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Abstract In civil engineering structures it is highly desirable to detect the pres-
ence of damage and changes in the global structural behavior at the earliest possible
stage, and, among themany existing strategies for vibration-based damage detection,
modal flexibility (MF)-based approaches are promising tools.However, inmost of the
existing studies, the experimental validation of such approaches has been performed
on small-scale laboratory structures, where damage has been artificially imposed
as stiffness reductions, for example by substituting some structural elements. It is
thus important to continue to test the effectiveness of such MF-based approaches
on full-scale structures characterized by more realistic damaged conditions. This
paper focuses on the methods for output-only damage detection and localization that
are based on the estimation of structural deflections from modal flexibility, and the
objective of this paper is to test the applicability of suchmethods for locating damage
in a full-scale reinforced concrete (RC) structure that has experienced earthquake-
induceddamage.The considered structure is a shearwall building that canbemodeled
as a bendingmoment-deflecting cantilever structure, andwas tested on the large-scale
University of California, San Diego—Network for Earthquake Engineering Simula-
tion (UCSD-NEES) shaking table. Two approaches, which are based, respectively,
on the estimation of the curvature and the damage-induced rotation from the deflec-
tions, have been applied and compared on the data of the considered case study. These
approaches have been applied in different scenarios characterized by different data
sets and by a different number of degrees-of-freedom measured on the considered
structure.
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1 Introduction

Structural health monitoring (SHM) strategies are becoming essential parts of the
management process of civil structures and infrastructures [1]. These strategies aim
to detect the presence of potential damage and changes in the structural behavior at the
earliest possible stage. Such strategies also aim to support decision making in main-
tenance and retrofitting operations. For civil structures and infrastructures, a conve-
nient monitoring strategy is to implement a vibration-based monitoring system and
acquire the responses of the structure under ambient vibrations. Then, the acquired
data can be used for identification and damage detection purposes. Referring to
these twomentioned purposes, applying output-only modal identification techniques
[2, 3] and modal-based damage detection techniques [1] is probably one of the
most common and used approaches. These techniques are closely related since the
outcomes of the former represent the starting point for the application of the latter.
Moreover, the development in recent years of automated modal identification proce-
dures [4] has contributed to close the gap between the discipline of output-onlymodal
identification and the application of modal-based damage detection and monitoring
strategies.

Among the vast class of the existing modal-based methods for damage detection,
the methods based on modal flexibility and its derivatives [5–19] are promising
tools. According to these approaches, the modal parameters, in terms of natural
frequencies and mode shapes, are used to obtain an estimate of the static flexibility
matrix of the structure. Such matrix can be considered as an experimentally-derived
model of the structure, to be used for damage detection purposes. Some methods
in this class are also based on an additional main step: such modal flexibility-based
models are loaded by virtual loads, called inspection loads, to estimate structural
deflections. Information contained in the modal flexibility matrix is thus condensed
in a deflection vector, which is then used to track eventual variations that can be
associated to a damaged state. Such approaches, developed in the late ‘90s [10], have
been progressively improved and refined over the last two decades [11–19]. Some
approaches based on similar damage locating concepts have been also developed to
be applied from static deflections [20].

All the damage detection methods based on the estimation of modal flexibility-
based deflections have some inherent commoncharacteristics.However, eachmethod
has other specific features that depend on the type of structures for which the method
has been developed. For example, such methods can be grouped into two main
classes: methods developed for shear-type structures (e.g., [11–13]) and methods
developed for flexure-type structures (e.g., [14–17]). Such approaches are briefly
reviewed herein. In [11] an approach has been proposed for detecting and localizing
damage in buildings that can be modeled as planar shear-type structures. Based
on the theory presented in [11], an extension of such method has been presented
in [12], where the considered structures are plan-symmetric shear-type buildings
with asymmetric damage. The problem of detecting damage in shear-type buildings
using modal flexibility-based deflections is also addressed in [13], where different
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strategies have been proposed for performing the calculations with minimal or no a
priori information about the structuralmasses, even in the case inwhich themasses are
varied before and after damage. In [14] the displacements and the curvatures ofmodal
flexibility-based deflections have been analyzed for damage localization on a steel
grid laboratory model. In [15] the concept of the Positive Bending Inspection Load
(PBIL) has been introduced, and amethod has been presented for damage localization
in simply supported and continuous beams. In [16] the damage localization for beam-
like structures is carried out using the normalized curvature of the uniform load
surface evaluated from modal flexibility. This approach has been verified through
numerical simulations performed for a cantilever beam and for a simply supported
beam, by considering measured degrees-of-freedom (DOFs) at the same spacing. In
[17] amethod is presented for damage localization in cantilever beam-type structures.
The experimental verification of this approach has been performed using a laboratory
10-story framemodelwith constant interstory heights and bymeasuring the structural
responses at all stories.

