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Abstract

In this study, an existing six-storey reinforced concrete building with an asymmetric structural plan and soft storey irregu-
larity was used as a test specimen and subjected to three-step progressive structural damages to detect the variations in its
dynamic properties. Mode shapes and dominant frequencies of the undamaged building were determined by the ambient
vibration survey (AVS) and it was seen that its first three modes were torsion coupled. Besides, soft storey irregularity was
evident due to the lack of masonry infill walls on its ground floor. Later on, three-step progressive damages were applied to
the building. The first step targeted three columns and one beam of the building, located on a corner region of its ground floor
to peel off their clear covers. The second step razed two adjacent corner columns which were already moderately damaged
in the first step, while the third step knocked the third moderately damaged column down. After each damage step, AVS was
repeated with the same details as applied for the undamaged building. The obtained dynamic properties for the four phases
of the building were evaluated with the sustained damage. Numerical analyses with the finite element model of the building
representing its four different phases were also performed and the unique responses due to damage effects on the structure
were investigated numerically. As a result of induced damage, the quantified amount of frequency change in modes and the
new mode observed after particularly column loss scenarios can be utilized for efficient structural health-monitoring strate-
gies of plan-asymmetric buildings and post-earthquake assessment of partially damaged buildings where timely objective
assessment is important.
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1 Introduction
1.1 Background of the study

More than 90% of Turkey’s building stock consists of multi-
storey reinforced concrete residential apartment buildings
[1]. A large number of these buildings in the epicentre
regions collapsed [2]. Indeed, Kocaeli and Diizce earth-
quakes (1999) are the milestones for the earthquake aware-
ness of the Turkish community due to the life and economic
losses they caused. These highlighted the need for seismic
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risk assessment of existing building stock. Henceforth, two
validated seismic codes [3, 4] included a detailed chapter
devoted to the seismic assessment of existing buildings
in Turkey. Furthermore, the physical obsolescence and
increased comfort expectations of the inhabitants forced the
owners to renew their buildings. Indeed, the overall replace-
ment of an old and underperforming building by a new one
is affordable, since these buildings are mostly located in cen-
tral locations. In these conditions, in 2012, the Law about
the Transformation of the Areas under Disaster Risk [5]
was released officially to pave the way for building recon-
struction projects. After the validation of the LTADR, many
buildings whose seismic performance had been assessed as
inadequate were replaced by new buildings.

This study was performed over one of those buildings
located in the Kadikdy District of Istanbul with its symmet-
rical twin. The building was used in two extensive research
studies before. Aras et al. [6] applied AVS and parametric
analyses to compare the modelling techniques for masonry
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infill walls under low-amplitude vibration. In another study,
Aras et al. [7] applied the AVS to the original and an altered
form, obtained by demolishing all infill walls on the ground
floor of the building. The authors also conducted numerical
investigations with a validated finite element model of the
building to search the effects of masonry infill walls on the
dynamic properties of reinforced concrete buildings. The
mentioned altered building was used in this study to search
the effects of structural damages on the dynamic properties
of reinforced concrete buildings.

Three progressive damage steps were applied to its three
columns and one beam located on the ground floor of the
building by applying destructive impacts with a construc-
tion-demolishing machine. In the first step, the impacts
aimed to peel the clear cover of the members. This stage
is called moderate damage (MD), while the second stage
is called heavy damage-I (HD-I) and razed two moderately
damaged corner columns. Finally, the third stage razed the
last moderately damaged column and is called heavy dam-
age-II (HD-II). At each step AVSs were performed; thereby
the dynamic properties of the building were determined
experimentally. Besides, by using the calibrated numerical
model of the building, eigenvalue analyses were performed.
Finally, the experimental and numerical dynamic properties
of the undamaged and three damaged phases of the building
were compared and discussed.

1.2 Brief review of relevant studies

The performed literature survey showed that the investiga-
tion of the effects of similar structural damages given in this
study is a crucial subject that attracts the attention of the
community. Earthquakes, terrorist attacks, vehicle crashes,
or some other accidental events can be shown as the rea-
sons for the partially damaged buildings. In this context, the
effects of structural member loss were studied extensively.
The partial collapse of the Murrah Federal Building was
studied by Sozen et al. [8] and Kazemi-Moghaddem and
Sasani [9]. These two studies resulted in different conclu-
sions about the role of a key column in its loss. Parisi and
Scalvenzi [10] numerically investigated the effects of dif-
ferent column loss scenarios for RC frames. The authors
underlined the difference between the simultaneous and
sequential removal of two columns for the load capacity.
El-Demerdash et al. [11] investigated the effects of column
loss in flat-plate RC buildings with nonlinear finite element
analysis. The importance of bottom reinforcement in column
strips is validated.

