22+A3xa)12 (10)
2=pin Al+ A2 + A3

where Al= ((0i1€0j2 —(0i2(0j1)2 , A2= ((0i1(Pj3 - (Dis(”jl)z , A3= ((ﬂiz(ﬂjs —(Dis(l’jz)z

The derivative of the two-pin ABC frequencies with respect to a variable parameter p can be

further expressed as follows:
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%14_@4_@ (Alxa)§+A2xa)§+A3xa)f)
d o P
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Accordingly, the natural frequency and mode shape contributions in the two-pin ABC

frequency sensitivities can be expressed as:

AL 5 A2 5  OA3 5 ] [am OA2 6A3j 2 9 2
— w3 +—o; ++—of +|(Al+ A2+ A3 —+—+— |\Alx @5 + A2x w5 + A3x
@Z[ap § 4y 2o ( )_ » o ap( 3 5 wl) (12a)
(AL+ A2+ A3)? (AL+ A2+ A3)?
2 2 2
[82"3 AL+ 6;‘)2 A2+a§)l A3J(A1+ A2+ A3)
-+ P P P (12b)

(AL+ A2+ A3)?

The relative contribution of the mode shape in the two-pin ABC frequency sensitivities can
then be evaluated using Eqg. (7). On this basis, the two-pin ABC frequencies can be selected

based on their mode shape contributions in structural damage identification.

3.3 Verification of ABC frequency sensitivity

The basic verification of the ABC frequency sensitivity analysis has been presented in [26].
Herein some further verification including multiple locations of damage is briefly descried

and discussed.

The beam employed in the simulation for the ABC frequency sensitivity analysis is the same
as the experimental steel beam which will be described in Section 4.1. The beam is 1m long,
and the cross section is 50 x 6 mm. The beam is fully fixed at both ends. In the analysis, the

beam is divided into ten elements, thus nine artificial pin locations are possible. As
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representation, two-pin ABC frequencies are considered and for convenience only the first

order ABC frequencies are employed in the verification.

In the numerical sensitivity analysis, single and multiple damages are created with 1%
stiffness reduction to the different beam elements, and the two-pin ABC frequency
sensitivities calculated using the proposed equations in Section 3.2 are compared with those

obtained directly from the numerical model with the addition of actual pins.

Figure 2 shows the comparison of the two-pin ABC frequency sensitivities for cases where a
single damage location is involved, where the numbers in the x-axis labels indicate the pin
positions, for example, “12” means pins located at points 1 and 2. The vertical axis is the
sensitivity of the squared two-pin ABC frequency according to Eq. (11). It should be noted
that as the beam is divided into 10 elements herein, nine locations can be used for the pin
placement (two end points are fixed), thus there exists a large amount of combinations for the
two pin positions. Herein only ABC frequency sensitivities with two pins at adjacent points
are illustrated . Figure 3 shows the comparison of the two-pin ABC frequency sensitivities for
cases where two damages are involved. Owing to the fact that there could be numerous
multiple damage combinations, only two damage scenarios are considered herein, namely a)
two closely-spaced damages at element between nodes 2 and 3 and element between nodes 4
and 5, and b) two distantly spaced damages at element between nodes 3 and 4 and element

between nodes 8 and 9.
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Figure 2 Verification of two-pin ABC frequency sensitivity calculations for single damage

location

2 >
S 30 : = ; ;
= O direct method = 60; O direct method
S 25¢ *  proposed equation S x proposed equation
7 n 50+
> >
o 20+ )
§ ® § 40} O ® 1
93' 15+ O g 30! |
g 10 Q 20} ]
< Q@ <
B O ® © T 10 o ® 1
@ S ® ® ®
g @ I I ® I I I g. 0 | | | | | | |
n 12 23 34 45 56 67 78 89 2 12 23 34 45 56 67 78 89
Pin position Pin position
(@) Closely-spaced damages (b) Distantly-spaced damages

Figure 3 Verification of two-pin ABC frequency sensitivity calculations for multiple damage

locations

From Figures 2 and 3, it can be observed that in all cases the two-pin ABC frequency
sensitivities calculated using Eq. (11) compare well with the direct results. It should be noted
that only the first few modes are employed to calculate the two-pin ABC frequency

sensitivity using the equations, and this may be the source of the slight differences in the
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comparisons. In general, it can be observed that two-pin ABC frequency sensitivity exhibits
marked variation for different pin (ABC) configurations or locations, and this indicates that
there is a significant scope for the selection of better suited ABC frequencies for a more

reliable damage identification.

