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ABSTRACT

AN INVESTIGATION ON THE EFFECTIVENESS OF NAILED
TIMBER WALLS AS RETROFITTING MEASURE FOR

SUBSTANDARD CONCRETE STRUCTURES

Turkey is in a seismically active region and has suffered through extensive losses
due to several major earthquakes that struck its various parts. The destructive effects of
earthquakes in Turkey are infuriated by the large volume of buildings constructed with low-
quality materials and workmanship. Especially a great percentage of residential buildings
are constructed by using substandard concrete and reinforcement. Furthermore, research
shows a great possibility of a high magnitude earthquake to occur in the near future around
the Marmara region, which includes the most populated cities in Turkey. Inevitably, there is
a need for an effective and affordable retrofitting method. In this study, a new retrofitting
method is introduced and its effect on the seismic performance of two representative case
study buildings are investigated. The retrofitting method consists of the implementation of
timber walls which are prepared with nails. Initially, cyclic shear tests are performed on two
types of nailed timber walls in an effort to obtain stiffness and strength properties. The only
difference between the nailed timber walls is the number of nails used. Computational
simulations of the experimental tests are generated in CSI Perform3D with buckling
restrained brace elements. Two simulations of each case study reinforced concrete buildings
retrofitted with the two types of nailed timber walls are conducted along with the original
reinforced concrete building. Finally, the seismic performances of structural models are
compared with each other. For the first case study building, which is a well-designed
building with substandard material quality, it is concluded that even though the seismic
performance of the representative building is slightly increased, a comprehensive
enhancement in seismic performance is not achieved with the retrofitting method
investigated. For the second case study building, which is a poorly designed building with

low material quality, seismic performance is significantly improved.
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OZET

DUSUK BETON DAYANIMLI BINALARIN CiViLI AHSAP

DUVARLAR ILE GUCLENDIRILMESINE iLiSKIiN BiR INCELEME

Turkiye depremsellik agisindan ¢ok aktif bir bolgede yer almaktadir ve g¢esitli
bolgelerini etkilemis bircok biiyilk deprem ¢ok biiyiik kayiplara yol agmistir. Diisiik
malzeme dayanimi ve kalitesiz iscilik ile yapilmis Gok sayida bina, Tiirkiye'deki depremlerin
yikici etkilerini arttirmistir. Ozellikle 2000°lerden 6nce insa edilmis konut binalarmin biiyiik
cogunlugunun standartlarin altinda beton ve donat1 kullanilarak yapildig: diisiiniilmektedir.
Ayrica arastirmalar, Tiirkiye'nin en kalabalik sehirlerini iceren Marmara bolgesinde yakin
gelecekte biiyiik bir deprem olma olasiliginin yiiksek oldugunu gostermektedir. Bu nedenle
etkili ve uygun maliyetli bir giiglendirme yontemine ihtiya¢ kagiilmazdir. Bu ¢alismada,
ahsaba dayali bir guclendirme yontemi degerlendirilmis ve bu yontemin iki binanin sismik
performansi iizerindeki etkisi irdelenmistir. Onerilen giiglendirme yoéntemi, civilerle
hazirlanmis ahsap duvarlarin bina ¢evresine montajindan olusmaktadr. ilk olarak, rijitlik ve
mukavemet 6zelliklerini elde etmek igin iki tip ¢ivili ahsap duvar {izerinde dongiisel yanal
yuk deneyleri yapilmistir. Civilenmis ahsap duvarlar arasindaki tek fark kullanilan givi
sayisidir. Daha sonra, CSI Perform3D yazilimi kullanilarak burkulmasi onlenmis celik
caprazlar ile deneysel testlerin bir modeli olusturulmustur. Giiglendirilmemis iki betonarme
bina yapisal modelleri ile her binanin iki farkli tip ¢ivilenmis ahsap duvar ile gii¢lendirilmis
yapisal modelleri CSI Perform3D yazilimi ile olusturulmus ve yapisal modellerin deprem
performanslari birbirleriyle karsilagtirilmistir. irdelenen gliclendirme yontemi ile, yapisal
boyutlandirmasi son deprem yonetmeligine uygun olarak yapilmis fakat malzeme dayanimi
yetersiz olan ilk vaka g¢aligmasi binasinin performansi biraz artirilsa da, kapsamli bir
iyilestirme saglanmadig1 sonucuna varilmistir. ikinci vaka ¢alismasi olarak ise yerlesim ve
boyutlandirmada zaaflar1 oldugu gibi ayn1 zamanda malzeme dayanimi da yetersiz olan
binanin Onerilen giclendirme yontemi ile guclendirilmesi sonucunda binanin hasar

seviyelerinde dikkate deger diisiis sagladig1 gozlemlenmistir.
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1. INTRODUCTION

1.1. General

A widely accepted definition of natural hazards is “those elements of the physical
environment, harmful to man and caused by forces extraneous to him” [1]. Natural hazards
refer to atmospheric, hydrologic, geologic, and wildfire phenomena that due to their location,
severity, and frequency, have the potential to affect humans adversely [2]. Disasters are
serious disruptions to the functioning of a community causing extensive damage to society
that exceed its capability to cope using its resources. A logical inference from these two
definitions is that while natural hazards may be inevitable, disasters are not. Therefore,
communities can and should mitigate disasters by being prepared, reducing risks, and

becoming more resilient.