Presenting the results of full-scaled experimental
research, the performed study also contributes to the lit-
erature on structural health monitoring. The changes in
the global dynamic behaviour are studied for the health
monitoring of civil structures [12]. In the early studies, the
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frequency change was grasped as the “vibration signature”
for the damage evaluation [13—16], while recently the evalu-
ation performed with mode shape and damping properties
was employed for plates, beam-like structures, bridges,
planar trusses, and parabolic arches [17-23]. Recently, the
experimental researches performed on real-life structures
have attracted attention. Sampaio et al. [24] proposed the
frequency response function curvature method and demon-
strated its effectiveness on the Interstate-40 (I-40) bridge
over the Rio Grande in Albuquerque, NM, USA. Since the
bridge was planned to be razed, permission for destructive
tests was given by the authorities. In another study, Catbag
et al. [25] proposed the use of modal flexibility function
for the condition assessment and damage identification of
bridges by proving the proposal in two real-life bridges in
the USA. Dilena and Morassi [26] tested the Dogna Bridge
in Italy. The authors presented six-level damage to the
bridge to investigate the effects of incremental damage on
its dynamic properties. It was concluded that the changes
in modal curvature indicate the damage location. The given
summary on the pre-completed studies can be extended, but
the review articles [12, 24, 27-29] gave further details about
the literature.

The literature survey also shows that there are a limited
number of studies investigating the effects of damage on the
dynamic properties of building-type structures. Most studies
present parametric investigations performed on frames and
shear buildings [30-32]. Recently, Bernagozzi et al. [33]
proposed the use of a modal flexibility-based approach for
damage detection and localization in buildings. The analyti-
cal results were controlled by vibration tests performed on a
scaled four-storey symmetric steel frame structure in the lab-
oratory. Wang et al. [34, 35] performed numerical and exper-
imental studies. They used the vibration records gathered
from a small-scale laboratory specimen, made of steel, rep-
resenting a two-storey building with an 800 mm X400 mm
rectangular plan on the first floor carried by nine columns
with a diameter of 10 mm, and 400 mm X 200 mm triangular
plan on the second floor carried by three columns with a
diameter of 8 mm. Two levels of damage were applied and
the vibration records are analysed by Artemis software [36].

1.3 Objectives and new findings expected

As indicated, this study was performed on a typical residen-
tial building in the Kadikdy District of Istanbul. This build-
ing as a full-scale test specimen was subjected to different
levels of damage and its dynamic behaviours was monitored
by conducting AVSs. In addition, the structural behaviours
were interpreted using FE numerical models. The experi-
mentally and numerically obtained dominant frequencies
and mode shapes were used to monitor the effects of the
structural damages including column loss. Because of the
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dynamic nature of the building, the location of the damage
played an important role in damage detection. Furthermore,
the column losses caused the formation of new vertical
dynamic modes in the building and affected the other modes.
The performed full-scale experimental study is significant
for the structural health monitoring of such buildings, since
it presents the dynamic properties of the undamaged and
damaged forms of a real building. The extracted dominant
frequencies and mode shapes were evaluated with the asym-
metric structural plan of the building and the experienced
damage. It was pointed out that, when the location of the
damage falls in the active part of the mode shape, the change
in the frequency of the mode is apparent. Moreover, the
damage response of the building can be a leading finding for
those dealing with the future of partially damaged buildings.
As a result of the sustained damage, the quantified amount
of frequency change gives a sign to assess how the struc-
tural behaviour was worsened. Secondly, the column loss
scenarios specifically propound the newly developed mode.
The decision of repair, strengthen, retrofit, or demolish for
a partially damaged building will benefit from the findings
of this study. Before giving the details of the measurement,
the building and the applied damages are introduced in the
next section.

2 Studied building and its damaged phases

A six-storey RC building is located in the Kadikdy District
of Istanbul and its original form was altered by demolishing
all infill walls on its ground floor in a previous study [7].
There were three independent flats on each floor which made
the building a plan-asymmetric one. Its structural system
contains column—beam frames with two-way beam-sup-
ported slabs with a 12 cm thickness. Column dimensions in
the plan vary between 25 and 90 cm and through the height
of the building they have been reduced two times. The size
of the beams shows great variation. For the perimeter beams
width—height dimensions were measured as 20-50 cm, while
the interior beams were constructed with 15-70 cm and
20-70 cm dimensions. The type of foundation is a combi-
nation of single and continuous footings connected by link
beams. The storey height is measured as 2.9 m for ground
and ordinary floors, whilst it is 2.50 m on the basement floor.
The studied building was symmetrically located on the site
with its twin. There was no connection between them.

