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regulations, the number of the story of the building was reduced to five first

was demolished by an excavator-like vehicle working on the ground. At the
particular stages of the demolition, vibration measurements were taken from

the present phase of the building to obtain its dynamic properties within the
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1 | INTRODUCTION

In the second half of the 20th century, the construction of reinforced concrete (RC) buildings became highly popular in
Turkey. With the rural depopulation in the 1980s, many RC buildings were built to meet the shelter need for the new-
comers in the metropolitan cities like Istanbul. Kocaeli and Duzce earthquakes (1999) are the milestone for the seismic
risk awareness of the Turkish community due to the high life and economic losses that they caused. These events
highlighted the need for seismic risk assessment of existing building stock. Henceforth, two validated seismic codes"?
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 renewal cost, as the overall replacement of an old building by a new one is affordable because the renewed building
is mostly located near the central locations. In these conditions, in 2012, The Law about the Transformation of the Areas
under Disaster Risk (LTADR)® was released officially to pave the way of building renovation projects. After the valida-
tion of the LTADR, many poor buildings were demolished and their areas occupied by new buildings.

This study is performed over one of the buildings that will be demolished under LTADR. The nine-story building is
located in Kadikdy district of Istanbul and composed of RC frames with one-way ribbed slab system. As the result of the
seismic evaluation performed according to Turkish Earthquake Code (TEC)," the seismic performance of the building
was determined as inadequate, and its collapse and transformation were approved by the municipality of Kadikdy.*
The municipal regulations arrange the demolishing techniques according to sites of the building with the minimum
disturbance and discomfort to the neighborhood. In this respect, the studied building was planned to be demolished
by two steps. The first step is the removal of ninth, eighth, seventh, and sixth stories one by one. After the total height

Struct Control Health Monit. 2019;26:€2456. wileyonlinelibrary.com/journal/stc © 2019 John Wiley & Sons, Ltd. 1of 14
https://doi.org/10.1002/stc.2456


https://orcid.org/0000-0002-2560-4607
https://doi.org/10.1002/stc.2456
https://doi.org/10.1002/stc.2456
http://wileyonlinelibrary.com/journal/stc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fstc.2456&domain=pdf&date_stamp=2019-09-12

20f14 Wl LEY ARAS

of the building is reduced to a specific limit, the demolishing can continue with a more prominent building demolishing
machine working on the ground level.

In this study, dynamic testing was used to monitor the variation of modal parameters for the studied building during
its demolition. For this aim, the dynamic characteristics of the studied building were determined before the demolition,
during the story removal and its demolition from the ground phase.

As a full scaled destructive research performed in a real building, this study first evaluates the relationship between the
natural period or dominant frequency and number of story or height of the building. The period of an existing building can
be computed experimentally by forced vibration survey or ambient vibration survey (AVS). In forced vibration survey, the
building is tested under artificially produced vibration,>® whereas AVS is performed under existing small amplitude
sources of vibration like wind or traffic activities.”'® Aras'" tested an existing RC building under a set of impacts applied
by a building demolishing machine and in ambient conditions. He confirmed that the dominant frequencies decrease as
the excitation magnitude increases. The modal frequencies obtained under impacts were 2-3% less than those obtained
in ambient conditions. For this reason, as practical and easy testing, AVS was proposed because the former method is usu-
ally citizen perturbing and expensive strategy compared with the latter one. In the literature, the results of AVS are mainly
used for the condition assessment, validation and tune of the numerical models, and investigation of structural changes in
the existing structures.’®'® For this reason, AVS is used as the leading experimental technique in this study.

The building codes also provide empirical equations for the prediction of fundamental periods of the buildings.
Uniform Building Code (UBC),"” Federal Emergency Management Agency (FEMA) 450,'® Eurocode 8," and Swiss
Code® relate the fundamental period of the building to its height, whereas Algerian code,”* Korean Building Code
(KBC),**** and French code** add the geometrical dimensions of the building in the direction of considered mode
to their formula. Furthermore, Canadian National Building Code (NBC) ** accounts only the number of the story of
the building for the estimation of the natural period of the RC buildings. The details of codes' approaches can be
found in the study of Salameh et al.,® Crowley and Pinho,?” and Kose.?® Moreover, there are several studies devoted to
proposing more exact formulas with parameters than the type and height of the structure.”**' Indeed, the proposed for-
mulas are the results of extensive surveys and researches performed over many buildings with different geometry, struc-
tural system, material, soil-structure interaction, non-structural components, live load, and boundary conditions.