4. Experimental programme

A laboratory experimental study has been conducted to investigate the extraction of the ABC
frequencies from physical tests and examine the optimal selection of the ABC frequencies for

damage identification in the test structures.

4.1 Test structure and test procedure

In this study, a scaled steel beam with a flat cross section was chosen for the experiment. The
dimensions of the test beam have been selected so that the modal properties of the test beam

were representative of typical beams in civil engineering construction.

Fig. 4 shows the basic test setup and dimensions of the test beams. The steel beams were
uniformly 1m long, and the cross section was 50mm wide and 6 mm thick. The test beams
were clamped at both ends, simulating fixed-end supports. During the test, each beam was
divided into 10 equal segments, so there were 9 measurement points with the exclusion of the

two end supports.

(a) Test beam set-up and attachment of accelerometers
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(b) Arrangement of the measurement points for the beam

Figure 4 Test setup for the steel beam

The experiment was carried out following a standard modal testing procedure. An impact
hammer was used to excite the test beams. The impact force time history was measured by a
built-in load cell in the impact hammer. Meanwhile, the dynamic responses of the test beam
were recorded by accelerometers attached to the designated points of the test structure. A
sampling frequency of 20 kHz was employed so as to provide enough resolution for the

recording of the details of the impact force to ensure a reliable FRF calculation.

The procedure described in Section 2 is used to obtain FRF curves and extract one-pin and
two-pin ABC frequencies. It should be noted that several signal processing techniques have
been applied to in the process to obtain the FRF curves to reduce the noise influence,
including windowing, filtering, averaging, and the singular value decomposition (SVD)

procedure. More details of these techniques can be found in [25].

4.2 Extraction of ABC frequencies from the measurements

With the processed FRF curves from the experiment, one-pin and two-pin ABC frequencies
can be identified from the elements of the inverted FRF matrix. In this section, the extracted
one-pin and two-pin ABC frequencies are examined with the application of the

aforementioned data processing techniques.

To generally cover all possible one-pin and two-pin ABC scenarios, a detailed test routine
was organized such that a large variety of artificial pin configurations can be obtained by

combining the impact and measurement scenarios tested during the experiment.
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4.2.1 Experimental one-pin ABC frequencies

For the one-pin cases, the measured FRF matrix reduces to a single driving-point FRF, and
the ABC frequencies are actually the anti-resonances in the FRF curves. In line with the

general ABC approach, these can be identified from peaks on the inverted driving-point FRF.

Figure 5 depicts three one-pin ABC curves (inverted driving-point FRF) from the test beam,
with pin locations distributed along the beam. The extracted one-pin ABC frequencies are
compared with those from the numerical predictions by adding one actual pin to the

corresponding position in the FE model, the results are listed in Table 1.

2':' T T 1|:|
o 157 o B
= E
E 1o} £
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[um|
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frequency (Hz) frequency (Hz)
(a) One-pin ABC curve with pin at 3 (b) One-pin ABC curve with pin at 6
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ek} B I
=
=
s 0y
g
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m
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S ____J _
a 100 200 300

frequency (Hz)

(c) One-pin ABC curve with pin at 8

Figure 5 One-pin ABC curves from the intact test beam
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Table 1 One-pin ABC frequencies from the experiment / FE prediction

Pin location Frequencies (Hz)
1St 2nd 3I’d
3 39.9/38.8 105.2/104.8 210.3/206.4
6 /83.5 122/121.1 1270.4
8 54.2 / 53.7 152 /150 261/ 262.7

From the above results, it can be seen that if the pin is located at the nodal point of a natural
mode, the corresponding modal information will not be measured. The implication for the
ABC frequencies extraction is that, if that natural mode happens to be an ABC mode as well,
such an ABC mode will not be identifiable from that measurement. In this case, as the centre
point (location 6 in Figure 2b) is nodal point of the second natural mode, and the mode is also

the first ABC mode, only the second ABC frequency can be measured from the test.

For the other measurement cases, the first few one-pin ABC frequencies can be clearly and
exclusively identified, and by comparing to those from the prediction by the FE model, it can

be said that the one-pin ABC frequencies can be extracted with good accuracy.
4.2.2 Experimental two-pin ABC frequencies

As mentioned earlier, for two-pin ABC frequencies the FRF matrix will be a 2x 2 matrix,
consisting of four FRF curves. This matrix is then inverted to yield the required H;lm matrix,

with four elements representing four ABC curves. The ABC frequencies may be identified
from any of these curves, and in practice the curves from other elements may be used for

cross-checking and assurance purposes.