For the concrete quality of the building, 18 cores were
extracted from its columns. Test results gave the average
compressive strength of 15.2 MPa with a standard devia-
tion of 3.2 MPa. Reinforcement details were also searched,
and it was seen that S220 steel grade (characteristic yield-
ing stress of 220 MPa was used in the structural ele-
ments). The infill walls of the building were constructed

with horizontally tiled bricks and cement mortar. Their
thickness was measured as 20 cm for the exterior walls
and 10 cm for the interior walls. The basement floor of
the building was surrounded by masonry infill walls with
50 cm thickness to prevent humidity and other effects that
come from the soil. Figure 1 shows the studied building
with its twin on its right-hand side, while Fig. 2 shows the
structural system of the building on the basement, ground,
and ordinary floors with the accelerometer locations and
used terminology in the study.

The studied building was analysed for its seismic per-
formance according to the code, LTADR [5], and because
of its inadequate seismic performance, it was decided to be
demolished. This situation gave an opportunity of perform-
ing destructive tests. A three-step cumulative damage conse-
quence was planned in the building. For the post-earthquake
evaluation of reinforced concrete buildings, different damage
categorizations can be found in the literature. FEMA 306
[37] classifies the damage in the structural components as (i)
insignificant—damage is ineffective in the structural prop-
erties, (ii) slight—damage has a small effect on the struc-
tural properties, (iii) moderate—damage has an intermedi-
ate effect on the structural properties, (iv) heavy—damage
has a major effect on the structural properties, and replace-
ment or enhancement of the damaged component may be
required, (v) extreme—damage reduces the structural per-
formance, and replacement or enhancement of the damaged
component is required. Another guideline was introduced by
Maeda et al. [38] and is in use for post-earthquake damage
evaluation of RC buildings in Japan. This document also
categorizes the existing damages in RC members in five
classes as (i) slight—crack width is less than 0.2 mm, (ii)
minor—crack width is less than 1 mm, (iii) moderate—crack
width is around 2 mm and there is spalling of cover concrete,
(iv) severe—crack width is more than 2 mm and reinforce-
ments are exposed, and (v) collapse—there is buckling of
reinforcement bars, crushing of concrete and vertical defor-
mation of columns. In this study, the first damage covers
the clear cover loss and thin cracks on structural members.
This damage meets the definition of moderate damage in
the classification of the aforementioned references [37, 38].
The second and third levels, respectively, cover the complete
loss of columns which is the most severe damage type and is
classified as extreme damage in reference [37] and collapse
damage in reference [38]. In this regard, three successive
damage levels as defined by damaging three columns and
one beam on the ground floor of the building as illustrated
in Fig. 3. The first damage is called moderate damage (MD),
while the second and third damage levels were named heavy
damage-I (HD-I) and heavy damage-II (HD-II), respectively.
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Fig. 1 Studied building with its
twin on the right-hand side
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Fig.2 The structural system of the tested building with the terminology used in the study



Journal of Civil Structural Health Monitoring

Heavy Damage:

The failure of core

C concrete and buckling
of longitudinal bars

4 N
Moderate Damage:
The loss of clear cover %
and the appearance of D
reinforcement
—v

%
\ T

2

777

[Heavy Damage-I]

1—“ FRONT FACE

-{Heavy Damage-II]

Ground Floor of the building

Fig.3 Defined damage levels and their locations on the ground floor of the building and AVS model

Besides, the locations of these damages are illustrated in the
model geometry formed in AVS.

3 Ambient vibration survey
for the undamaged and damaged phases
of the building

Ambient vibration surveys were applied to the undamaged
and the damaged phases of the building. The accelerations
were recorded with five Acebox force balance accelerom-
eters [39], with three sensors oriented along with the two
orthogonal horizontal directions and the vertical direc-
tion. The linear acceleration range of these sensors is +2g,
and the noise floor is less than 20 ng/ \/ Hz. The recording
was undertaken at a rate of 200 samples per second. For
recordings in the two horizontal directions, the accelerom-
eters were oriented along with the X and Y directions of

the building (see Fig. 2). One accelerometer, located on the
front right-hand side corner (corner B) of the fifth storey,
was used as a reference sensor; the other four sensors were
located over the other stories. Six sets of measurements were
recorded, each for a duration of 20 min. Figure 4 shows the
locations of the acceleration measurements. The building
has a closed roof system, so no measurements could be taken
at the roof level.