On the other hand, the results of this study purely elaborate the number of story or height of the building and the
dimension of the building in the natural periods of RC buildings because the other parameters remain unchanged. Fur-
thermore, this study was performed over an existing real building, and a well-known technique, AVS, was employed. In
that respect, the results of the study are more reliable than those obtained from the numerical investigations and tests
performed in laboratories.

2 | STUDIED BUILDING

The studied building is a nine-story, RC building located in Kadikdy district of Istanbul, which lies on the most danger-
ous earthquake zone according to TEC.! The building with its plan layout on the third floor is shown in Figure 1. Its
structural system contains columns and shear walls with one-way ribbed slab system except for the slab system of bath-
rooms, which is an ordinary flat slab surrounded by beams. Column sizes were reduced through the height of the build-
ing. The type of foundation is single footing. The story height is measured as 3 m for all stories.

The building was analyzed on the basis of the regulations for the determination of risky buildings LTADR,? and its
performance was assessed as inadequate because the life safety performance level was not satisfied according to TEC."
During the performed assessment work, the concrete quality of the building was determined as C6 with 26 core samples
taken from the building. Reinforcement details were also searched, and it was seen that S220 steel grade (characteristic
yielding stress is 220 MPa) was used in the structural elements. Inadequate use of lap splice length, unconfined mem-
bers, and heavy corrosion on reinforcement bars were also noted.* As a result of the seismic assessment, the building
was decided to be demolished, and the opportunity to monitor the variation of its dynamic properties during its
demolishing was realized.

3 | MEASUREMENTS AND ANALYSIS OF THE ORIGINAL BUILDING

AVS of the building was performed after the evacuation of the building and removal of recycling items before the demo-
lition starts. Five SARA, Acebox, force balance accelerometers, with three sensors, oriented along with two orthogonal
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FIGURE 1 Studied building and its
plan layout

horizontal directions and one vertical direction, were used for data collection. Each accelerometer has its own data
storage unit and works separately without a particular data acquisition system. The required synchronization for the
dynamic identification is provided by a global positioning system antenna. The linear acceleration range of each sensor
is +2 g, and its noise floor is less than 20 ng/\/ Hz. The recording was performed with 200 samples per second.

The dynamic properties of the building were determined by vibration recording at each story's front left corner.
Thereby, modal frequencies and translation modes in two horizontal directions were determined. Two horizontal direc-
tions of the accelerometers were oriented along with the X and Y directions of the building (Figure 1). Two sets of mea-
surements are required for AVS of the nine-story building with five accelerometers. In each set, one of the accelerometers
was used as a reference sensor and located on the fourth floor. In the first set, five accelerometers were located on the
fourth, fifth, sixth, seventh, and eighth floors, whereas in the second set, they were on the fourth, third, second, first,
and ground floors of the building. The ninth floor of the building was closed during the surveys, and no measurement
was taken from that level.

The literature on modal identification methodologies is vast, and a survey of the methodologies is out of the scope of
this study. The well-known enhanced frequency domain decomposition methodology was used in this study by using
Artemis Modal 6.0 software.** Detailed information on the enhanced frequency domain decomposition method is found
in the studies of Brincker et al.>*** and Michel et al..*® For this reason, theory of the methodology was not repeated in
this study. No filtering was applied to the data, and modal identification was performed between 0 and 20 Hz, which is
adequate for the identification of the studied building. Figure 2 shows the singular values of spectral density presenta-
tion of the signals taken through the height of the building along with X and Y directions.

Dominant frequencies were determined as 1.97, 2.67, 6.11, and 8.40 Hz. Figure 3 shows the mode shapes of the build-
ing. The first mode of the building was determined as the movement in the X direction with a frequency of 1.97 Hz,
whereas the second mode is the movement in the Y direction with 2.67-Hz dominant frequency. The third and the
fourth modes are dual curvature modes, in X and Y directions with 6.11- and 8.40-Hz dominant frequencies, respec-
tively. Figure 4 shows the modal assurance criterion (MAC). If the MAC is near zero, this shows that the mode shapes
are not consistent. If it is near unity, the mode shapes are consistent.>® The obtained MAC values prove the consistent
mode shapes determined in this study.