Disaster risk is a function of the severity and frequency of the hazard, of the numbers
of people and assets exposed to the hazard, and of their vulnerability or susceptibility to
damage. According to the layers of risk, disaster risk can be divided into two types. The
more intensive risk layers, which are characterized by exceptionally low frequency but high
severity losses, are normally associated with extreme hazard events. The more extensive risk
layers, which are characterized by high frequency but low severity losses, are associated

with localized and recurrent hazard events [3].

Earthquakes often are among the most devastating natural hazards. According to
United Nations Office for Disaster Risk Reduction (UNDRR), in the first decade of the 21st
century alone, earthquake-induced disasters accounted for 60 percent of deaths from natural
disasters all around the world [4]. Striking without warning, an earthquake in a populated
area may result in numerous casualties and injuries along with considerable property

damage.

Turkey is one of the most seismically active regions in the world since it is located

at the intersection of Eurasian, African, and Arabian plates through the Anatolian plate [5].



Interactions between all surrounding plates and the Anatolian plate produce an active seismic
region that encompasses most of Turkey [6]. Inescapably, earthquakes have been by far the
most substantial natural hazard in the region. Since the beginning of the 20th century, all
natural disasters in Turkey resulted in 97,000 casualties and almost 9.8 million people were
affected. Earthquakes were responsible for 96.8% of the casualties and 73.3% of the affected

population [7].

While it is not possible to predict the exact time and location of an earthquake,
scientists are able to estimate whether there will be an earthquake sometime in the future on
a particular fault or not [8]. The westward progression of seven large earthquakes along the
North Anatolian fault since 1939 poses a significant risk of a strong earthquake near Istanbul,
a rapidly growing city with a population of 15.5 million. In 2000, the probability of
occurrence of a magnitude 7 or higher earthquake within 30 years was calculated as 62 +
15% (one standard deviation) [9]. Although the probability of occurrence of a strong
earthquake near Istanbul has possibly increased with the passing years, the progress made
towards preparing for the next earthquake has not gone much beyond pilot studies of regional
risk assessment and seismic retrofitting of a limited number of essential buildings [6]. A
worst-case scenario earthquake with a magnitude of 7.5 near Istanbul is estimated to result
in 35,000 to 40,000 heavily damaged (damaged beyond repair) buildings with 5,000 to 6,000

of them reaching collapse and an estimated number of 30,000 to 50,000 casualties [10].

Although the degree of hazard due to earthquakes primarily depend on depth,
distance, duration, peak ground velocity and spectral intensities of the resulting ground
motion, and soil properties of the affected region, the main reason for this natural hazard to
become a disaster with a large number of casualties and physical losses are primarily the
result of building and infrastructure failure induced by earthquake effects [11].

Since 1940, due to fast industrialization action, migration from rural to urban areas
and high population growth rate resulted in the construction of a considerable number of
multistory residential buildings in the cities. In Turkey, the most frequent form of
construction for multistory residential buildings has been reinforced concrete structural
frames. This type of building has experienced the greatest portion of damages and casualties

during earthquakes [12]. There have been many studies worldwide to determine the main



reasons behind extensive damage observed in multistory reinforced concrete buildings due
to earthquakes and the following issues have been reported as the major reasons: non-ductile
detailing, strong-beam weak-column condition, short-column effect, soft and weak floor
mechanisms, irregularity in plan and elevation, unconfined gable/infill walls, bad
workmanship, and low material strength. When the scope of the research is limited to
Turkey, researchers remarked that most of the collapses and damages that occur in multistory
reinforced concrete buildings due to earthquakes mainly result from insufficient material and
construction quality, and poor design practice [11]. Moreover, inadequate lateral stiffness of
the building structural systems is also one of the most important inferences made from the
post-earthquake investigations in Turkey [13, 14].

Based on what has been discussed so far, it should be clear that a significant portion
of building stock in Turkey is vulnerable to earthquakes. Unfortunately, a substantial number
of those vulnerable buildings are located in the Marmara region where a strong earthquake
with a magnitude of greater than seven is expected in near future. For these buildings to
withstand the effects of the expected earthquake, immediate actions should be taken.
Replacement and retrofitting are the two options that the building owners have. Although
replacement of a building should result in a seismically safe building that is designed and
constructed in compliance with the latest seismic code provisions, it is an expensive and
time-consuming option that should only be considered when seismic retrofitting is deemed

ineffective.

While many conventional and innovative solutions have been developed for seismic
retrofitting of existing reinforced concrete frame buildings, the commonly utilized
retrofitting technique is the addition of reinforced concrete infill shear walls [12, 15]. The
retrofitting process includes demolishing of brick walls, embedment of anchorage rebars
within columns and beams, placement of reinforcing steel and building formwork, drilling
of slabs, and casting of concrete. It is usually effective in terms of improving the seismic
performance of existing buildings, but it requires a long-lasting construction work.
Considering the current situation of building stock in Turkey, a fast, affordable, and effective

retrofitting technique is undoubtedly necessary in order to prevent a possible disaster.