The literature on the algorithms processing the vibra-
tion records is vast to present, but can be divided into two
categories as time domain and frequency domain analy-
ses [40, 41]. Stochastic subspace identification (SSI) and
enhanced frequency domain decomposition (EFDD) meth-
ods are the most frequently used techniques for output
only modal identification studies in the time and frequency
domains, respectively. Few studies have employed both
to identify the dynamics of complicated structures and
concluded that they yield similar results [42-44]. The
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Fig.4 Singular values of spectral density for the AVS of the undamaged building

well-known enhanced frequency domain decomposition
method was used in this work, employing Artemis modal
analysis software [36]. In the EFDD technique, the rela-
tionship between the unknown input and the measured
responses can be expressed as:

[Gyyi@)] = [Hi@)]" [, o) [H)] " (1)
where [Gxx(ia))] is the power spectral density (PSD) matrix
of the input, [ny(ia))] is the PSD matrix of the responses,
[H (ia))] is the frequency response function (FRF) matrix, *
and superscript T denote the complex conjugate and trans-
pose, respectively. By noting that the input is white noise,
the PSD matrices of output signals can be diagonalized by
singular value decomposition as shown in Eq. 2 after a set
of mathematical operations and transformations.
G,, (jo;) = UiSiUiT ) 2
where the matrix U;=[u;;, u;, ... u;,] is a unitary matrix
holding the singular vectors u;, and s;; is a diagonal matrix
holding the scalar singular values. The first singular vec-
tor u;; is an estimation of the mode shape. PSD function is
identified around the peak by comparing the mode shape
estimation u;; with the singular vectors for the frequency

‘‘‘‘‘‘

lines around the peak [41]. The spectral resolution was used
as 1024 for spectral density estimation. Modal identification
was performed between 0 and 20 Hz, which was adequate
for the identification of the building.

Although the dynamic properties are inherent proper-
ties that are theoretically dependent on the mass and stiff-
ness parameters of the structures, recent studies proved
their dependency on the environmental effects, such as
traffic, wind, humidity, solar radiation, and, most impor-
tantly, temperature [45—-49]. Aras [49] concluded that a
28 °C temperature drop caused more than 4% increase in
the first dominant frequency of an RC pedestrian bridge
and the return in temperature also returned the dominant
frequency to its initial value. Secondly, according to the
result of a set of dynamic testing under ambient and forced
conditions, it was proven that the magnitudes of the vibra-
tions can alter the obtained dominant frequencies of the
buildings [50]. Therefore, to perform a reliable assess-
ment, the interference of these parameters must be distin-
guished from the damage effects. In this study, to prevent
the mentioned environmental effects from masking the
effects of structural damages, all measurements were gath-
ered on two consecutive days in which daily temperatures
were in the same range. Besides, during the measurement,
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no additional vibrations other than the wind or low traffic
stream on the street were created on the site.

In the mid-rise RC buildings, the first three dynamic
modes usually govern the dynamic response of the build-
ings and these modes form a high amount of modal mass
participation ratio. The higher modes are still important for
damage detection purposes and monitoring the change in the
building response. For these reasons, in this study, priority
is given to the first three modes of the building, and higher
modes are briefly mentioned.

3.1 AVS of the undamaged building

To determine the dominant frequencies and mode shapes
of the undamaged building, acceleration records were gath-
ered from the building and analysed with the given details
above. Figure 4 shows the singular values of the spectral
density of the signals taken from the building in the X, Y,
and Z directions. The first six modes of the building are
shown in Fig. 5. The first mode is a torsional mode formed
mainly by the movement of the front face in the X direc-
tion with a dominant frequency of 2.676 Hz. In the second
mode, the movement of the back face of the building forms
the torsional behaviour with a frequency of 2.813 Hz. The
third mode of the building is the movement of the whole
building in the Y direction with a dominant frequency of
3.203 Hz. The fourth, fifth, and sixth modes of the building
are the dual curvature modes of the first, second, and third

modes with dominant frequencies of 9.102 Hz, 9.512 Hz,
and 10.449 Hz, respectively. The next frequency at around
13.5 Hz is also searched. It is seen that this mode is formed
by the vertical movement of corner A on the fifth storey.
Since the accelerometers have been located on the slabs,
their out-of-plane stiffness must be an effective parameter.
However, these modes are not important for representing the
general dynamic behaviour of the building.

The obtained dynamic properties revealed the important
structural features of the building. Note that the structural
system of the building is not a symmetrical one. Besides,
on each floor of the building, there are three independent
flats which make the infill wall orientations asymmetric as
well. Hence, the first two modes of the building are torsion
coupled. Secondly, the formation of soft-storey mechanism
on the ground floor was noted for all modes. The lack of
infill walls on the ground floor of the building is the main
reason for the soft storey irregularity. Based on the defini-
tion of the torsional and soft-storey irregularities in IBC
[51], ASCE-SEI 7-10 [52] and TBEC [4], Aras et al. [7]
conducted detailed analyses with the extracted mode shapes
of the building. Therefore, more detailed information can be
found in Aras et al. [7].