4 | MODAL ANALYSES DURING THE FLOOR REMOVAL

The demolition of the studied building was performed first by the removal of the top stories. For this aim, a building
demolishing machine was located on the roof level of the building, and it demolished its surroundings to reach to
the story below. The wrecks were thrown down. Figure 5 shows the nine-, eight-, seven-, and five-story phases of the
studied building.
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FIGURE 2 Singular values of spectral densities for the nine-story building
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4.1 | Modal analysis of eight-story building

FIGURE 3 Mode shapes of the original
building

The vibration measurements for the eight-story building were performed when the demolishing works were in progress.
The performed modal identification was simplified to decrease the level of risk because the demolition continued per-
manently. Instead of having vibration measurements through each floor, acceleration records gathered from second,
fourth, and sixth floors of the building. The acceleration records were analyzed with the same principles, and dominant
frequencies along with X and Y directions were determined as shown in Figure 6. It was seen that the mode shapes of
the building remained almost the same, but the increase in the frequencies were noted. The first four dominant
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FIGURE 5 Floor removal in the studied building

frequencies of the building were determined as 2.21, 3.01, 6.76, and 9.36 Hz. The effects of the ninth floor removal in the
studied building can be summarized as the increase in the modal frequencies.

4.2 | Modal analysis of seven-story building

The modal analysis for the seven-story phase of the building was performed by gathering vibration records from the sec-
ond and fourth stories of the building because working on a floor near the construction demolishing machine that
spreads concrete wrecks and particles was assessed as dangerous. Moreover, many wrecks were thrown through the
staircase of the building, which is the only way of reaching the floor areas. The analysis of the recorded acceleration
showed that the dominant frequencies are 2.51, 3.51, 7.53, and 10.54 Hz as seen in Figure 7. The mode shapes remained
the same. In that respect, the removal of the eighth floor of the building increased the modal frequencies.
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FIGURE 6 Singular values of spectral densities for the eight-story building
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FIGURE 7 Singular values of spectral densities for the seven-story building

4.3 | Modal analysis of five-story building

The modal analysis for the six-story building could not be performed because the operators accidentally damaged the
sixth floor of the building and demolished two stories together. The five-story phase of the building is analyzed by gath-
ering vibration records from the second and fourth stories of the building. The dominant frequencies were obtained as
3.18, 4.42, and 9.51 Hz in Figure 8. The first and third modes of the building are in the X direction, whereas the second
mode represents the movement of the building in the Y direction. The fourth mode is disappeared. It is concluded that
the removal of the seventh and sixth floors altered the mode shapes of the building and increased the dominant fre-
quency of the building.

5 | MODAL ANALYSES DURING THE GROUND DEMOLISHING

After the number of the story of the building was reduced to five, the demolishing continued with an excavator working
on the ground level. It was transported to the backyard of the building where the demolition can progress without



ARAS Wl LEY 7 of 14

dB | (1 mis*f*/ Hz Singular Values of Spectral Densities of All Test Setups
-30,

() 4 3 12 16 20
Frequency [Hz]

FIGURE 8 Singular values of spectral densities for the five-story building

damaging the neighborhood. The size of the excavator required to cut the right-hand side overhangs of the building on
the third-floor level to be transported to the backyard.

5.1 | Modal analysis after first vertical demolishing

After a working day, approximately 20% of the plan area, taking the third floor as the reference, was demolished as seen
in Figure 9. The modal analysis was performed in that stage with the measurements gathered from the second and
fourth stories of the building. The dominant frequencies were obtained as 3.51, 5.20, and 9.05 Hz as shown in
Figure 10. All the dominant frequencies correspond to torsion mode. Therefore, the structural behavior of the building
is governed by three torsional modes.

5.2 | Modal analysis after second vertical demolishing

After an additional day, 30% of the plan area of the building was demolished. The present phase of the studied building
is shown in Figure 11 with its plan layout on its third floor. The analysis of the measurements, gathered from the second
and fourth stories of the building, gave the dominant frequencies as 3.41, 4.77, and 8.74 Hz as seen in Figure 12. Like in
the previous form of the building, the dynamic modes were governed by torsional behavior.

