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Abstract Several methods proposed in literature for the localization of stiffness losses rely on
the detection of irregularities in the deflected shape of the structure. This requires accurate de-
scription of the deflected shape achievable through a high spatial resolution of sensors, high
quality or measures and accounting for the approximations introduced by signal processing. In
the first part of this paper is reported a survey of vibration-based damage localization algorithms
based on the detection of (changes of) irregularities in the deflected structural shape. Most of
these methods rely on damage parameters defined in terms of the local variations of curvature
due to the direct relationship of this parameter with the variations of stiffness. Due to some
drawbacks related to the estimation of curvature from noisy recorded responses, other methods
have been proposed to detect local variations of the deformed shape without directly computing
the curvature. Also, many of the methods proposed in literature have been validated only on
numerical models, due to the scarce availability of experimental data recorded on damaged
structures. Recently data recorded on benchmark structures have become available giving the
opportunity to verify the capability of these methods for damage localization in real-world con-
ditions. In the last part of the paper, a method for damage localization based on the detection of
localized changes in the structural deformed shapes, the Interpolation Method, is applied to two
benchmark structures. The first is the UCLA Factor Building whose response to several non-
destructive earthquakes has been recorded by a dense network of sensors. The second is the 7t
storey portion of building tested to collapse, using base inputs of increasing severities, on the
USDS shaking table.

Keywords: vibration-based, damage, localization, shape irregularity, interpolation
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1 Introduction

Vibration-based damage identification methods allow assessing structural damage
states mainly induced by stiffness losses. One of the major advantages of these meth-
ods is the possibility to detect damage at a global level, using sensors not necessarily
deployed close to the — unknown — location of damage. Different levels of refinement
in the identification of damage are possible depending on the amount of information
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provided by the recorded responses. Detection, that is the identification of the exist-
ence of damage, might be possible based on a single sensor able to capture meaningful
characteristics of the structural response, e.g. the natural modes more sensitive to dam-
age. Localization requires a higher number of sensors deployed at several locations
along the structure. The assessment of damage, that is the estimation of its severity,
usually requires a finite element model of the structure that allows to map the re-
sponses recorded on the structure to different damage types and scenarios through the
physical model of the geometry and mechanical characteristics of the real structure.
This paper is limited to response-based methods that do not make use of a physical
(e.g. Finite Element) model of the structure. Model-based methods have usually a con-
siderable computational cost, due to the need to update the model parameters through
iterative optimization processes. This makes them less suitable for real-time structure
damage identification. It must be said though, that when damage assessment is con-
cerned, response-based methods fail to provide both the type and the severity of dam-
age, whereby model-based methods become a useful option.

Several vibration-based methods that rely only on recorded responses have been pro-
posed in literature (Pandey et al 1991, Stubbs et al 1992, Ratcliffe 1997, Zhang &
Aktan 1998, Wahab & De Roeck 1999, Ho & Ewins 2000, Pai & Jin 2000, Lu et al.
2002, Parloo et al 2003, Limongelli 2003, Gentile & Messina 2003, Dutta & Talukdar
2004, Zhang et al 2013, Surace et al 2014, Corrado et al. 2015). This paper will focus
on methods that perform localization of damage through the detection of irregularities
in the deflected shape of the structure. Most of these methods exploit the relationship
between a local loss of stiffness and the corresponding local variation of curvature.
The damage feature is therefore defined in terms of this latter parameter.

One of the drawbacks related to the choice of curvature as damage feature consists in
the fact that the double differentiation needed for its computation is highly sensitive
to noise in recorded responses. Furthermore, a high spatial resolution, meaning a high
number of sensors, and high-quality measures, that usually require more expensive
sensors, are needed to obtain accurate estimates of the deformed shapes from which
curvatures are computed. Due to this, in literature have been proposed methods to
identify variations of curvature without explicitly computing curvatures. Some of
them will be described in the next sections.