Cross laminated timber (CLT) panels have been attracting increasing interest in
construction sector due to their seismic performances, low environmental impact, ease of
construction, etc. Furthermore, in recent years, CLT panels are getting more recognized as a
structural solution for seismic retrofitting of existing structures such as reinforced concrete
frame buildings. [16]

In this study, the use of cross laminated nailed timber walls (NTW) as a fast,
affordable, and effective seismic retrofitting alternative is investigated. Such walls may be
produced with relative ease using local materials so that their material and workmanship cost
could be expected to be significantly less than concrete walls. The stiffness and strength
values for such walls may be expected to be affected by the number of nails and the type of
wood species used, with a glued cross-laminated timber wall representing the upper bound

that could be attained by increasing the number of nails.

The objective of the effectiveness in terms of improving the seismic performance is
investigated throughout this study. In order to assess the improvements on seismic
performance that is gained via installation of NTWSs, two case study buildings are
investigated. A typical 5-story substandard reinforced concrete building is selected as the
first case study. The first case study building is a RC frame building with structural walls
which is initially designed in compliance with the latest seismic code provisions ; to
introduce shortcomings due to material quality, material properties are assumed to be worse
than the initial design assumptions, so that the characteristic compressive strength of
concrete is assumed to be 10 MPa and the steel class is assumed to be S220, to imitate pre-
2000 building stock. The seismic performance of the first case study building is compared
with two retrofitting scenarios. The first scenario includes retrofitting with a wall that has
relatively low stiffness and strength values and the second scenario with relatively high
stiffness and strength values due to the number of nails per meter square. The first timber
wall contains half of the number of nails that the second wall has. The load-deformation
characteristics of the NTWs under cyclic shear loading are obtained from the experiments
conducted at Bogazi¢i University’s Structural Lab. CSI Perform3D software is used to
construct nonlinear models and to perform nonlinear response history analyses of the three

building scenarios, namely: plain RC, retrofitted with Wall | (RET 1), and retrofitted with



Wall Il (RET II). Comparative evaluation of nonlinear analysis results for the three

computational models of the first case study building is interpreted.

As a second case study building, a RC frame building that represents a typical
existing building in Turkey which suffers from most of the typical construction deficiencies
that are common for the buildings constructed before recent earthquake design codes such
as poor material quality, inadequate transverse reinforcement, inadequate column
dimensions and poor placement choices. Additionally, analysis results of the building shows
that it also suffers from strong beam weak column problem. Similar to the first case study
building, characteristic compressive strength of concrete is assumed to be 10 MPa and steel
class is assumed to be S220. The procedure followed to investigate the effect of retrofitting
with NTWs on seismic performance of the first case study building is repeated for the second

case study building.

1.2. Research Significance

Immediate action should be taken in order to prevent a major disaster due to a high
magnitude earthquake that is expected to hit Marmara Region in near future. Therefore,
existing buildings in this region should be seismically rehabilitated to limit the number of
injuries and casualties. Two options are available for seismic rehabilitation: retrofitting and
replacement. Retrofitting is usually a much more convenient option in the case of existing
buildings since replacement is unnecessary and expensive in most cases. In this study, a new
retrofitting method is introduced and investigated in terms of its effect on the seismic
performance of two substandard reinforced concrete buildings. The retrofitting method
consists of the installation of NTWSs. The introduced retrofitting method uses locally
produced timber and nails so that it is a relatively more affordable retrofitting alternative.
Additionally, since timber has adequate stiffness and strength properties, it provides high
seismic capacity and, due to its exceptionally low self-weight, it generates low seismic
demand. Therefore, the investigated retrofitting method is expected to improve the seismic
performances of the two case study buildings. In this study it is aimed to thoroughly discuss

the effectiveness of the introduced retrofitting method.



1.3. Objective and Scope of the Study

Two different retrofitting scenarios are implemented to two substandard RC buildings
and their seismic performances are compared to investigate the effectiveness of retrofitting
with NTWs. A 5-story RC frame building with structural walls assumed to be constructed
with substandard structural materials is investigated as the first case study building and a 6-
story RC frame building is investigated as the second case study building. Afterward,
computational simulations of implementation of two different types of NTWs are generated
in two separate nonlinear models for each CSB. The three structural models for each CSB
are analyzed with Nonlinear Time History Analysis (NLTHA) method and based on analysis
results seismic performances of the nonlinear models are compared. Observations and

recommendations on the effectiveness of retrofitting with NTWs are presented.

1.4. Thesis Outline

The outline of this thesis is divided into six chapters. In Chapter 1, general information
about the subject and primary objectives of the study are presented. This study is based on
the experimental tests conducted on NTWs and in Chapter 2, the experimental test setup and
modeling of the experimental test setup in CSI Perform3D are explained in detail.
Additionally, backbone curves for NTWs that are assumed to be installed in the case study
buildings are provided in this chapter. Chapter 3 addresses the procedure followed for
nonlinear structural modeling of the case study buildings. Seismic performance analysis of
the three structural models of the first case study building and their comparison in terms of
interstory drift ratio, beam and column plastic rotation, shear force in structural walls,
concrete compressive strain, and reinforcing steel tensile strain values are provided in
Chapter 4. Similarly in Chapter 5, seismic performance analysis and comparison of the three
structural models of the second case study building in terms of interstory drift ratio, and
beam and column plastic rotations are presented. Finally, in Chapter 6, an overview with

closing comments as well as recommendations for future studies are presented.