There are obviously a variety of configurations with arbitrary locations of the two pins. To

allow for a systematic observation in a better organised manner, representative pin positions
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are chosen to cover essentially all possible combinations, with two pins located with various

distances.

Figure 6 depicts four typical two-pin ABC curves from various measurement configurations
(“pin” locations). Similarly, these extracted two-pin ABC frequencies are compared with

those from the FE model by adding two actual pins to the same locations, and the results are

listed in Table 2.
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Figure 6 Two-pin ABC curves from the test beam
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Table 2 Two-pin ABC frequencies from experiment / FE prediction

Pin locations Frequencies (Hz)
1st 2nd 3rd
2,3 50.1/48.3 135.5/134 271.6/263.8
5,7 121.6/120.8 190.4/191.5 346.8/ 340.7
4,8 141.7 /139.85 232.8/233.3 292.7/291.9
3,9 67.3/66.8 191.1/189.9 374.9/373.0

From Fig. 6, the first few peaks can be identified clearly, although the smoothness of these
curves is not as good as in the one-pin scenarios, which is quite expected due to the
involvement of four FRF functions and the inverting operation. In fact, even in a physical test
where two additional pin supports are actually imposed, the frequency response function
could be subject to increased “noises” due to the increased rigidity of the beam and the shift

of the modal frequencies towards a higher range.

The results described above demonstrate that extracting ABC frequencies for a beam-like
structure from a normal modal test is feasible and practical for one-pin and two-pin
configurations. These ABC frequencies can then be considered for structural damage

identification.

5. Experimental investigation of selecting ABC frequencies in structural damage

identification

In this section, the one-pin and two-pin ABC frequencies will be selected based on the the a
sensitivity analysis, and selected ABC frequencies will be used to identify damage in the test
beam. From the results in Section 3, one-pin and two-pin ABC frequencies containing higher
mode shape contribution will be selected for the subsequent application in the damage

identification via a finite element model updating procedure.



325 5.1 Experimental benchmark damaged beam

326  In this experiment, a damaged beam was created and the ABC frequencies after creating the

327  damage are extracted using the same procedure as described in Section 4 for the undamaged

328  beam.
329
330 (a) Stiffness reduction (damage) in the test beam
0 330 i
-
12 Semes | {
I

331 Lo
332 (b) Schematic showing the dimensions of cuts in the beam
333 Figure 7 Test beam with damage

334  Figure 7 depicts the damaged test beam. The damage was intended to represent a generic
335  reduction of the stiffness over a fixed area between about 0.33m-0.36m to the left end of the
336  beam. Several cuts were made to create a relatively uniform reduction of the section stiffness
337  over the damaged area, instead of a single cut which would cause a varying stiffness zone in
338 the vicinity of the cut and hence introducing unnecessary complexity for the present

339 evaluation. By creating a (relatively) uniform stiffness reduction area, it also makes an
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analysis using a simple FE model for comparison more straightforward. With verification
from an FE model, the cuts resulted in a reduction of stiffness by about 30% over a length of

100mm (10% of the total beam length).

The natural frequencies of the damaged beam were measured firstly, and the changes of
natural frequencies due to the damage are listed in Table 3. It can be seen that the damage
leads to a change (reduction) of the natural frequencies in a range of 0.7-2.7%, with the
highest reduction occurring to the second mode. This is expected because the damage

location was at about one-third length of the beam.

Table 3 Experimental natural frequencies and corresponding changes from the damaged

beam
Mode number 1° 2" 3™
Experimental (with cuts) 29.8Hz 80.6Hz 161.6Hz
Experimental (without cuts) 30.5Hz 82.9Hz 162.7Hz
Changes due to damages -2.3% -2.8% -0.68%

5.2 Selection scheme

As mentioned earlier, there exists a large amount of ABC pin configurations, especially in
two-pin scenarios, it is necessary to make a selection from all available one-pin and two-pin
ABC frequencies to achieve better identification results. In this section, the selection scheme
proposed in [26] is used for the ABC frequency selection, which can be briefly described

below.

For a structure with n elements, a total of n sensitivity values for a particular ABC frequency

can be obtained, forming a sensitivity vector, S. Defining the sensitivity of the ABC
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frequency to a damage in the i-th element as Si, the sensitivity vector S can be written as [S]
=[S1, S2, ..., Sn-1, Sn]. With Eg. (12), the mode shape contribution index C of each ABC
frequency sensitivity can be calculated, giving a vector of index [C] = [C1, C2, ..., Cn-1, Cn].
Based on the mode shape contribution vector C, the overall sensitivity of an ABC frequency

may be expressed as:

C=uc+pucloc (13)
where uc and o are mean value and standard deviation of the vector C.