One of the main issues in the research field related to damage identification, even more
challenging when damage induced by earthquakes is involved, is the validation on real
structures of the algorithms proposed by researchers. The number of monitored struc-
tures in seismic prone areas is still quite low and usually, due to economic constraints,
a small number of sensors is deployed on them. Beside this, many of the instrumented
structures have never experienced damage during an earthquake and in some cases,
even if data exist, they are not freely available for research purposes. Due to all these
facts, the algorithms proposed in literature for damage identification are often verified
using data simulated using number models or obtained through shaking table tests of
scaled laboratory specimens.

In the last years, several vibration tests have been performed on full scale structures
artificially damaged for research purposes. Data have been recorded using quite dense
networks of sensors and made available to the scientific community. The last section
of this paper reports the application of an algorithm for damage localization, the Inter-
polation Method, to two benchmark structures. The first is the UCLA Factor Building
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(see ref USGS) whose response to several earthquakes of low to medium intensity has
been recorded by a dense network of sensors permanently installed. The second case
study is the experimental model of a portion of a 7-storey building tested on shaking
table at UCSD, through the George E. Brown Jr. Network for Earthquake Engineering
Simulation (NEES) program (Mohaveni et al. 2010, 2011).

2 Damage features based on the detection of shape irregularity

2.1 Modal and operational shapes

Modal and operational shapes inherently describe the geometry of a structural system,
a localized reduction of stiffness produces a corresponding increase of curvature that
alters the deformed structural shape. This allows to localize damage by processing the
geometric changes of this shape. The irregularity induced by a stiffness loss affects
the global deformed shape therefore, considering its decomposition in the frequency
domain, not only the modal shapes are affected by damage but, in principle, all the
operational shapes. An ‘operational deflected shape’ is the deflection shape of a struc-
ture subjected to harmonic excitation. If the frequency of the excitation is close to a
modal one, the ODS is dominated by the corresponding mode shape; for other values
of the frequency of excitation, the ODS derives from the combination of several
modes. The modal or operational shapes most useful for damage identification are
usually those corresponding to the highest frequency shifts induced by damage. There-
fore, a low or a high mode can be both equally useful to damage identification pur-
poses depending on the location of damage and on the sensitivity of modes to damage
at that location. This means that all the available modes or of operational shapes should
be included in the damage localization procedure in order to have accurate results.
Several damage localization algorithms based on the detection of shape irregularities
have been proposed in literature (Pandey et al 1991, Stubbs et al 1992, Ratcliffe 1997,
Wahab & De Roeck 1999, Ho & Ewins 2000, Limongelli 2003, Gentile & Messina
2003, Zhang et al 2013, Surace et al 2014). Most of them rely on modal shapes, others
on operational deflected shapes retrieved from Frequency Response Functions. Both
families of methods present advantages and drawbacks. The estimation of modal
shapes is today quite reliable thanks to the developments of the experimental and op-
erational modal analysis techniques. The computation of operational shapes from Fre-
quency Response Functions is more straightforward therefore more feasible to online
algorithms for real-time identification of damage.
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Fig. 1 Operational shapes

At resonance the effect of noise is usually lower with respect to other frequency values
therefore the modal shapes are estimated with higher accuracy with respect to the
generic ODS. On the other side, the number of modal shapes that can be identified in
the frequency range excited by the input (forced or ambient vibrations) is always much
lower than the number of operational shapes in the same frequency range. Therefore,
in a certain sense, the amount of information contained in the complete set of ODS in
a certain frequency range, is higher with respect to the one contained in the modal
shapes. The quality of these information depends on the uncertainties related to the
retrieval of the ODS. These can be due to e.g. noise in recorded sensors, non-linear
behavior of the structure, round off in signal processing. Large set of data, obtained
measuring the response of the structure to vibrations for long periods of time, can help
reducing the effect of uncertainties but this is possible only if permanent monitoring
systems are installed on the structure. If the acquisition of data is limited to short
periods of time — as is the case for forced vibration tests — a high quality of recorded
data should be sought in order to accurately identify the location of damage. In the
latter case modal shapes can be more useful with respect to ODS. In reference
(Limongelli 2016) a comparison between results obtained ODS or modal shapes is
presented.