= : Demolished i,,"t'._,
N
, , Area P

FIGURE 9 The studied building after the first ground demolishing
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FIGURE 10 Singular values of spectral densities after the first ground demolishing
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FIGURE 11 The studied building after the second ground demolishing
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FIGURE 12 Singular values of spectral densities after the second ground demolishing
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5.3 | Modal analysis after third vertical demolishing

Almost 50% of the plan area of the building was demolished in the next day. Figure 13 shows the building with its
remaining portion. The analysis of the measurements, gathered from the second and fourth stories of the building
showed that the number of peaks is increased for the accounted frequency range. In that respect, a furcation phenom-
enon took place. As seen in Figure 14, 3.15, 4.41, 5.01, 6.86, 7.83, and 9.82 Hz are the dominant frequencies referring to
the torsional modes.

5.4 | Modal analysis after fourth vertical demolishing

The last vibration recording is performed when 65% of the plan area of the building was demolished. The building with
its plan layout is shown in Figure 15. Because of the broken stairs of the building, the fourth floor could not be reached;
thereby, the vibration measurement is performed on the second floor of the building. As seen in Figure 16, the analysis
of the measurements revealed the increased number of dominant frequencies as in the previous case. In this stage, sin-
gular values of spectral densities are represented for each direction separately in Figure 17 by analyzing the data in
Matlab.*’ As it is seen, the dominant frequencies can be detected in both directions separately, referring to a modal dis-
placement also proving the torsional behavior.

~ Demolished
1 Area
o m o

FIGURE 13 The studied building after the third ground demolishing
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FIGURE 14 Singular values of spectral densities after the third ground demolishing
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FIGURE 16 Singular values of spectral densities after the fourth ground demolishing
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FIGURE 17 Singular values of spectral densities in X and Y directions after the fourth ground demolishing. CPSD, cross power spectral

density
6 | EVALUATION OF THE OBTAINED RESULTS

Due to the demolition strategy followed for the studied building, the obtained results were interpreted in two main sec-
tions. The first section covers the effects of the number of the story in the dynamic frequencies whereas the second sec-

tion deals with those obtained from vertical ground demolishing.
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As the result of the story removal, the detected frequency increase was evaluated with the current code formulas shown
through Equation (1),"” Equation (2),'® Equation (3),'® Equation (4),>> and Equation (5).>* In these formulas, T is the fun-
damental period of the building, H is the height of the building, N is the number of story, and B1is the full plan dimension of
the building in the considered direction. For this aim, Table 1 summarizes the numerical values of fundamental periods
obtained from experimental analyses and code based formulas. Figure 18 shows how the natural periods of the building
vary concerning the number of stories. Note that KBC provides two direction-respective natural periods.

T = 0.073 H*” (UBC).

T = 0.0466 H* (FEMA 450).

T = 0.075 H*"> (Eurocode 8).

T = 0.1 N (NBC of Canada).

H
T = 0.09 — (KBC).

VB

)

2

3)

4)

(5

As it is seen in Figure 18, UBC,'” FEMA 450,'® Eurocode 8,'” and NBC of Canada®® values are in the same range. The
average of the experimentally obtained values is about 50% of the average of the values estimated by these codes for the

TABLE 1 Comparison of the obtained fundamental periods to those derived from codes

Number
of story

9
8
7
5

Building
height
(m)

27
24
21
15

Fundamental periods (s)

0.51
0.45
0.41
0.31

Experiment—X

0.37
0.33
0.28
0.22

0.62
0.55
0.48
0.34

Experiment—Y KBC—X KBC—Y UBC

0.56 0.86
0.50 0.79
0.44 0.72
0.31 0.56

FEMA 450
0.90
0.81
0.72
0.53

Eurocode 8

0.89
0.81
0.74
0.57

NBC

0.90
0.80
0.70
0.50

Abbreviations: FEMA, Federal Emergency Management Agency; KBC, Korean Building Code; NBC, National Building Code; UBC, Uniform Building Code.

Period (Second)
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FIGURE 18 Relation between the number of story and fundamental periods. BC, Building Code; FEMA, Federal Emergency Management
Agency; NBC, National Building Code; UBC, Uniform Building Code
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nine-story building. In other words, these codes doubled the fundamental period of the studied building. On the other
hand, KBC*? estimations separated from the values of other codes and remained closer to the experimental results. Still,
it overestimates the real period values. Experimentally obtained natural periods in X and Y directions are 82% and 66%
of the values estimated by KBC** in X and Y directions, respectively, for the nine-story building.