It is important to underline that in most of the existing studies related to the
application ofmethods based onmodal flexibility-based deflections, the experimental
validation has been performed on small-scale laboratory structures. Studies where
these approaches have been validated using full-scale structures exist, but the number
of such studies with full-scale validations is quite small compared to the studies that
considered small-scale laboratory structures. For example, in [18] modal flexibility
and modal flexibility-based deflections have been used for condition assessment in
real-life bridges. As another example, in [19] the approach presented in [11] has
been validated on a full-scale shear building, where damage has been imposed by
replacing a spring member with other members having reduced stiffness. Based on
these premises, it is thus evident that is important and of interest to continue to
test the effectiveness of the methods based on modal flexibility-based deflections on
full-scale structures.

The objective of this paper is to test the applicability of the damage localization
methods based on the estimation of modal flexibility-based deflections on a full-
scale reinforced concrete (RC) structure that has experienced earthquake-induced
damage. The considered structure is a shear wall building that can be modeled as
a bending moment-deflecting cantilever structure. In particular, two approaches for
damage localization have been applied and compared on the data of the considered
case study. These approaches have been applied by considering different scenarios
characterized by different data sets and by a different number of degrees-of-freedom
measured on the considered structure.
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2 Damage Detection Through Modal Flexibility-Based
Deflections in Bending Moment-Deflecting Cantilever
Structures

The modal flexibility matrix of a generic structure can be defined as an estimate
of the static flexibility matrix of the considered structure obtained from a vibra-
tion test, and specifically from the extracted modal parameters. When dealing with
input-output tests, such matrix can be directly extracted from the data if for at least
one degree-of-freedom both the input force and the output response are measured.
This requirement guarantees that mass-normalized mode shapes can be estimated.
When dealing with output-only tests, the modal flexibility matrix is not readily avail-
able from the data [8]. However, solutions exist to circumvent the problem and to
obtain themass-normalizing constants required to estimate themodal flexibility from
output-only data. One can use mode shape scaling techniques, which generally need
the execution of additional tests with some imposed structural modifications [3]. As
a second option, one can use an a priori estimate of the system mass matrix [11,
12] or can use the mass matrix of the structure derived from a FEM model [3]. As
a third option, one can try to extract from the output-only data unscaled matrices
that are proportional to the mass and flexibility matrices of the structure [6, 8, 9, 13,
21], indicated, respectively, as proportional mass matrices (PMMs) and proportional
flexibility matrices (PFMs). When considering this last case and using the estimated
proportional flexibility matrices for damage detection purposes, it is important to
consider PFMs in the baseline and in the potentially damaged states that are prop-
erly scaled. Usually, this condition is guaranteed if the masses are unchanged in the
different considered states of the structure and if the same PMM is used to normalize
the mode shapes in the baseline and in the potentially damaged states [6, 13]. Esti-
mating modal flexibility matrices from vibration data is in general an operation that
can be performed also in the case in which not all the DOFs of the structure are
measured, as shown in [7] for the input-output case or in [6, 9] for the output-only
case.