In the past, permanent monitoring systems where much less diffused with respect to
short term monitoring and this is probably one of the reasons why most of the damage
localization algorithms have been formulated in terms of modal shapes. Nowadays,
with large amount of data available, the possibility to use operational shapes is
becoming more and more appealing due to the lower interaction they require with an
operator. This last feature makes them more feasible for the implementation in
autonomous SHM systems.

The components of the deflected shapes are measured at a discrete number of points
corresponding to the sensor’s locations. The higher is the number of sensors and the
more uniform their distribution, the higher is the spatial resolution of the deformed
shapes, hence the accuracy of damage localization.

In the following section is reported an overview of some methods for damage locali-
zation based on the detection of irregularities in the deflected shapes. All methods will
be generically described with reference to a generic ‘deflected shape’ meaning that
they can be applied considering both modal and operational shapes.



2.1 Shape variation due to a loss of stiffness

The effect on the deformed shape of a localized stiffness loss can be schematically
explained with reference the simple cantilever beam represented in Fig. 2. Two con-
figurations are represented: the reference and the damaged ones. Damage is intended
as a reduction of the sectional bending stiffness in a small portion of the beam. In the
circle is reported the enlarged detail of the damaged portion.
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Fig. 2 Shape variation due to stiffness loss]
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As clearly shown by the comparison inside the circle, a sharp variation of the deflected
shape occurs at the location of damage whilst, at all the other sections, the two de-
flected shapes can be almost perfectly superimposed with a simple vertical shift.
Therefore a feature able to describe the shape of the beam and to detect the local dif-
ference between two shapes is needed to identify the correct location of damage. It has
been shown that for ‘beam-like’ structures like buildings or bridges a very good ap-
proximation of the deformed shape can be obtained through cubic spline functions
(Limongelli 2003, 2005). Comparison of shapes is a very important topic widely stud-
ied in several different fields. One technique, commonly used for example in the field
of Computer vision, is to define the shape of a curve through its curvature. A major
reason for this is that small variations of shapes are hardly detectable through the com-
parison of the shapes themselves (Salawu and Williams 1994, Khan et al, 1999, Huth
et al, 2005) while they sensibly affect curvatures. Furthermore, curvatures are invari-
ant to rigid transformations that is independent of the spatial translation or rotation of
the curve.

Finally, for the detection of stiffness losses, curvature are the most straightforward
feature being directly linked to the bending stiffness.

For a simple Eulero-Bernoulli beam, the curvature and the flexural stiffness are related
by the expression:

M
El

v 1)
where v', M and El are respectively the curvature, the bending moment and the bend-
ing stiffness of a same section. Damage entailing a reduction of the bending stiffness
at one location of the beam determines an increase in the magnitude of curvature in
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the same section. Therefore, changes in the curvature can be used to detect and locate
damage.

A totally different and quite challenging point is the accurate curvature estimation
from the available data. The relationship between the curvature 1/r and the second
derivative of a function v(x) is the following:

1 V()
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If the function v(x) represents a deflected shape (as is the case herein), v'(x)is the

rotation. For small values of the rotations, the square of the rotation can be neglected
with respect to unity and it can be assumed that the curvature 1/r is equal to the mod-
ulus of the second derivative of the function v"(x). A discontinuity in the curvature

(1/r) in this case has a direct effect on the second derivative of the function.