2. EXPERIMENT

2.1. Experimental Test Setup

The experimental tests are conducted in the structural laboratory of Bogazigi
University to investigate the response of NTWSs under cyclic shear loading. The timber used
in the specimens is black pine (Pinus Nigra) growing on the Anatolian peninsula of Turkey.
12 cm locally produced nails are used to reinforce the timber panels. Nails are driven into
the wood by a framing nailer as shown in Figure 2.1 along with the nailing pattern. The two
test specimens of the full-scale NTWs are five-layered 120 mm thick panels without
openings. The width and height of the test specimens are 1500 mm and 2810 mm,
respectively. The only difference between the two test specimens is the number of nails. The
first specimen has been prepared with 1200 nails, and the second specimen has been prepared

with 2400 nails. From now on, the first and second NTW specimens will be labeled as NTW

I and NTW I, respectively.

Figure 2.1. Framing nailer with nails and the nailing pattern.

At the bottom of the wall, at concrete-to-timber joints, angle brackets are used to
transfer tensile and shear forces. Rothoblaas©® WHT620 is used for tensile forces and
Rothoblaas© TCF200 is used for shear forces. At the top of the wall, in order to transfer
shear forces, Rothoblaas© TTF200 is used.



The lateral load was applied to the specimens using a hydraulic jack at a height of 2860
mm from the bottom of the specimens. The lateral load was measured by the load cell inside
the hydraulic jack. Two displacement transducers were placed at the bottom and the top of
the wall. The top displacement transducer measured the lateral displacement of the entire
wall whereas the bottom displacement transducer aimed to measure the sliding displacement
of the wall relative to the concrete foundation. Lateral displacement values presented in
Figure 2.3 and Figure 2.4 are the difference of the values measured by the top and the bottom
displacement transducers. Two additional displacement transducers that are positioned
vertically were also placed to measure the uplifting of the walls. However, the uplifting effect
IS assumed not to be a primary concern while evaluating lateral displacement of the
specimens. In addition, lateral guides with rollers were used to ensure a steady and consistent

unidirectional movement of the walls.
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Figure 2.2. Front and side view of the test setup.



2.2. Experimental Tests Results

2.2.1. NTWs Response

Two retrofitting scenarios are investigated throughout this thesis. The first retrofitting
scenario consists of the addition of BRB elements into the CSI Perform3D model that are
the representation of NTWs prepared with 1200 nails (NTW 1). The second retrofitting
scenario consists of the addition of BRB elements into the CSI Perform3D model that are
the representation of NTWs prepared with 2400 nails (NTW I1). The properties of the models
are derived from the cyclic shear tests results for nailed timber panels presented in Figure
2.3 and Figure 2.4.

—NTWI

Force (kN)

-60
Net Lateral Drift (mm)

Figure 2.3. Hysteresis curve obtained from the experimental test of NTW 1.

Force (kN)

Net Lateral Drift (mm)

Figure 2.4. Hysteresis curve obtained from the experimental test of NTW II.
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2.2.2. Connection Response

Connections are overdesigned such that shear deformation governs the behavior of

experimented NTWs. As expected, no noticeable deformation occurred in connections.

2.3. Modeling the Experimental Test Setup

The experimental test setup is modeled in CSI Perform3D with buckling restrained
brace (BRB) elements, infinitely rigid bar elements, pin connections, and fixed supports as
shown in Figure 2.5. Key parameters referred to in analytical modeling of the wall are

explained in Figure 2.6.

F > - : - » | Pin Connection
v
Infinitely Rigid
Beam Infinitely Rigid
Column
BRB Element
Fixed Support D R — ————— » | Fixed Support

Figure 2.5. Experimental test model in CSI Perform3D.

The properties of the BRB elements are determined in a way that the net lateral
displacement values obtained from the CSI Perform3D model are approximately the same
as the net lateral displacement values obtained from the experimental tests under the same

loading.
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The procedure followed while determining the properties of the BRB elements is
explained in detail below. Initially, backbone curves (BC) corresponding to hysteresis curves
obtained from the experimental tests for both NTWs are converted into bilinear backbone
curves as shown in Figure 2.7. Then, lateral deformations of the NTWSs are converted into
axial deformations in BRB elements by

5':L'—L:w/(x+5)z+y2—«/x2+y2, (2.1)

where L represents the initial length of the BRB element and L' represents the length of
the BRB element after the force applies (see Figure 2.6 for the geometric representations of

the parameters involved) and they are calculated as

L=+x*+y?, (2.2)

L'= (x+5)2+y2, (2.3)

where x and y are width and height of the NTW, respectively. Finally, the applied force on
the representative BRB element is calculated as

F
F'=——, 2.4
cosd 24)

where F is the force applied to the NTW by the hydraulic jack. Backbone curves obtained
for each NTW are presented in Figure 2.8 and Figure 2.9, along with the test results they are

representative of. The force time history of the experiments is provided in Figure 2.10.