The modal flexibility matrix of a genericMDOF classically-damped structure can
be obtained using the following equation [7–9]:

Fr n×n =
r∑

i=1

1

(siωi )
2 ψ iψ

T
i (1)

where n is the number of the DOFs measured on the structure, r is the number of the
modes included in the calculations, ψ i is the ith real arbitrarily-scaled mode shape
vector (with dimensions n × 1), ωi is the ith natural circular frequency, and si is the
mass normalization factor for the ith mode.

After having estimated the modal flexibility matrices, a convenient approach to
tackle the damage detection problem is to calculate themodal flexibility-based deflec-
tions. Such deflections can be determined by applying some inspection loads to the



Damage Detection Through Modal Flexibility-Based Deflections … 101

flexibility-based experimentally-identified model of the structure, as follows

v = Fr p (2)

where vn×1 is the modal flexibility-based deflection and pn×1 is the inspection
load. When considering bending moment-deflecting beam-like structures, a Posi-
tive Bending Inspection Load (PBIL) is usually selected as the inspection load. The
PBIL is a load that generates positive bending moments in the inspection region of
the structure and no inflection points in the deflection within that region [15].

After having estimated the modal flexibility-based deflections, different features
computed from these deflections can be used for damage detection. Some examples
of existing approaches are mentioned: in [14] the displacement and the curvature
are used; in [15] the additional deflection measured from the chord that connects
two DOFs is evaluated; in [16] the normalized curvature of a uniform load surface
is used; in [17] the interstory deflection is evaluated. The works [15–17] also show
the relationship that exists between damage in beam-like structures (e.g., a localized
stiffness reduction) and the damage-induced deflection, i.e., the difference between
the deflections in the damaged and undamaged states. These mentioned approaches
represented the startingpoint for the development of the damagedetection approaches
that in this paper are applied to the data of the considered case study, which, as
already mentioned, is a full-scale reinforced concrete structure that has experienced
earthquake-induced damage. This structure, described in Sect. 3, can bemodeled as a
bending moment-deflecting cantilever structure, and thus the analytical formulation
presented in the remaining part of this section was developed by considering these
types of structures. It is also important to mention that the approaches and anal-
yses presented in this paper focus on planar structures, whose structural behavior is
analyzed in one direction (Fig. 1).

For a cantilever structure, a convenient inspection load to be adopted for evaluating
the modal flexibility-based deflections is a uniform load with unitary values at all the

DOFs—i.e., p = {
1 1 . . . 1

}T
. This load is a PBIL load for a cantilever structure,

as shown in [15]. Starting from the displacements of the calculated deflection, the
rotations and the curvatures can be estimated using the finite difference method, as
a numerical derivation technique.

The rotation of a portion of the structure located between two measured DOFs—
i.e., the (j + 1)th and the jth DOFs—can be estimated as follows:

ϕ( j+1, j) = v j+1 − v j

h j+1 − h j
(3)

where h j is the height of the jth DOF evaluated with respect to the base of the
cantilever structure. If the measured DOFs are located at a constant spacing equal to
�h, Eq. (3) is simplified as follows:

ϕ( j+1, j) = v j+1 − v j

�h
(4)
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Fig. 1 Bending moment-deflecting cantilever structure: a structural model with a generic sensor
layout; b applied inspection load

The curvature at the jth measured DOF of the modal flexibility-based deflections
can be estimated as follows:

χ j =
v j+1−v j

h j+1−h j
− v j−v j−1

h j−h j−1

h j+1−h j−1

2

(5)

Equation (5) is valid for measured DOFs that are unevenly distributed along
the height of the structure. Such equation was obtained by adapting the formulation
presented in [22], for evaluating the curvature of mode shapes and operational deflec-
tion shapes, to the case of the modal flexibility-based deflections. If the measured
DOFs are located at a constant spacing equal to �h, Eq. (5) is simplified as follows:

χ j = v j+1 − 2v j + v j−1

�h2
(6)

In this paper, the quantities presented in Eqs. (3) and (5) are used for damage local-
ization purposes. Of course, uncertainties are always present on quantities extracted
from real noisy vibration data. Thus, statistical approaches based on outlier analysis
[1] are introduced in the damage localization process. To implement these statistical
approaches, it is required that the calculations related to the baseline structure are
repeated using different portions of the training data set. This is done to estimate the
degree of variability that affects the quantities related to the baseline structure.