From index C , the ABC frequencies with higher mean value and smaller standard deviation
value will be selected for the following damage identification, as these ABC frequency
sensitivities have collectively higher mode shape contributions to all possible damage

scenarios.
5.3 Damage identification on the test beam with selected ABC frequencies

From Section 5.1, the damage created in the test beam can be expressed with the 30%
stiffness reduction at the 4™ beam element shown in Figure 2(b). In this Section, a damage
identification procedure is performed using the measured ABC frequencies, and the
identification results in terms of the location and damage severity will be checked against the

about actual damage.

The identification is carried out through a FE model updating procedure, and the genetic
algorithm (GA) is used to update the beam stiffness with selected ABC frequencies in the
process to best match the measured dataset. The parameters used in GA are listed in Table 4,

and more details can be found in [23].
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Table 4 GA configuration

Max generation 1,000
Selection method Ranking selection
Crossover method Heuristic crossover

Crossover probability 0.7
Mutation method Uniform mutation
Mutation probability 0.02

From previous studies, the number of modal data should be 2-3 times the number of
parameters being updated in order to achieve a satisfactory result [27]. Therefore, in order to
update all of the 10 beam element stiffness values, the minimum 20 one-pin and two-pin
ABC frequencies are selected using the methodology described in section 5.2. Figure 8 shows
the updated results of the element stiffness and corresponding percentage errors with respect

to the actual stiffness distribution in the test beam.
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Figure 8 Model updating results using 20 selected ABC frequencies (left) and corresponding

percentage errors (right)

It can be seen from Figure 8 that the stiffness ratios for most of the 10 beam elements are
predicted within a margin of error of 3%, while the predicted stiffness in the damaged
element has an error of less than 10%. The average percentage error in all stiffness

parameters is 1.4%. Such results demonstrate that, using experimental ABC frequencies, both
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the damage location and the severity could be successfully identified in physical structures

when a similar test condition could be achieved.
5.4 Performance of selected ABC frequencies in multiple damage scenarios

From above results, the selected one-pin and two-pin ABC frequencies can identify the single
damage in the test beam with good quality. In this section, the performance of selected ABC

frequencies in identifying multiple damages is demonstrated.

Similar to the procedure described in Section 5.3, 20 one-pin and two-pin ABC frequencies
are selected to update the 10 beam element stiffness using GA. The results are depicted in

Figure 9, and the maximum and mean updating errors are listed in Table 5.

150 I ~ctual condition 15 I ~ ctual condition
o I Updating results o I Updating results
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(%] (%]
(O] (]
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n [9)]
0
12345678910 12345678 910
Element no. Element no.
(a) Scenario 1 (b) Scenario 2
Figure 9 Model updating results for multiple damage scenarios
Table 5 Maximum and mean updating errors for multiple damage scenarios
Multiple damage scenario Maximum updating error Mean updating error
1 8% 4%
2 9% 4.9%
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It can be seen from Figure 8 that with selected ABC frequencies, multiple damages in the test
beam can still be identified with good quality, the maximum updating error for multiple
damage scenario is still less than 10%, indicating that minor change in the beam performance
can be detected using the selected one-pin and two-pin ABC frequencies, this further confirm

the robustness of selected ABC frequencies in identifying structural damages.
6. Conclusions

In this paper, an experimental study is presented to investigate the identification of structural
damages using selected ABC frequencies based on a sensitivity evaluation with
measurements from a physical test structure. The measurement procedure to extract the ABC

frequencies and the measurement quality is also discussed.

In accordance with the formulation of the one-pin and two-pin ABC frequency sensitivities,
the selection scheme is derived on the basis of the relative contributions of the mode shape

coordinates at the pin locations in the ABC frequency sensitivities.

The verification of the sensitivities calculated using the formulations in comparison with
those generated from the finite element simulations demonstrate that the calculated ABC
frequency sensitivities are sufficiently accurate for both single- and multiple-damage

scenarios.

Comparison of the experimentally extracted one-pin and two-pin ABC frequencies from the
test beam with those produced from the numerical simulation show that with the described
testing procedure and use of the associated data analysis techniques, the first few one-pin and

two-pin ABC frequencies from each mode can be extracted with good accuracy.

The ABC frequencies from the measured pool are ranked on the basis of the sensitivity
calculations, and those containing high mode shape contributions are selected to the

identification of various damages in the test beam through a FE updating procedure. The
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identification results show that with the selected one-pin and two-pin ABC frequencies
reliable identification results about the damage location and severity for single as well as

multiple damage scenarios.
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