Figure 2.6. Representative experimental test setup.
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Figure 2.7. Hysteresis curves obtained from experimental tests and corresponding
backbone curves.
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Figure 2.8. Backbone curve generated based on experiment results of NTW I, and

backbone curve of representative brace element used in CSI Perform3D model of the

experiment.
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Figure 2.9. Backbone curve generated based on experiment results of NTW 11, and
backbone curve of representative brace element used in CSI Perform3D model of the

experiment.

2.4. Results of CSI Perform3D Models of the Experimental Tests

The results for the two walls are summarized in Figure 2.11 through Figure 2.17. The
net lateral displacement values for NTW | and NTW Il for both experimental tests and CSI
Perform3D models are presented in Figure 2.11 and Figure 2.15. BRB | and BRB 1l are
referred to as the computational models of NTW I and NTW Il generated in CSI Perform3D,
respectively. Even though an exact match of experimental tests results and results obtained
from models generated in CSI Perform3D is not possible to achieve due to limitations of the
software, obtaining an adequately good match of displacements under the same loading is
prioritized. However, prioritizing matching displacements resulted in unmatching dissipated

energies as shown in Figure 2.13 and Figure 2.17.
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Figure 2.10. Force record of the experiment of NTW 1.
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Figure 2.11. Displacement results of the experiment (NTW I) and the computational model
(BRB I).
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Figure 2.12. Hysteresis curves of the experiment (NTW 1) and the computational model

(BRB I).
20
NTW | -
18 i
--------- BRB | ."\--«f'
16 -’k___/"
2
>
<
[<5)
[y
L
-
[
T
=3
3
o

0 200 400 600 800 1000 1200 1400
Time (s)

Figure 2.13. Dissipated energies of the experiment (NTW 1) and the computational model
(BRB I).
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Figure 2.14. Force record of the experiment of NTW I1.
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Figure 2.15. Displacement results of the experiment (NTW I1) and the computational
model (BRB I1).
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Figure 2.16. Hysteresis curves of the experiment (NTW II) and the computational model
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Figure 2.17. Dissipated energies of the experiment (NTW 1) and the computational model

(BRB I).
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2.5. Parameters for Braces used in CSBs

Assumptions and calculations made in order to determine the parameters of the BRB
elements used in the two CSBs are presented in this chapter. In previous chapters, the
parameters for the BRB elements that represent the behavior of the NTWSs used in the
experimental tests with dimensions of 2860 mm height and 1500 mm width are presented
for each NTW specimen. The backbone curves that are determined for each NTW specimen
in the previous chapter are modified according to the dimensions of the NTWs used in the

two case study buildings.

The modifications because of the change in height and width are made according to
two assumptions: the deformation of the NTW is due to shear only and strength of the panel
is reached when a limit angular deformation of the panel is reached. Therefore, the shear
strength of NTW does not depend on the height of the panel, and the stiffness of the panel is
inversely proportional to its height. Additionally, strength and stiffness are linearly
proportional to the width of the NTWs.

The placement of NTWs for CSB | and CSB |1 are shown in Figure 2.18 and Figure
2.19, respectively. In order to demonstrate the method of modification properties of BRB
elements used in CSB | are presented. For the first story of CSB I, the height and width of
the NTWs that are used in the CSI Perform3D model are 4500 mm and 6000 mm,
respectively. On the upper floors, the height of the NTWs drops to 3500 mm with the same
width value. Backbone curves converted for the first structural model which simulates the
seismic response of retrofitted CSB | with NTW | are presented in Figure 2.20 and Figure
2.21. Backbone curves converted for the second structural model which simulates the
seismic response of retrofitted CSB | with NTW |1 are presented in Figure 2.22 and Figure
2.23.



Figure 2.18. Positions of NTWs in plan view of CSB I.

Figure 2.19. Positions of NTWs in plan view of CSB IlI.
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Figure 2.20. Backbone curves of NTW | used in CSB | for 3.5 m height and different width

values.
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Figure 2.21. Backbone curves of NTW I used in CSB | for 4.5 m height and different width

values.
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Figure 2.23. Backbone curves of NTW Il used in CSB | for 4.5 m height and different

width values.
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3. NONLINEAR MODELING AND ANALYSIS

3.1. CSB Properties

Two substandard reinforced concrete residential case study buildings are
investigated within the scope of this research. The buildings are assumed to be located at
coordinates 40°58°50.96” N, 28°43°22.8” E in Avcilar, Istanbul, shown representatively in

Figure 3.1, on site class ZD soil.

Figure 3.1. The case study buildings’ location and source-to-site distance [20].