Two different damage localization strategies were developed and then applied to
the data of the considered case study.



Damage Detection Through Modal Flexibility-Based Deflections … 103

According to the first strategy, the values of the curvature aremonitored, and it is of
interest to see if the values of the curvature in the potentially damaged state deviate
from the values of the curvature related to the baseline structure. This strategy is
implemented through the calculation of the following index, which is herein defined
as z-index based on curvature

zχ, j = χI, j − χ̄B, j

s
(
χB, j

) (7)

Equation (7) can be evaluated for each jth measured DOF with j = 1 … n −
1, where j = 1 is the first measured DOF at the bottom of the structure. In Eq. (7)
χI, j is the curvature related to the structure in the inspection stage, and χ̄B, j and
s(χB, j ) are the sample mean and the sample standard deviation of the curvature
χB, j,i evaluated from the training data set (for i = 1…q where q is the total number
of damage-sensitive features extracted from the training data set).

In the second strategy for damage localization, the concept of the damage-induced
rotation is introduced, which is the difference between the rotation in the inspection
stage and the rotation related to the baseline state. In particular, the second strategy is
based on tracking eventual variations in the damage-induced rotation along the height
of the cantilever structure. This strategy is implemented through the calculation of
the following index, which is herein defined as z-index based on a damage-induced
rotation

zϕ, j = �ϕ̄( j+1, j) − �ϕ̄( j, j−1)

s
(
�ϕ( j, j−1)

) (8)

Equation (8) can be evaluated for each jth measured DOF with j = 1 … n − 1,
and in Eq. (8) the damage-induced rotations of adjacent portions of the structure are
considered. The terms �ϕ̄( j+1, j) and �ϕ̄( j, j−1) are defined as follows:

�ϕ̄( j+1, j) = ϕI,( j+1, j) − ϕ̄B,( j+1, j) (9)

�ϕ̄( j, j−1) = ϕI,( j, j−1) − ϕ̄B,( j, j−1) (10)

where the symbol� indicates that, for the considered quantity, the difference between
the inspection stage and the baseline state is performed. As already shown for Eq. (7),
the operators ·̄ and s(·) present in Eqs. (8), (9) and (10) calculate the sample mean
and the sample standard deviation, respectively, and are applied on quantities related
to the baseline state.

Both in the first and in the second strategy, the z index has to be compared to a
threshold value zT H in order to understand if the structure has undergone structural
modifications which can be associated with a damaged state and to identify the
locations of the damage. For the jth measured DOF, the structure in the inspection
stage is considered as unaltered with respect to the baseline structure if zχ, j ≤ zT H
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(first strategy) and zϕ, j ≤ zT H (second strategy). For the jth measured DOF, it is
recognized that the structure in the inspection stage deviates from the baseline state
if zχ, j > zT H (first strategy) and zϕ, j > zT H (second strategy). Assuming that the
features extracted from the training data set have a normal distribution, as it is also
done in [12, 13] where similar statistical tests have been performed, the value of the
threshold is assumed as equal to zT H = 3.

As shown in Eqs. (7) and (8), the quantities considered in the two indices for the
damage localization statistical tests are different, and thus different outcomes are in
general obtained using the two strategies. However, it is also important to underline
that the two strategies have an inherent similarity, which is shown using the following
analytical formulation.

The numerator in the expression of the z index based on damage-induced rota-
tion—i.e., the numerator of the second term in Eq. (8)—is considered, and such term
is divided by the term h j+1−h j−1

2 , as shown in Eq. (11a). Then, Eqs. (9) and (10) are
substituted into Eq. (11a), and the terms of the derived Eq. (11b) are rearranged as
shown in Eqs. (11c) and (11d). Through the definitions of the rotation and the curva-
ture expressed by Eqs. (3) and (5), it can be recognized that Eq. (11d) can be finally
reformulated as the difference between the curvature in the inspection stage and the
sample mean of the curvature related to the baseline structure. This difference is the
numerator in the expression of the z index based on curvature—i.e., the numerator
of the second term in Eq. (7).