Figure 6 shows the modal assurance criterion (MAC),
which was used to assess the similarity of the two calcu-
lated modes. The MAC is defined in Eq. 3, where T stands
for transpose, and {¢;} and {¢;} are the ith and jth mode
shape vectors of the structure, respectively [53]. An MAC
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Fig.5 Mode shapes and dominant frequencies of the building
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Fig.6 MAC values for the estimated first six modes

near zero indicates that these modes are well separated; if
the MAC is near unity, the modes are similar to each other.
Thus, the obtained MAC values between two different
modes should be close to zero for mode separation. The
MAC values obtained in this work proved the consistency
of the estimated mode shapes.
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3.2 AVS for the MD phase of the building

In this stage, two corner columns located on the right front
(corner B), the column on the middle-front region of the
building, and the beam connecting the middle-front col-
umn to the left-front corner columns were damaged by a
construction-demolishing machine. Until the peel-off of
the clear cover concrete, vibrational impacts were applied.
Locally in some regions, longitudinal bars accidentally sepa-
rated from the core, but no cracks developed in the core con-
crete of the columns. Besides, the beam experienced more
damage than intended due to the difficulty of the application

Mode 4
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‘ | Mode 6
AEIE | Mode 5
' Mode 4
Mode 3
J0.0008 Mode 2
j0.002J Mode 1

Mode 5 Mode 6

of the impacts caused by the overhangs. Figure 7 shows the
damaged members.

AVS was applied to the building with the same principles
explained before. The first three dominant frequencies of
the building were determined as 2.656, 2.793, and 3.184 Hz
(Fig. 8). The general mode shape definitions of the building
remained the same as those determined for the undamaged
building. Concerning the previous phase, a slight decrease in
the dominant frequencies was noted. The same conclusion is
valid for the higher modes except for the fifth mode.

3.3 AVS for HD-I phase of the building

In this phase, two corner columns were heavily damaged.
They were razed, and Fig. 9 shows the damaged elements in
this phase. Figure 10 shows the singular values of spectral
density illustration. The first three dominant frequencies of
the building were determined as 2.578, 2.793, and 3.164
Hz, proving that the second mode frequency did not change,
but the frequencies of other modes decreased slightly. Mode
shapes visually remained the same as those for the undam-
aged building. One distinct difference concerning the previ-
ous case was the dominant frequency seen at 12.168 Hz. The
mode shape evaluation pointed out that this mode did not
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Fig.7 Three damaged columns
and one beam for moderate
damage (MD)
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Fig.8 Singular values of spectral density for the MD phase of the building
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Fig.9 Two heavily damaged corner columns for HD-I
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Fig. 10 Singular values of spectral density for HD-I

exist for the previous cases and it was formed by the vertical
movement of corner B, where column damages existed on
the ground floor. In other words, the given damage created
a vertical mode.

3.4 AVS for HD-Il phase of the building

The moderately damaged column was heavily damaged
in this phase. Figure 11 shows the damaged elements and
Fig. 12 shows the singular values of spectral density illustra-
tion for the HD-II phase of the building. The dominant fre-
quency of the second mode did not change again, but those
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Fig. 11 Heavily damaged three columns for HD-II
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of other modes decreased slightly. Mode shapes remained Figure 13 has been prepared to evaluate high-frequency
the same as those for the original building. The vertical = modes and present the formation of a new dynamic mode
mode induced by the heavy damages had a dominant fre-  for the HD-1 and HD-2 stages. For the undamaged and MD
quency of 11.66 Hz. phases of the building, the seventh dominant frequency is

seen at around 13.57 Hz and represents the mode shape
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Fig. 13 Seventh mode of the building for its different phases

Table 1 The modal frequencies
of the building through the

Mode number

Frequency of the building for its different phases, Hz

Variation in frequency, %

damage states and their Undamaged MD HD-1 HD-II MD HD-I HD-2

difference from the undamaged

phase determined with AVS Mode 1 2.676 2.656 2.578 2.578 -0.75 —3.66 —3.66
Mode 2 2.813 2.793 2.793 2.793 -0.71 -0.71 -0.71
Mode 3 3.203 3.184 3.164 3.145 —-0.59 —-1.22 —1.81
Mode 4 9.102 9.063 8.906 8.926 -043 —2.15 -1.93
Mode 5 9.512 9.531 9.473 9.492 0.20 -041 —-0.21
Mode 6 10.449 10.273 10.254 10.117 —1.68 -1.87 —3.18
Mode 7 13.574 13.576 13.579 13.574 -0.57 0.04 0.00
New mode - - 12.168 11.66 - - —-4.17

formed by mainly vertical movement of corner A on the fifth 33

floor. At around the same frequency, this mode also exists in

HD-I and HD-II stages and is related to the stiffness of the ) AL TTIIPPR S l.... Mode3

slab on which the accelerometer is located. Therefore, this | 7T *®

partial mode does not simulate the global dynamic response 31

of the building. However, for HD-I and HD-II the seventh _

dominant frequency was identified at 12.168 Hz and 11.66 i

Hz, respectively. The mode shape for both was the vertical g 29

movement of corner B, where column losses were experi- g Mode 2

enced on the ground floor. In that respect, these modes are §' I ol

new modes developed by the sustained damage. One particu- = 27

lar conclusion here is that damage not only changes modal

frequencies, but also adds a new mode consistently observed M

in both HD-I and HD-II cases. )s

e‘%& &1&? .p"oz’\ ej'\\
. & > & Rl
4 Effects of damages on the frequencies & & N Ral
of the building & e o