The total height of the first case study building shown in Figure 3.2 is 18.5 m from
the foundation to the roof, and each story has a 3.5 m height except the first story which has
a 4.5 m height (Figure 3.3). The structural design of CSB 1 is initially done in compliance
with TBSC 2018 [17] with the assumption that concrete class of C25 and steel class of S420
will be used during construction. However, to represent material properties often
encountered in pre-2000 common building stock, the characteristic compressive strength of
concrete is assumed to be 10 MPa and characteristic yield strength of reinforcement is
assumed to be 220 MPa. The lateral load resisting system of CSB | consists of two C-shaped
core walls and four rectangular walls placed around the perimeter of the structure. Plan area
of the building is 368 m? (Figure 3.4). Beams have 500 mm x 600 mm cross-sections, except
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for the beams between core walls which have 400 mm x 600 mm cross-sections. Columns
have 400 mm x 800 mm cross-sections. The thickness of slabs and walls are 150 mm and

200 mm, respectively. Finally, clear cover is assumed to be 15 mm.

Figure 3.2. 3D view of CSB I.

18.50 m
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11.50 m

08.00 m

04.50 m

00.00 m

Figure 3.3. Elevation view of CSB 1.
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Figure 3.4. Floor plan view of CSB I.

The second case study building shown in Figure 3.5 is a 6-story building with 3 m
story height as shown in Figure 3.6 and a plan area around 315 m? as shown in Figure 3.7.
CSB Il is a RC frame building which is constructed before recent earthquake design codes
and has poor material quality same as CSB I (fex = 10 MPa, fsy = 220 MPa). Beams have 300
mm x 450 mm cross-sections and columns have varying cross-sections which are relatively
small when compared to the cross sections enforced by TBSC 2018. Also, since the
structural system is not symmetric in any of the directions, and the columns and their
orientations are not distributed evenly, CSB Il has an irregular structural system. The

thickness of slabs and clear cover are 150 mm and 15 mm, respectively.
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Figure 3.5. 3D view of CSB II.

Figure 3.6. Elevation view of CSB 1.
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Figure 3.7. Floor plan view of CSB 1.

3.2. Nonlinear Models

Reliable representation of nonlinear behavior of a structure under seismic loading is
a complex problem. Moreover, uncertainty in the expected ground motion characteristics is
another difficulty that further complicates the process. Even though it is more time-
consuming and computationally demanding, NLTHA provides reliable results on the seismic
performance of structures. Besides, seismic codes allow engineers to make realistic and safe

assumptions while implementing NLTHA.

In this study, nonlinear modeling, and analysis of the CSBs are conducted using CSI
Perform3D software according to the specifications in TBSC 2018. Three nonlinear models
for each CSB are generated in CSI Perform3D. The first structural models are generated to
simulate the seismic response of CSBs as they are, second and third structural models are
generated to simulate the seismic response of retrofitted versions of CSBs with NTW | and

NTW II, respectively.
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In all nonlinear models, the foundation is assumed to rest on fixed supports, slabs are

modeled with elastic slab elements using the rigid diaphragm assumption, as typically

suggested.

From now on, the CSBs without any retrofitting will be called Plain RC building,
buildings retrofitted with NTW | will be called RET I, building retrofitted with NTW 11 will

be called RET II.

Figure 3.8. 3D views of nonlinear models of CSB I. (a)Plain RC, (b) RET I, (c) RET II.
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Figure 3.9. (a) Plan view of RET I and RET Il of CSB I (b) A-A section (c) B-B section.

3D views of the three nonlinear models of CSB | are shown in Figure 3.8. Also,
positions of NTWs to be installed in CSB | are presented in Figure 3.9 along with Figure
2.18. Similarly, 3D views of the three nonlinear models of CSB Il are shown in Figure 3.10.
Positions of the NTWs to be installed in CSB 11 is shown in Figure 2.19.
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Figure 3.10. 3D views of nonlinear models of CSB 1I. (a)Plain RC, (b) RET I, (c) RET II.
3.3. Nonlinear Modeling

3.3.1. Material Properties

TBSC 2018 specifies that existing material strength values shall be used for the

seismic performance assessment of existing buildings. In this study, existing characteristic

compressive strength of concrete is assumed to be 10 MPa and characteristic yield strength

of reinforcement is assumed to be 220 MPa in both CSBs.
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3.3.1.1 Elastic Shear Modulus of Structural Walls. Since no nonlinear shear deformation is

expected in structural walls, shear behavior is modeled linear elastically by defining an
Elastic Shear Material in CSI Perform3D. The shear modulus of structural walls in CSB 1 is
calculated as

EC
o P

and tangent modulus of elasticity of concrete, E, calculated as
E. =3250,/f, +14000, (3.2)

where f is characteristic compressive strength of concrete used.

However, using gross sectional rigidities of RC structural members is not realistic
since cracking of concrete due to reversed cyclic loading is not considered. Therefore, it
results in an overestimation of structural rigidity under seismic loading. Thus, the

corresponding stiffness modifier presented in Table 3.1 is applied according to TBSC 2018.

Table 3.1. Stiffness modifiers of reinforced concrete elements.