�ϕ̄( j+1, j) − �ϕ̄( j, j−1)
h j+1−h j−1

2

= (11a)

= ϕI,( j+1, j) − ϕ̄B,( j+1, j) − (
ϕI,( j, j−1) − ϕ̄B,( j, j−1)

)

h j+1−h j−1

2

= (11b)

= ϕI,( j+1, j) − ϕI,( j, j−1) − (
ϕ̄B,( j+1, j) − ϕ̄B,( j, j−1)

)

h j+1−h j−1

2

= (11c)

= ϕI,( j+1, j) − ϕI,( j, j−1)
h j+1−h j−1

2

− ϕ̄B,( j+1, j) − ϕ̄B,( j, j−1)
h j+1−h j−1

2

= χI, j − χ̄B, j (11d)

3 Application to a Full-Scale RC Shear Wall Building

The damage localization approaches described in the previous section were applied
on the data of experimental tests that were performed on a full-scale reinforced
concrete structure that has experienced earthquake-induced damage. These experi-
mental testswere performed between September 2005 andMay 2006 at the Englekirk
Structural Research Center, using the University of California–San Diego Network
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for Earthquake Engineering Simulation (UCSD-NEES) large outdoor unidirectional
shake table. The data of this experimental program were retrieved from [23]. The
tested structure is 63 ft (i.e., 19.2m) high and is formed by shear walls. Such structure
can be considered as a portion of a 7-story residential building that has structural
walls as the lateral force-resisting system (Fig. 2). The structure has one main longi-
tudinal web wall, which is 12 ft (i.e., 3.66 m) long, and two transverse walls, which
provided lateral and torsional stability during the tests. A 12 ft by 26 ft–8 in. (i.e.,
3.66 m by 8.13 m) slab is present at each floor level, and such slab is supported by
the walls and by some gravity columns. The structure was positioned on the shake
table with the main longitudinal wall aligned to the direction of the base excita-
tion (i.e., east–west direction) and was instrumented with a dense array of sensors,
including accelerometers for measuring the vibration responses. During the exper-
imental program, some historical earthquake records were applied at the base of
the structure, which induced progressively increasing levels of damage. After each
strong motion test, low-amplitude white noise base excitation tests and ambient
vibration tests were performed for damage characterization purposes. More detailed
information about the structure and the performed vibration tests can be found in
[24–26].

For the analyses of the present paper, only a subset of the vibration tests, sensor
data, and structural configurations of the whole experimental program performed
on the UCSD-NEES shake table has been considered. Referring to the structural

Fig. 2 Schematic drawing of the geometry of the structure with indications of the measured DOFs
(geometry retrieved from [23, 24]): a elevation—south face; b floor plan view
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configurations, in this paper the following configurations (tested progressively) and
damaged states were considered: S0 which is the baseline configuration; S1 which is
the damaged state that resulted from the application of the longitudinal component
of the San Fernando earthquake measured in 1971 at the Van Nuys station (EQ1);
S2 which is the damaged state obtained by subsequently subjecting the structure to
the transversal component of the above-mentioned San Fernando earthquake (EQ2);
S3.1which is the damaged state generated by subsequently applying at the base of the
structure the longitudinal component of the Northridge earthquake measured in 1994
at the Oxnard Boulevard station inWoodlandHill (EQ3) [25, 26]. The other damaged
states shown in [25, 26] (i.e., S3.2 and S4) were not considered in the analyses of the
present paper. As observed in [25, 26], after state S3.1 some braces present in the
structure were strengthened and stiffened. Thus, for the analyses of the present paper
it was considered appropriate to start focusing on the configurations tested before the
strengthening intervention, and the states S3.2 and S4 may be considered in future
developments of the work.