The dynamic properties of structures are altered by the
occurrence of damage, since the rigidity of the members
forms the rigidity of the structure. The dominant frequen-
cies are the most basic dynamic parameters that point to the
existence of damage. The results of the AVSs for the undam-
aged and damaged phases of the building are summarized
in Table 1. Figure 14 illustrates the variation of dominant

Fig. 14 The first three modal frequencies of the building through the
sustained damage levels

frequencies for the main modes, while Fig. 15 does it for
the higher modes additionally showing the formation of a
new mode for the heavily damaged building. To evaluate the
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Fig. 15 The variation of the modal frequencies of higher modes
through the sustained damage levels

amount of the change in the frequencies as a result of the
experienced damage, the coefficient, ¢;, is calculated with
Eq. 4, where fiD is the ith mode frequency of the damaged
building and fiU is the ith mode frequency of the undamaged
building.

fiD _fiU
i = fU .

“

The first mode frequency of the building decreased with
the experienced damage. Unexpectedly, the decreases for
the HD-I and HD-II phases are the same. The obtained sec-
ond mode frequencies of the building are the same for all
damage stages and it is 0.71% less than that of the undam-
aged building. The third mode frequency decreases with the
increase in the severity of the damage. The complete loss
of three columns (out of 32) on the ground floor caused a
decrease of less than 4% in the dominant frequency of the
first mode. Such a small amount of decrease can be regarded
as an insignificant change to worsen the dynamic behaviour
of the building. For the decision-makers working on the
assessment of partially damaged buildings, the result can
favour the repair or retrofit of them.

The building under investigation is a plan-asymmetric
building with asymmetric damage and the dynamic modes
of the building are torsion-coupled modes, especially for the
first and second modes. It is seen that the modes contain-
ing the movement of the damaged parts in their shape are
affected by the damage significantly. The first mode of the
building was defined as the movement of the front face of the

building in the X direction and the location of the damage
remains in the most active part of the mode. For this reason,
the first mode frequency was affected by the damage consid-
erably. For the second mode, the damage location was out of
the active part of the mode shape, which was defined as the
movement of the back face of the building in the X direction.
Therefore, the sustained damage may not alter the dominant
frequency of the second mode significantly. The third mode
was the movement of the building in the Y direction and
the damage location was within the active part. Hence, the
sustained damage affected its frequency.

The loss of two corner columns in the HD-I phase makes
the corner B unsupported in the vertical direction. For this
reason, a new mode, which did not exist for the undam-
aged and moderately damaged building, was created with a
dominant frequency of 12.168 Hz. When the building lost
one more column, the dominant frequency of the new mode
decreased to 11.66 Hz. In this study, numerical analyses
were also employed for the validation of the experimental
results.

5 Numerical investigation
for the undamaged and damaged phases
of the building

5.1 Numerical model and dynamic properties
of undamaged buildings

For the construction of the most suitable numerical model,
exhibiting the dynamic properties extracted from AVS, two
extensive research were completed by Aras et al. [6, 7].
In the first study, Aras et al. [6] constructed the numeri-
cal model of the building in SAP2000 by using frame ele-
ments for columns and beams and shell elements for slabs.
The authors favoured the use of shell elements for infill
walls to visualize the dynamic behaviour of RC buildings
under low-level vibration. In the second study, Aras et al.
[7] analysed two forms of buildings, namely, (i) the original
building which had masonry infill walls on each floor and
(ii) the altered building whose ground floor’s masonry infill
walls had been demolished. The authors employed an inter-
active model tuning procedure and obtained the most suit-
able numerical model representing the dynamic behaviour
of both phases. As the results of the procedure, the modulus
of elasticity of the concrete and infill walls were determined
as 37,000 MPa and 2700 MPa, respectively. The numerical
model representing the undamaged building is the one for
the altered form validated by Aras et al. [7]. Its dynamic
properties derived from eigenvalue analysis are shown in
Fig. 16 and Table 2. It is seen that the first six modes of
the numerical model fit those obtained experimentally. The
higher modes are composed of partial movement of slabs

uuuuuu
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Fig. 16 The mode shapes and dominant frequencies of the undamaged building determined by FEA

Table 2 Dynamic properties of Mode

. Period Frequency Participation ratio Total participation
the tuned numerical model ratio