RC Structural Element Effective Rigidity
Wall-Slab (In-Plane) Axial Shear
Structural Wall 0.50 0.50
Basement Wall 0.80 0.50
Slab 0.25 0.25
Wall-Slab (Out of Plane) Bending Shear
Structural Wall 0.25 1.00
Basement Wall 0.50 1.00
Slab 0.25 1.00
Line Element Bending Shear
Coupling Beam 0.15 1.00
Moment Frame Beam 0.35 1.00
Moment Frame Column 0.70 1.00
Wall (Modeled as Equivalent Line Element) 0.50 0.50
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3.3.1.2 Elastic Modulus for Slabs. In this study, slabs are modeled elastically, and the

corresponding stiffness modifier which is provided in Table 3.1 is used to simulate effective

flexural rigidities of slabs.

3.3.1.3 Concrete. A theoretical stress-strain model which is generated according to the

specifications of TBSC 2018 for both unconfined and confined concrete is used in NLTHA
[18]. To generate the confined and unconfined concrete stress-strain relationships defined in
the model, compressive stress of confined concrete, f, is calculated as

f
fo=toXl
Cr—1+x"

e XI

(3.3)

where the coefficient x which represents the ratio of any strain to strain at ultimate

compressive strength of confined concrete is calculated as

x=2e (3.4)

where strain at ultimate compressive strength of confined concrete, & is calculated as

Eee = Eeo| 1+5(4, —1)]. (3.5)

As well as the coefficient r which represents ratio of tangent modulus to difference
of tangent and secant modulus is calculated as
E

c (3.6)

r=————,
Ec_Esec

where secant modulus of elasticity of reinforcement, E.. is expressed as

£ —to (3.7)

Sec
gCC

where tangent modulus of elasticity of concrete, E. is expressed as

E. =5000,/f,, . (3.8)

Furthermore, compressive strength (peak stress) of confined concrete, f_is
computed as

fcc =/ fco ' (3.9)

where confined concrete strength modifier, A, is expressed as
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A, =2.254 /1+ 7.94:—e —2:—9—1.254, (3.10)

where effective confining pressure in each direction, f,, and f, are calculated as
fox = KexOx Ty (3.11)

foy =Ky 2y Fpus (3.12)

where confinement effectiveness coefficient, k, for each direction are calculated as

K, :(1_235}(1_111_1%_&)__ (3.13)
ebh, )\ 20 )\ 2n ) bohy

The stress-strain relationships for unconfined and confined concrete are converted

into polylines shown in Figure 3.11. Tensile strength and cyclic degradation of stress-strain

behavior of concrete are not considered.
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Figure 3.11. Linearized stress-strain relationship of concrete.

3.3.1.4 Reinforcement. The stress-strain model of the reinforcing steel used in CSBs is

generated according to specifications of TBSC 2018. Modulus of elasticity, existing yield
strength, and existing ultimate strength values are provided in Table 3.2. The buckling
behavior of reinforcing steel is neglected in modeling. The stress-strain relationship that is
plotted in Figure 3.12 is computed as
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f = E,, (2, <2y) (3.14)

fo="1y, (gsy <g < gsh) (3.15)
(6 —55)°

fo=fo—(fu—fy)——. (£ <& <gy) (3.16)
Esu _gsh)

Table 3.2. Mechanical properties of steel.

Steel Class | E; (MPa) | f,,(MPa) £y £ € fu/ Ty
B220C 200000 220 0.0011 0.011 0.12 1.2
300
250
200
o
o
2
o 150
d
o
100
50 Reinforcement Model
------- Linearized Steel Model
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Strain

Figure 3.12. Stress-strain relationship of reinforcement.

3.3.2. Gravity Loads

Since the nonlinear response of columns and structural walls are controlled by axial
loads in nonlinear analysis, realistic assignment of gravity loads is crucial to obtain a
dependable nonlinear model. The expected gravity loads for the case study building consist
of self-weight, superimposed dead loads, and live loads. While self-weight and
superimposed dead loads are assigned directly to the model, live loads are assigned after

reduction with live load participation factors according to TBSC 2018.
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Self-weights for each structural member are calculated by the CSI ETABS analysis

software and superimposed dead loads and reduced live loads are assigned to slabs as

uniformly distributed loads. Magnitudes specified in TS 498 [19] for live loads are used. The

magnitudes of all loads are listed in Table 3.3.

Table 3.3. Magnitude of uniform loads.

Type of Load Uniform Load (kN/m?)
Live Load Residential 2.00
Partition Walls 1.50
Floor finishes, bedding, and ceiling plaster 2.20
Snow Load 0.75

3.3.3. Seismic Loads

3.3.3.1 Determination of Target Spectrum. According to TBSC 2018, the DD2 earthquake

hazard level should be used to define the design spectrum for seismic performance

assessment of existing buildings. DD2 level is defined in TBSC 2018 as the standard design

earthquake ground motion with a probability of exceedance of 10% in 50 years and

reoccurrence period of 475 years. The spectral acceleration coefficients are obtained from
the Turkish Earthquake Hazard Map website [20] for the hypothetical location of the CSBs

at coordinates 40°58°50.96” N, 28°43°22.8” E. Spectral acceleration coefficients for this site

are for a reference soil condition that falls into ZD soil class with first 30m depth shear wave

velocity (V,4,) of 360 m/s, under the DD2 earthquake level, and for 5% damping. The

spectral acceleration coefficients assumed for the case study building are listed in Table 3.4.