Referring to the type of vibration tests, the analyses of the present paper focus
on the data of the tests performed, for each configuration and damaged state, by
applying at the base of the structure a 0.03 g root mean square (RMS) white noise
excitation with a duration of 8 min. Referring to the sensor data, this paper focuses
on the analysis of the data collected using the accelerometers that were positioned at
the different floor levels near the main longitudinal wall and oriented in the direction
of the base excitation (Fig. 2b). These data were used to perform a planar analysis
of the considered structure. In particular, three different scenarios characterized by
different data sets and by a different number of degrees-of-freedom measured on the
structure were considered in the analyses. As shown in Fig. 2a, a first analysis was
done by considering the data collected at 7 DOFs—i.e., the data measured at each
floor level from 1 to 7. In a second analysis, 4 measured DOFswere considered—i.e.,
the DOFs located at floor levels 1,3,5,7. Finally, a third analysis was performed by
considering the data measured at 3 DOFs—i.e., the data measured at floor levels
1,4,7. In all three different considered scenarios, the accelerations at the base of the
structure (i.e., floor level 0) were also included in the calculations, as discussed later
in this section. All themeasurements used for the analyses have a sampling frequency
(fs) equal to 240 Hz.

Before proceeding with the presentation of the performed analyses and related
results, it is important to describe the damage that was observed in the structure
during the experimental tests. This in fact represents the expected outcome of the
applied damage localization approaches. As described in detail in [25], damage in the
structure was observed visually (through pictures and video recordings), and it was
also deduced from strain sensors. As stated in [25], the actual damage observed in
the structure is characterized by a concentration of damage at the bottom two stories
of the longitudinal web wall. This damage scenario matches the outcome of the
vibration-based strategy for damage detection, localization, and quantification that
was applied in [25] starting from the acceleration measurements—i.e., a sensitivity-
based finite element (FE) model updating strategy. Through the analysis of the strain
data and using the FE model updating damage detection method, in [25] it was also
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observed that the extent of damage increases as the structure is exposed to stronger
earthquake excitations.

As a first step in the analyses, the absolute accelerations related to each measured
DOF were converted into relative accelerations, by subtracting from the absolute
accelerations the accelerations measured at the base of the structure. Then, an output-
only modal identification algorithm—i.e., the Natural Excitation technique (NExT)
[27] combined with the Eigensystem Realization Algorithm (ERA) [28]—was used
to estimate the modal parameters of the structure. In particular, the training data set
was divided into 8different portions (with a durationof 1min each), and eachdifferent
portion was used to estimate the modal parameters. This was done for estimating the
degree of variability that affects the quantities related to the baseline state, which is
a fundamental step required for applying the subsequent statistical approaches for
damage localization. It is important to point out that considering only 8 portions of
the signals is not the optimal number of samples for the assumed model of having
baseline DSFs with a normal distribution. However, given the duration of the training
data set related to the 0.03 g RMS white noise base excitation tests, this choice was
done to manage the trade off between the considered number of the measurement
portions and the time length of such signals. It is worth noting that an attempt was
also made to perform similar operations for the training data set by considering the
ambient vibration tests, which have a duration of 3 min. In such case, however, due to
a shortermeasurement duration, it wasmuch harder to estimate adequately the degree
of variability on the quantities related to the baseline state. The data of such ambient
vibration tests were thus not considered in the analyses of the present paper, and they
may be considered in future developments of the work focused on performing the
calculations with small training data sets.

The NExT-ERA identification algorithm was also applied for the other consid-
ered states of the structure. In general, starting from the data of the considered
measured DOFs (Fig. 2) it was possible, for each structural state, to identify the first
three longitudinal modes of the structure in the direction of the applied white noise
base excitation. These first three longitudinal modes were then used for the damage
detection analyses of the present paper, which is the same number of modes that
was considered for detecting damage in the analyses presented in [25]. The natural
frequencies identified for the different states of the structure are provided in Table 1,
which also shows the percent variations evaluated with respect to the frequencies

Table 1 Identified natural
frequencies of the structure in
the different states

State Natural frequency fi (Hz) (% variation w.r.t. baseline
state S0)

1st mode 2nd mode 3rd mode

S0a 1.69 11.53 24.81

S1 1.53 (−9.8) 11.32 (−1.9) 24.67 (−0.6)

S2 1.23 (−27.3) 10.56 (−8.4) 23.41 (−5.6)

S3.1 1.11 (−34.4) 7.88 (−31.6) 19.72 (−20.5)

aMean values of natural frequencies
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of the baseline state S0. From Table 1, it can be observed, as expected, that the
frequencies related to the damaged states are lower than the frequencies of the base-
line structure. Moreover, the frequencies progressively decrease when considering
structural states characterized by more severe damage.