In real applications, data from accelerometers or displacement transducers provide few
components of the deflected shape of the structure that is a discrete representation of
a continuous function. Therefore, the computation of curvature requires the use of a
numerical algorithm, such as for example the central difference approximation to the
second derivative. The curvature v, " at the i-th location is given as a function of the

values of the function at the neighboring locations:

V"= Vi — 2h\2 TVig (3)
Where v, is the component of the deflected shape at location i and h is the distance
between the locations where structural responses are measured, that is the distance
between the sensors.
Two practical drawbacks affect the computation of the curvature for discrete func-
tions. The first is related to the spatial resolution of the available deflected shapes.
This depends on the location and number of sensors that is usually limited due to eco-
nomic constraints therefore is related to the ‘quantity’ of available data. Some authors
(Stubbs et al. 1992) proposed to tackle the problem by interpolating the deflected
shape using a smooth function such as a cubic spline. The interpolation allows to refine
the location of damage in the identified region but does not introduce new ‘infor-
mation’ therefore is not able to reduce the uncertainty about the correct damaged por-
tion of the structure. The second drawback is related to the ‘quality’ of available data:
estimators of curvature, like the one reported in equation (3), are very sensitive to the
noise introduced by the acquisition process (Chance et al., 1994; Gentile and Messina,
1997). Noise is further amplified by the double differentiation which, behaving as
high-pass filters in the Fourier-domain, can mask the damage hampering its correct
localization. A common approach to tackle this problem is to smooth the data - prior
or after to curvature calculation - but this might as well remove the effect of damage,
thus rendering the data less informative for damage identification purposes. A more
effective approach is to apply methods that detect variations in the curvature profile



7

without a direct estimation of this parameter. A number of these will be described in
one of the following sections.

3 Damage localization

This section reports a short, not exhaustive, description of a number of methods pro-
posed in literature to localize stiffness losses through the detection of variations of
local curvature. Many of them require the direct estimation of this parameter whereas
other methods use feature that do not require the direct computation of curvature to
detect its changes.

All the methods can be applied to a generic ‘shape’ be it a modal or an operational
one. However, each of the method was originally proposed for one of the two families,
usually for modal shapes. In the following reference will be made to the original ver-
sion.

3.1. Methods based on curvature

Pandey et al. 1991 showed that the absolute change in modal curvature can be an
efficient indicator stiffness losses. The damage index is defined at each location i as
the sum of the curvature variation between a reference (U) and possibly damaged (D)
configuration, over all the identified modal shapes:

Nimodes

Ac =)

k=1

¢l:,i,D _¢l:,i,u‘ (4)

Stubbs et al (1992) proposed to use the variation of the modal strain energy stored
in each portion (sub-element) of a beam as a damage feature. The basic idea is that
damage does not change the fractional modal strain energy Fy,; that is the ratio between
the strain energy stored in the i-th element and total strain energy for the k-th mode.
Based on this assumption, the ratio between the bending stiffness in the damaged and
undamaged states can be written as a function of the modal curvature and, summing
over all the modes, the following expression is obtained for the damage index:

Nimodes

B = ':Z . i /nmzcdis (¢k-i)u

Mmodes
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k=1 i=1
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. is defined as the sum, over all identified modes, of the elements bending stiffness
in the damaged and in the reference configurations. The damage index 3. assumes
values higher than 1 at a damaged location.

Another index was proposed by Zhang and Aktan in 1998 based on the curvature
of the Uniform Load Surface (ULS). The ULS is the deflection vector due to a unit
load applied at each of the p DOF (uniform load). The deflection fj; at location i due
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to a unit load at location j is approximated by the sum of the contributions of the iden-
tified Nmoges, the deflection fi due to a uniform unit load distribution is the sum of the
contributions due to the single unit loads.

P
n n ¢Ik ¢k
R ki e H 2 (76)
fl i= z 2 fi = Z 2
k=1 @ k=1 @y

The flexibility is sensitive to the number of modes, to the load location and to the
boundary conditions. The curvature of the deflection fi can be obtained through a cen-
tral difference approximation as in equation (3) and the damage index at each location
is defined as the variation of curvature of the deflection between the damaged and the
reference states:

fi'="fo"—fu" (8)

Due to the low values of flexibility close to supports, this index may not allow a cor-
rect localization when damage is located at these regions due the masking effect of
numerical errors (Yan and Golinval, 2006).

All the previous methods require the computation of the variation of curvature from
signals recorded in the reference and in the - possibly - damaged state.