Empirical code formulas usually overestimate the real fundamental periods of RC buildings. The main reason of this
overstatement is the ignorance of infill walls in seismic design of the buildings by the codes.?******* The ambient vibra-
tion tests performed for a six-story RC residential building has shown that infill walls can increase the dominant
frequencies by 60%.*° As the non-structural and brittle elements, the infill walls are expected to fail under design earth-
quake and be ineffective to contribute to the lateral stiffness of RC buildings. For this reason, the codes aim to calculate
the period-dependent seismic forces in the absence of infill walls.

On the other hand, the role of infill walls in the seismic design of RC buildings is a complex and versatile subject. The
level or frequency of the ground shaking and the stiffness characteristics of the building should be elaborated altogether.
Under a frequent or low-magnitude earthquake, the infill walls remain undamaged and contribute the lateral stiffness
of the building. In this condition, their ignorance in the period estimation causes miscalculation of seismic forces. This
phenomenon is more vital for the performance-based design and assessment philosophy, which require determining the
performance of the buildings under different levels of earthquakes. Moreover, overestimated fundamental period can
cause overestimated seismic forces for a stiff building while it underestimates seismic forces for a flexible building.
For these reasons, for the seismic design of RC buildings, period estimation is a crucial issue.

6.2 | Frequency variation for vertical demolishing

Demolition of the five-story building with an excavator is pursed with vertical slices. Here, impacts are applied, and
structural members were broken down. In these stages, the geometry of the building is changed as seen through
Figures 9, 11, 13, and 15.

The modal analyses performed after the first and second vertical demolishing showed that the general dynamic
behavior of the building is governed by torsion. The main reason for torsional behavior can be shown as the plan geom-
etry of the building. Moreover, it is seen that the first slice caused an increase in the dominant frequencies as compared
with the previous phase of the building, which is five-story, unsliced building. On the other hand, the second slice
caused a decrease in the dominant frequencies as compared with the first slice. At the stages, the demolishing changes
both mass and rigidity of the building, which are two critical parameters for dynamic behavior. For this reason, these
results are case dependent. Therefore, it is hard to obtain general conclusions.

The third and fourth slices demolished 50% and 65% of the studied five-story form of the building and caused vital
effects on the general dynamic behavior. As seen in Figures 14 and 16, many dominant frequencies are developed by
furcating. As proved in Figure 17, these peaks exist in both X and Y directions. In a previously completed study, Aras
has monitored construction of a three-story steel building, starting from the erection of structural members to its com-
pletion.*! It was noted that the fast Fourier transform spectrums had many peaks and most of them were mutual until
the general building behavior had been formed. After the general building behavior was achieved, the number of peaks
in the fast Fourier transform spectrums decreased, and modal frequencies of the building were obtained. Therefore, it
can be concluded that, after the third vertical demolishing, the building loses its building behavior.

7 | CONCLUSION

AVS in this study has monitored the demolition of an existing nine-story RC building. The number of the story of the
building was first decreased to five by story removal. Then, an excavator-like vehicle working on the ground level razed
the remaining five-story building. Dynamic characteristics of the building obtained at the different stages of the demo-
lition and their comparison revealed the facts listed below.

The story reduction has resulted in increases in the dominant frequencies of the building. In parallel, the fundamen-
tal periods decreased. An almost linear relationship between the number of the story or building height and fundamen-
tal period was derived.

Obtained fundamental periods were compared with those estimated by different codes. It was noted that the code-
based periods accounting only the height of buildings are in agreement with each other, but they are approximately
two times greater than those extracted from the performed experiments.



ARAS Wl LEY 13 of 14

The code formulas additionally accounting the geometrical plan dimensions of the building gave closer results to
those determined experimentally. However, they are still higher than the experimental results.

For the design of RC buildings, the estimation of the fundamental periods is a crucial issue because the seismic forces
are dependent on it. For this reason, overestimation of the fundamental period of RC buildings with the code formulae
can cause miscalculation of seismic forces.

The demolition of the building with vertical slices resulted in the change of general building behavior. The general
building behavior was turned to torsion governed dynamic modes as a result of the nonrectangular plan layout of the
sliced building.

After 50% of the building plan layout was demolished, many dominant frequencies were obtained. This feature is
grasped as the signs of losing the stability of the studied building.
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