The identified modal parameters were used to assemble the modal flexibility
matrices of the structure in the different states using Eq. (1). In particular, the mass
matrix of the structure was estimated a priori using the available information about
the structure and used for obtaining the mass normalization factors for the different
modes. When evaluating the mass matrix of the considered beam-like cantilever
structure, the following two simplified assumptions were made: it was assumed to
neglect the rotational inertia of the considered DOFs, and it was assumed that the
mass is uniformly distributed along the height of the structure. Moreover, it was
not of interest to estimate the true scaled values of the masses, but only values that
are proportional to the corresponding true scaled values. This resulted in estimating
diagonal mass matrices whose components are proportional to the structural masses
that refer to the measured DOFs, considered in the different scenarios. The use of
proportional mass matrices led to the estimation of proportional flexibility matrices,
which were then used to estimate the modal flexibility-based deflections. This was
done according to Eq. (2), and a uniform load with unitary values at all the measured
DOFs was considered as the inspection load. As an example, the modal flexibility-
based deflections of the structure in the different states evaluated for the scenario
with 7 measured DOFs are reported in Fig. 3. In particular, the displacements, the
rotations, and the curvatures of the deflections are reported in Fig. 3a, b, and c,
respectively.

By analyzing Fig. 3, it can be observed that the experimentally-derived deflec-
tions are in general in agreement with the deflections that one expects to have from
a theoretical model of a bending moment-deflecting cantilever structure. There are,
however, some discrepancies between the former and the latter, especially referring
to the curvatures. The values of the curvature shown in Fig. 3c tend to increase from
the upper to the lower DOFs, as expected. However, it can be observed that there is
an inversion in the curvature at DOF number 6, while the curvature goes to zero at
DOF number 3, creating an irregular trend. On one side, these effects and observed
trends could be due to inevitable uncertainties related to the process of estimating
the curvature of experimental deflections using the approximated finite difference
method. On the other side, it is evident that idealizing and modeling the considered
structure as a bendingmoment-deflecting cantilever structure (Fig. 1) is probably one
of the simplest approaches, which leads to inevitable approximations. Using more
complex numerical FE models for damage detection purposes is, however, beyond
the scope of the present research, which has been developed based on the following
general idea that is behind all modal flexibility-based approaches for damage detec-
tion—i.e., it is attempted to extract an experimental model of the structure directly
from themeasured data, without the actual need of assembling a numerical FEmodel.

From Fig. 3a, it can also be observed that the values of the displacements increase
when considering, in the order, the baseline state and the states S1, S2, and S3.1.
This is a clear indication that structural modifications have occurred between the
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Fig. 3 Modal flexibility-based deflections of the structure in the different states obtained for the
scenario with 7 measured DOFs: a displacements; b rotations; c curvatures
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different states. These deflections in fact have been evaluated for the same load, and
the observed increases in the values of the displacements show evidence that the
considered structural states are characterized by increasing values of the flexibility
(i.e., decreasing values of the stiffness).

The results of the damage localization are reported in Fig. 4, where Fig. 4a, c,
and e show the results obtained using the z index based on curvature (Eq. 7), while
Fig. 4b, d, and f present the results obtained through the z index based on damage-
induced rotation (Eq. 8). In this figure, the application of the approaches based on
the z index is presented for the three considered scenarios: Fig. 4a, b refer to the
scenario with 7 measured DOFs; Fig. 4c, d show the results obtained in the scenario
with 4 measured DOFs; Fig. 4e, f refer to the scenario with 3 measured DOFs. As
shown in the figure, both two z indices were evaluated for j = 1… n − 1, where n is
the number of the measured DOFs.