The knowledge of the reference condition apparently is not needed by the Gapped
smoothing method proposed by (Ratcliffe 1997). A smooth cubic polynomial function
is used to interpolate the curvature of the modal shape and the damage index at the i-
th location is calculated as:

2

5i :|:( Py + Py X + pZXi2 + p3xi3)_ci:| (9)

C; is the curvature computed at location i from recorded responses and the coefficients
Po; P1; P2, and psare determined interpolating the values of curvature C;_, C;_4, Ci1q,
C;,, and skipping C;. The locations corresponding to the maximum values of the dam-
age index are assumed as the damaged ones. The idea underlying the method is that
the error between the curvature calculated from data and the value interpolated through
a smooth (polynomial) function, is higher at locations with an irregularity. Therefore,
the damaged location is identified as the one corresponding to the maximum value of
the interpolation error. Even if the computation of the curvature in the reference con-
dition is not explicitly required by this method, the underlying assumption is that a
discontinuity in the curvature profile is necessarily related to damage. This is not nec-
essarily true since a discontinuity in the curvature profile may be due to an intrinsic
irregular distribution of stiffness: due for example to a change of the transversal sec-
tion along the axis of a beam, or to the local change of the vertical bearing elements
along the height of a building. This may lead to false alarms in the identification of
damage locations. Damage is a change with respect to a reference conditions therefore
its identification requires the comparison of the current state with a reference one. The
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assumption that an irregularity in the deformed profile corresponds to a damage, im-
plies that in the reference state the deformed shape was regular, meaning that in the
original configuration there was a regular distribution of stiffness. If the stiffness dis-
tribution is already irregular at the ‘birth’ of the structure or generally in the reference
state, the simple detection of an irregularity in the deflected shapes does not neces-
sarily correspond to a damage. In this cases equation (9) might give false indications
of damaged locations.

Beside this last drawback, inherent in methods that do not compare the inspection to
the reference value of the damage feature, all the damage identification algorithms
described so far, need the direct identification of the curvature values and this may
introduce large uncertainties in case of noisy signals. To overcome this problem, meth-
ods have been developed to detect curvature changes without directly estimating cur-
vature. Some of them are described in the next section.

3.2. Methods based on the indirect detection of curvature changes

Several proposals have been formulated for robust estimators of curvature from noisy
signals. Most of them have been applied in the field of image processing (e.g. Page et.
al. 2002) but a final solution of the problem is still a research topic.

A completely different approach consist in the use of methods able to detect changes
in curvature without actually computing the curvature itself.

Methods based or the use of wavelet functions treat the deflected shape as a signal in
the spatial domain, and use the wavelet transform to detect the signal irregularity
caused by damage. The use of these functions for damage detection purposes has been
investigated by several authors. In the paper by Fan and Qiao, 2011 a comprehensive
survey is given. Herein reference is made to the work of Gentile and Messina, 1997
focused on the detection of cracks simulated through a local reduction of the elastic
modulus inducing a local loss of stiffness. In this paper an interesting and clear phys-
ical interpretation of the damage localization capability of wavelets is proposed. It can
be proved that these functions, if properly chosen, are a good approximation of the
derivatives of the deflected shape.

Specifically, if a wavelet function has m vanishing moments, the following equation
holds:

Y(x;s) K d"y(x)

m+l/2 dx™

lim (10)
s—0 S

where y(x) is the recorded signal, y (x;s) is the signal transformed using the wavelet