S Hz X dir Y dir X dir Y dir
1 0.357 2.802 0.274 0.022 0.274 0.022
2 0.351 2.846 0.575 0.026 0.849 0.048
3 0.322 3.108 0.002 0.812 0.851 0.860
4 0.105 9.488 0.042 0.000 0.893 0.860
5 0.100 9.956 0.006 0.001 0.899 0.861
6 0.090 11.089 0.000 0.028 0.899 0.889

and infill walls which cannot be detected experimentally.
The first three modal frequencies are 2.802 Hz, 2.846 Hz,
and 3.108 Hz. The difference in the dominant frequencies of
AVS and FEA, ¢;, was calculated with Eq. 5 and computed
as 4.7%, 1.2%, and —3%.

FFEA _ pAYS

= )
Modal assurance criterion (MAC) values [53] were also

calculated to evaluate the similarity between the experimen-

tally and numerically obtained mode shapes by Eq. 6, where
QDIF EA is the numerically obtained ith modal vector, and

@ Springer !

@AV is the experimentally obtained ith modal vector. If the

MAC calculated for two modes is near zero, this shows that
these modes are well separated. If it is near unity, the modes
are similar to each other. Mode shape vectors were arranged
to include the modal displacement of four corners of each
storey in the building. The modal displacements along the
X direction were used for the assessment of the first two
modes, since these modes were mainly in the X direction.
Because of the same reason, the modal displacements along
the Y direction were used in the third mode.
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Table 3 The modal frequencies

o Mode number
of the building through the

Frequency of the building for its different phases, Hz

Variation in frequency, %

damage states and their Undamaged MD HD-1 HD-II MD HD-I HD-2
difference from the undamaged
phase determined with FEA Mode 1 2.802 2.710 2.620 2.592 -3.27 -6.49 -17.50
Mode 2 2.846 2.845 2.843 2.839 —-0.05 —-0.13 -0.26
Mode 3 3.108 3.067 3.025 2915 -1.33 -2.69 -6.24
Mode 4 9.488 9.398 9.604 9.414 -0.95 1.22 -0.78
Mode 5 9.956 9.925 9.913 9.909 —-0.30 -0.43 -0.47
Mode 6 11.089 10.998 11.295 11.104 -0.82 1.86 0.14
New mode - - 8.482 7.945 - - -6.33
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Fig. 17 The variation of modal frequencies through the sustained
damage levels determined by FEA

[(q)FEA (I)AVS ]2
MAC = . (6)
(q)EEA) (¢FEA)(®AVS) (q)AVS)

For the undamaged building, MAC values between
the experimental and numerically obtained first, second,
and third modes were computed as 0.98, 0.97, and 0.96,
respectively. These values prove that the experimentally and
numerically obtained modes were in good agreement for the
undamaged building.

5.2 Dynamic properties of the building for MD,
HD-l, and HD-ll damage states

The numerical model of the undamaged building was
revised to obtain that of the building in the MD phase. Since
the MD accounts for clear cover lost in three columns and

Fig. 18 The variation of modal frequencies of higher modes through
the sustained damage levels determined by FEA

one beam, the cross-sectional dimensions of these elements
were reduced by 6 cm, due to 3 cm clear cover on each
side. Eigenvalue analysis, performed with this model, gave
the dynamic properties of the building in the MD phase.
Because of the demolished columns in the HD-I and HD-II
stages, the numerical models of the building in these stages
were obtained by removing the specified columns from
the numerical model constructed for the MD phase of the
building. Dynamic analyses were repeated for each phase of
the building. The obtained dynamic properties for the four
phases of the building are summarized in Table 3. Figures 17
and 18 illustrate the variation of the first three dominant
frequencies and higher frequencies, respectively.

It is seen that, for the building in MD, there is a slight
decrease in the dominant frequencies and the mode shapes
remained the same as those determined for the undamaged
building. For HD-I, a slight frequency decrease with respect
to MD was observed in the respective modal frequencies,
except those of the fourth and sixth modes. Additionally, a
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new mode as the vertical movement of corner B, where col-
umn loss exists, appeared with a frequency of 8.482 Hz. The
appearance of this mode also affected the mode shapes of the
other higher modes. The fourth, fifth, and sixth modes of the
heavily damaged building are not the same as those of the
undamaged and moderately damaged building. The dynamic
analysis performed for the building in HD-II indicated slight
decreases concerning the HD-I phase.

According to Table 3, the sustained damage generally
decreased the frequency of the modes. It is seen that the
first and third modes are the mostly affected mode by the
damage, while the second mode is not affected much. The
same interpretation was valid for the experimental analy-
sis as well. It is also noted that, the fourth and sixth mode
frequencies were slightly increased in HD-I. A similar fre-
quency increase had been detected in the fifth mode of the
building in MD. These small amounts of frequency increases
in the higher modes may be the results of changes in the
global stiffness matrix.