As evident in Fig. 4a, b for the scenario with 7 measured DOFs, both two z indices
provide localization of the damage that is consistent with the actual damage observed
in the structure, which, asmentioned in [25], is concentrated at the bottom two stories
of the structure. In particular, through the adopted z indices it is possible to detect the
DOFs of the structure that have been affected by the damage. It can be observed from
Fig. 4b that the values of the z index based on damage-induced rotation at the upper
DOFs are lower than the corresponding values at the bottom of the structure, with
values of z index at the DOF number 3, 4, 5 and 6 that are all below the threshold.
This is in general true also for Fig. 4a (z index based on curvature), where, however,
it can be observed that for some upper DOFs the z index is slightly higher than the
threshold (such cases shown in Fig. 4a can be considered as false positives). The
results obtained for the scenarios with 4 measured DOFs and 3 measured DOFs also
show a concentration of damage for the DOFs at the bottom of the structure, and if
one compares the results obtained using the two z indices, this effect is more evident
in the results obtained using the z index based on damage-induced rotation (Fig. 4d,
f).

The considered z indices were developed for performing statistical tests for
damage detection and localization, and they were not explicitly derived for damage
quantification purposes. However, the results presented in Fig. 4 clearly show that the
values of both two z indices tend to increase for states that have undergone a higher
number of earthquake excitations (i.e., considering in the order the states S1, S2, and
S3.1), and this is consistent with what has been observed in [25]. In this perspective
of considering the z indices also for obtaining an indication of the extent of damage,
some important differences can be observed in the results obtained using the two z
indices. Using the z index based on curvature in the scenario with 4 measured DOFs
(Fig. 4c) the maximum value of the z index is at the DOF number 3, and this is espe-
cially evident for state S3.1. This observed trendwith amaximum for an intermediate
DOF of the structure seems to be not consistent with the results obtained in this paper
using the same z index in the other scenarios (Fig. 4a, e) and not consistent with the
concentration of damage at the bottom of the structure observed in the experimental
tests [25]. This inconsistency found in the results obtained using the z index based
on curvature, is, on the contrary, not present in the results obtained using the z index
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Fig. 4 Damage detection and localization for the structure in the different states. Approaches: a,
c, e z index based on curvature; b, d, f z index based on damage-induced rotation. Scenarios: a, b 7
measured DOFs; c, d 4 measured DOFs; e, f 3 measured DOFs
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based on damage-induced rotation. As shown in Fig. 4b, d and f for all three consid-
ered scenarios with a different number of measured DOFs, the values of the z index
tend to decrease from the upper to the lower DOFs and the maximum value of the
z index is at the DOF number 1. This trend is consistent with the concentration of
damage at the bottom of the structure observed in the experimental tests [25].

4 Conclusions

In this paper, two approaches for output-only damage detection and localization that
are based on the estimation of structural deflections frommodal flexibility have been
considered and applied. One approach is based on monitoring the curvature of the
modal flexibility-based deflections. The other approach is based on tracking even-
tual variations in the damage-induced rotation along the height of the structure. Such
approaches have been applied to the data of a benchmark reinforced concrete shear
wall building that was tested on the University of California, San Diego—Network
for Earthquake Engineering Simulation (UCSD-NEES) large outdoor unidirectional
shake table. In particular, different scenarios characterized by different data sets
and by a different number of degrees-of-freedom measured on the structure have
been considered in the analyses (i.e., three scenarios with 7, 4, and 3 measured
DOFs, respectively). The analyses performed in the different scenarios have demon-
strated the applicability of the considered methods on a full-scale structure that has
experienced earthquake-induced damage, by providing damage identification results
that are consistent with the actual damage observed in the structure, especially for
the analyses performed using the second approach based on the estimation of the
damage-induced rotations from the modal flexibility-based deflections. This is the
main conclusion that can be derived from the analyses performed for the considered
case study, and, as potential future developments of the work, it is planned to carry
out further investigations and analyses on similar benchmark structures.
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