and s is a real positive number called ‘dilation parameter’ of the wavelet function. A
specific derivative can be approached through a wavelet transform, by choosing ap-
propriately the number of vanishing moments of a Gaussian wavelet (Gentile and Mes-
sina, 2003). As equation (10) shows, the signal transformed using the wavelet is pro-
portional to the m-th derivative of the function: for m=2 the transformed signal is
proportional to the curvature. Therefore a discontinuity in the proper wavelet trans-
form corresponds to a discontinuity in the corresponding derivative that can be used
to identify the location of damage. In their paper Gentile and Messina apply this tech-
nique to the detection of open cracks that are modelled through a local reduction of
the elastic modulus.
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A second approach is based on the use of smooth functions to interpolate the deflected
shapes. The Interpolation method (Limongelli 2010) is based on the use of a cubic
spline to interpolate the deflected shapes retrieved from recorded responses. Interpo-
lation is performed at the i-th location considering all the measured components of the
deflected shapes v;,v,,...... Vi_1,Vit1,----, Uy EXCEPt v;. The interpolation error is
defined as follows:

v, —vi| (11)

Ei = ‘(Co,i +Cl,i (Xi - Xi—1)+CZ,i (Xi _Xi—l)z +C3,i (Xi - Xi—l)s)_vi

The coefficients Coiv Civ Gy and c,, Of the cubic spline function are computed

imposing interpolation and continuity conditions at all the instrumented locations.
More details on the interpolation procedure can be found in reference (Limongelli
2003). Due to the so-called ‘Gibbs phenomenon for splines, a sharp increase of the
interpolation error occurs at the locations with a curvature discontinuities and this can
be used to detect the damaged location as the one where the highest value of the inter-
polation error is found.

The curvature discontinuity affects both modal and operational shapes. In order to
enhance the value of the interpolation error at the damaged location with respect to all
the others, the sum of the interpolation error computed for all the nshapes Shapes - modal
or operational - is considered:

E =\/§S Eiz = \/%5 Vk,i _Vk,i‘z (12)
k=1

k=1

Changes of interpolation error between two different states (reference and potentially
damaged) highlight the onset of a curvature discontinuity therefore the following dif-
ference SE, is assumed as the damage feature at location i

SE, =EP —EV (13)

This definition of the damage feature allows to overcome the shortcoming intrinsic
in the Gapped smoothing method and related to the assumption of a regular distribu-
tion of stiffness in the reference configuration.

A further improvement of the Interpolation Method, currently under investigation,
is related to its possible use for the estimation of damage severity beyond for damage
localization. A linear relationship exist and has been proven (Limongelli 2018) be-
tween the value of the interpolation error at the damaged location and the curvature
discontinuity. Currently the application of this relationship to identify the severity of
real damage scenarios is being studied.

4 Damage indices and thresholds

In real world conditions, due to several sources of variability influencing recorded
responses the damage features described in the previous section can exhibit changes
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even if no damage occurs or, viceversa, they can exhibit no change when damage exist.
This leads to false or missing detection of damage. This problem could be tackled
through statistical analyses if the distributions of the damage feature are known. This
is possible if large set of data are available to identify these disributions.
Assuming this is the case, in Fig. 3 the distribution of the damage feature in the refer-
ence configuration f; ..., at one instrumented location is compared to the distribution
in the inspection (damaged) state f; ;. In the figure is assumed that the damage fea-
ture increases with damage (e.g. the modal period increases with the loss of stiffness).
The comparison of the two distributions allows to investigate the onset of damage.

fi

Iz

f Eref

m

MI,ref MI,isp
Fig. 3. Distributions in the undamaged (f; ..r) and in the damaged (f; ;) States

If one, or both distributions cannot be determined reference can be done to the distri-
bution of values of the damage feature computed at all the instrumented locations
(Stubbs 1995, Limongelli 2010, Domaneschi 2013). The values of the sample mean
and standard deviation are obtained from the available set of damage features at all the
instrumented location. In order to differentiate the intact from the damage states a
threshold value has to be defined. This can be done in terms of an ‘accepted probabil-
ity of false alarms’ in the undamaged configuration. Assuming a normal distribution
the threshold can be computed as (Limongelli 2010):

Il =M, +v-0, (14)

where M, and o, are respectively the sample mean and the sample standard devia-

tion of the sample population of the damage index in the reference state. The value v
is defined in the standard normal distribution as the a—percentile that defines the ac-
cepted probability of false alarm.