The numerical results also pointed that the column loss
caused a new mode to develop as the vertical movement of
the damaged corners through the height of the building. This
new developed mode is the indication of a global change
in the stiffness of the building and may cause two unex-
pected frequency increases in the fourth and sixth mode of
the building as a result of heavy damage. It should be noted
that the dominant frequency of the new mode is less than
that of the fourth mode, contrary to the experimental results.

The comparison of the damage coefficients computed for
each mode and each damage level between the AVS and
FEA proves that numerical analysis signifies the effect of
damage. For the first three modes, the relation between the
severity of the damage and the decrease in the frequencies
was confirmed, but for the higher modes the sustained dam-
age caused even some increases in the frequencies. Like the
experimental results, numerical analyses also showed that
when the active part in a mode is damaged, the frequency
of the mode decreases. However when a stationary portion
in a mode is damaged, the frequency of the mode is not
affected significantly. That is why the damaged front, right-
hand side of the ground floor caused a significant decrease
in the modal frequency of first mode of the building, which
was determined as the lateral movement of the front face of
the building. Similarly, the damaged front, right-hand side of
the ground floor caused only a small amount of decrease in
the modal frequency of the second mode in which the front
face of the building did not move.

‘‘‘‘‘‘

6 Conclusions

In this study, an existing reinforced concrete building with
an asymmetric structural plan and soft storey irregularity
was used as a test specimen. The dynamic properties of the
undamaged phase of the building were determined by AVS.
Later on, three progressive structural damage levels were
applied to three columns and one beam, located on the front,
left-hand side part of its ground floor, and its dynamic prop-
erties were obtained for each level.

Confirming the asymmetric plan geometry of the build-
ing, the first three mode shapes were obtained as torsion-
coupled modes. The first mode of the building was the
movement of the front face of the building in the X direc-
tion, while the second mode was the movement of the
back face of the building in the X direction. The third
mode is the movement of the building in the Y direction.
The fourth, fifth, and sixth modes of the building were
the double curvature forms of the first, second, and third
modes. Hence, the findings of the study are important for
the structural health-monitoring assessment of the non-
symmetric buildings that experienced non-symmetric
damages.

Three-level progressive damages showed different
degrees of effectiveness in the dominant frequencies of the
modes. As a result of the most severe damage, the amount
of change in the dominant frequency was 3.66% for the first
mode, 1.88% for the third mode, and 0.71% for the second
mode. It should be noted that the location of the damage was
on the active portion of the building in the first mode, which
was the movement of the front face of the building in the X
direction. The third mode was the movement of the building
in the Y direction. Finally, in the second mode, the front face
was not active. It can be concluded that when the location
of the damage falls in the active part of the mode shape, the
change in the frequency of the mode is apparent.

The visual inspection of the mode shapes of the origi-
nal and the damaged phases of the building showed that
they remained the same. On the other hand, after experi-
encing column loss, a new mode developed as the vertical
movement of the corner where the columns were razed. The
dominant frequency of the new mode was determined as
12.168 Hz, which was more than the frequency of the sixth
mode of the building in HD-I and decreased by 11.66 Hz in
HD-II. These new structural modes observed after the dam-
age may lead to quick assessment of such buildings after
earthquakes where timely objective assessment is important.

FEAs performed for the undamaged and three damaged
phases of the building showed that the damage-induced
decrease in the dominant frequencies of the building was
more than those obtained in the experimental study. How-
ever, the finding, “when the location of the damage falls in
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the active part of the mode shape, a decrease in the dominant
frequency of the mode is apparent”, was confirmed. The loss
of columns resulted in the development of a new vertical
mode, as the movement of the corner remained unsupported.
The dominant frequency of this vertical mode was 8.482 in
HD-I and decreased to 7.945 Hz in HD-II. In that respect,
this mode is seen as the fourth mode in FEA.

The finding, “when the location of the damage falls in
the active part of the mode shape, a decrease in the domi-
nant frequency of the mode is apparent”, can be used for
the effective and economical sensor placement strategies in
structural health-monitoring projects of torsion-dominated
structures. The location and the direction of uniaxial acceler-
ometers can be arranged according to the torsion-dominated
modes to detect the damage efficiently.

It was determined that the overall collapse of the 3 out
of 32 columns on the ground floor of the building caused at
most a 3.66% reduction in its dominant frequencies. This
amount of reduction can provide valuable information to
the decision makers for the future of partially damaged RC
buildings towards repair or retrofit options instead of demoli-
tion. In this condition, reconstruction of the lost elements is
important for the recovery of the original structural behav-
iour to prevent the newly developed modes seen in this study.
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