The classification of a certain location i as “damaged” is carried out basing on the
comparison of the current value of the damage feature I; with the threshold at the same
location I;r.

if1, —1,.>0 damage at location i

if I, -1, <0 no damage at location i
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5 Case studies

In the following is reported the application of the Interpolation Method, recalled in
section 3.2) to the case of two multistory building under seismic excitation.

In the first case, the UCLA Factor Building, responses recorded during or after a se-
vere earthquake, able to damage the building, are not available. For this reason, the
responses recorded by the monitoring system have been used to calibrate a finite ele-
ment model and damage has been simulated reducing the stiffness of several elements
of the model. In the second case, for the 7t storey building responses have been rec-
orded in several damage states of increasing severity ad used to verify the capability
of the Interpolation Method to correctly localize damage.

6 The UCLA Factor Building

The UCLA Factor building (see Fig. 4) is a 17-story moment-resisting steel frame
structure consisting of two stories below grade and 15 above grade. The building
houses laboratories, faculty offices, administrative offices, the School of Nursing,
School of Medicine, auditoriums, and classrooms. The building is permanently instru-
mented with an embedded 72-channel accelerometer array recording both ambient vi-
brations of the building and motions from local earthquakes. The sensors array is com-
posed by four horizontal channels per floor: two in North-South direction and two in
East-West direction. The two floors below grade are also equipped with two vertical
channels. The array continuously records ambient vibrations as well as motions from
local earthquakes. More details on the Factor Building and on the recording network
can be found on reference (USGS).
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Fig. 4: The Factor Building (a) East face; (b) Sensors location (from ref. USGS)
In reference (Limongelli, 2014) the Interpolation Method has been applied to the Fac-
tor Building. Specifically, data recorded on the building during several seismic events
recorded in 2004 have been used to retrieve the probability distributions of the Inter-
polation Error at all the stories of the building. Results show that a lognormal distri-
bution fits correctly the statistical variation of the damage feature, the Interpolation
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Error, in the undamaged configuration. At the time being, only responses recorded
during events that did not severely damage the Factor Building are available therefore,
in order to test the performance of the IM, a numerical model of the building has been
used to simulate several damage scenarios. A reduction of the storey stiffness was
simulated in the numerical model by removing a number of columns at one or more
storeys. A selection of results is reported in Fig. 5 for damage scenarios corresponding
to 2 damage columns at 2 or 4 storeys in the transversal (x) or in the longitudinal (y)
direction of the building. The name of the scenario describes the location of the dam-
aged columns: for example Dx_04_12_2c means 2 damaged columns (2c) along the x
(transversal) direction, located at storeys 4 and 12.In the figures the blue bars indicates
the correct location of damage. The black curve joins the values of the Interpolation
Damage Index (IDI) at all the storeys. A value equal to v=2 corresponding to proba-
bility of false alarms of about 2% has been assumed in all these cases. For all scenarios
the IDI attains the highest values at the damaged locations, allowing a correct locali-

zation.
15 15
14 4 Dx_04_12_2c | 144 Dy 010407 13 2c |
13 13

12 '3 12
11 )
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(4] (=2}
story

3 ‘) ‘ )
) / 3
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0.00 0.05 0.10 015 0.20 : ‘ :
IDI_x 0.00 020 0.40 0.60 0.80

Fig. 5. Results for two and four damaged columns per story along respectively the transversal
(x) and the longitudinal (y) direction

In Fig. 6 are reported the values of the IDI at all the stories of the building for different
severities of damage. The value of the damage index increases with damage showing
the direct correlation, mentioned in section 3.2 with the loss of stiffness.
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Fig. 6: Increase of damage index with the severity of damage (from Limongelli 2014)

7 The 7% storey portion of building at UCSD

This structure, that represents a slice of a full-scale reinforced concrete shear wall
building, is 20 metres in height and 275 tons in weight. It consists of a main shear wall
(web wall), a back wall perpendicular to the main wall (flange wall) for transversal
stability, a concrete slab at each floor level, an auxiliary post-tensioned column to
provide torsional stability, and four gravity columns to transfer the weight of the slabs
to the shake table. Fig. 7 shows the test building on the shake table (NEES)

Fig. 7. Test structure (NEES)

The tests on the specimen were performed at the UCSD-NEES shake table located
at the Englekirk Structural Engineering Center, 15 km east of the main campus of the
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University of California—San Diego (UCSD). The building was progressively dam-
aged through several historical seismic motions (Mw from 6.6 to 6.7) reproduced on
the shake-table. Before and between the seismic shake-table tests, the building was
subjected to long-duration (8 min) ambient vibration tests and to long-duration (3 min)
low-amplitude white-noise (WN) excitation tests. The test structure was instrumented
with a dense array of sensors including accelerometers, strain gauges, potentiometers,
and linear variable displacement transducers (LVDTSs). Herein data from 8 longitudi-
nal acceleration channels (located at each floor level) were used to apply the Interpo-
lation Evolution Method (lacovino, 2018). This is an extended version of the IM that
can be applied using the nonlinear responses recorded during a damaging event. The
IEM is based on the idea of repeating the application of the IM at each time instant
during the strong motion therefore retrieving the location of the damage at each time
instant. At the end of the motion, the histogram of the damage locations throughout
the entire shaking is obtained and the damage location can be selected, for example,
as that corresponding to the highest frequency of detection.

1.1.1 Damage scenarios

As described in Panagiotou et al. (2011) and Moaveni et al. (2010, 2011), after the
4 seismic tests, damage was concentrated at the first and second storeys. Flexural
cracks occurred at the base and at the first story. During the last test EQ4 a large split
crack appeared and extended up to one-third of the height of the second level. Fig. 8
shows the structural damage at the bottom of the structure and at the first storey after
at the end of the tests.

(b)

Fig. 8. (a) extent of flexure-shear cracking in the first story at the bottom corner of the first
story of the web wall during EQ4; (c) splitting crack due to lap-splice failure at the bottom of
the second story of the web wall on the west side after EQ4 (Panagiotou et a. 2011)

Results obtained from the application of the IEM to the 7™ story specimen are shown
in Figure 17 for the different excitations. In all cases, the correct location of damage
at storeys 1 and 2 is found except for the case of EQ3 where damage is found between
storeys 2 and 3. This circumstance is due to the interpolation process performed for
the computation of the damage feature that, as discussed in reference (Limongelli
2010), may somehow ‘spread’ the effect of damage to the locations nearby the dam-
aged one.
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Figure 1. 7" story shear wall building at UCSD. Histograms of the identified damaged sto-
rey: (a) EQ1, (b) EQ2, (c) EQ3, (d) EQ4.

8 Conclusions

In this paper, response-based methods for damage localization in structures under seis-
mic excitation are presented. Damage is intended as a loss of stiffness. Thanks to the
low computational efforts they require, these methods can be more feasible for online
real-time damage identification purposes with respect to model-based approaches. A
large majority of these method are based on the detection of localized variations of
curvature performed though a direct computation of this parameter or using techniques
based on interpolation or on wavelet functions to identify losses of regularity in the
deformed shape. A short survey of these methods is reported in the paper.

In order to tackle the problem of false or missing alarms — caused by the several
sources of uncertainties that affect the identification of damage features from re-
sponses to vibrations (sensor’s noise, signal processing assumptions and truncation,
low spatial resolution) - the distribution of the damage feature should be retrieved and
a threshold values should be fixed to distinguish damaged from undamaged states.
Response-based methods are usually not able to identify the type and severity of dam-
age. This usually requires the use of a physical model. However, several damage fea-
tures obtained though response- based approaches exhibit a strong correlation with the
severity of damage and this appears promising for the definition of a damage feature
requiring a low computational effort — so that it can be efficiently used for on-line
damage identification — but enabling a more refined description of damage through
the estimation of its severity beyond its existence and location.
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