Table 3.4. Spectral acceleration coefficients for the prototype building under DD2 level

earthquake.
SS S1
DD2 1.271 0.343
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Spectral acceleration coefficients obtained from the Turkish Earthquake Hazard Map

website were then used to calculate design spectral acceleration coefficients which are

calculated as
Sps =S Fs, (3.17)
Sp1 =5R, (3.18)

considering local soil conditions at the hypothetical construction site. Assuming that the
local soil class is ZD, local soil effect coefficients according to TBSC 2018 are obtained as

F, =1.000 for short period and F, =1.957 for one second period, from Table 3.5 and Table
3.6, and also from the Turkish Earthquake Hazard Map website [20].

Table 3.5. Local soil effect coefficient for short period.

Local Soil Local Soil Effect Coefficient for short period, F
Class S5,<0.25 | §,=050 | S,=0.75 | S,=1.00 | S,=125 | S, =1.50
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.9 0.9 0.9 0.9 0.9 0.9
ZC 1.3 1.3 12 1.2 1.2 1.2
ZD 1.6 14 1.2 11 1.0 1.0
ZE 24 1.7 1.3 11 0.9 0.8
ZF Site specific soil behavior must be done.
Table 3.6. Local soil effect coefficient for one second period.
Local Soil Local Soil Effect Coefficient for one second period, F
Class S,<0.10 | §,=0.20 | S,=0.30 | S,=0.40 | S,=0.50 | S, >0.60
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
ZC 15 15 15 1.5 1.5 1.4
ZD 24 2.2 2.0 1.9 1.8 1.7
ZE 4.2 3.3 2.8 24 2.2 2.0
ZF Site specific soil behavior must be done.
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Design spectral acceleration coefficients are presented in Table 3.7. Finally, elastic design

spectrum for the DD2 earthquake level which is shown in Figure 3.13 is generated by

S,.(T) = (0.4+O.6TLJSDS , (0<T<T,) (3.19)
S,.(T) =Sps, (T, <T <T,) (3.20)
(1) =22, Ty <T<T,) (3.21)
S (T) =244 (T, <T) (3.22)

where corner periods T,, Tz and limit period for constant displacement range T, are

calculated as

Ty= 0-2%, (3.23)
DS
T, =201 (3.24)
Sps
T, =6s. (3.25)

Table 3.7. Design spectral acceleration coefficients.

SDS SD1

DD2 1.271 0.671

To obtain the increased target spectrum, the values between 0.2T, and 1.5T, are
increased by 30%,.where Ty is the first mode fundamental natural vibration period of the
CSBs. For CSB I, the first mode fundamental natural period of vibration is 0.58 s, and the
second mode fundamental natural period of vibration is 0.52 s. For CSB I, the first mode
fundamental natural period of vibration is 1.64 s, and the second mode fundamental natural

period of vibration is 1.55 s.
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Figure 3.13. Target spectrum for DD2 ground motion level and increased target spectrum
of CSB I.
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Figure 3.14. Target spectrum for DD2 ground motion level and increased target spectrum
of CSB II.

According to TBSC 2018, a vertical acceleration response spectrum must also be
constructed in some cases. However, if the structure does not have columns supported by
beams, inclined columns, beams with spans larger than 20 m, or cantilever beams longer
than 5 m, TBSC 2018 allows the vertical earthquake effect to be included only as equivalent

static vertical load which is expressed as

E{) ~(2/3)S,sG. (3.26)
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3.3.3.2. Earthquake Ground Motion Records. Ground motion records are selected from

NGAWest2 Ground Motion Database [21]. Some of the parameters that are considered while

selecting ground motion records fault mechanism, magnitude, shear wave velocity (V; 4,),

closest distance from project location to projection of rupture surface (R, ), etc. (Table 3.8)

There are many grounds motion records that are compatible with these parameters. However,
TBSC 2018 enforces that the average resultant spectrum of selected ground motions shall be

greater than the increased target spectrum where the resultants are calculated using SRSS.

While selecting the most suitable set of ground motions, the mean square error
(MSE) method is used. It is a method to calculate the mean error between spectral
accelerations of a record and target spectrum for a specified period range (0.2T, and 1.5Tp

in our case) and MSE is expressed as

1 N
MSE =3 W (Saer ~ S ). (3.27)
i=1

After choosing the most suitable records for the target spectrum, ground motions are
linearly scaled to match the target spectrum (simple scaling method). It is enforced by TBSC
2018 that at least eleven ground motion record pairs must be selected and at most three
record pairs can be selected from the same earthquake. Ultimately, the average SRSS
spectrum of the selected ground motion records must not be smaller than the increased target

spectrum.

Table 3.8. Input parameters of Ground Motion Database.

Fault Type Strike-Slip (SS)
Magnitude Range 6.5-7.5
V; 30 Range (m/s) 150 - 750
Rz Range (km) 10-40

Comparison of mean acceleration spectrum that is calculated with the scaled ground
motions using SRSS method and the increased target acceleration spectrum for CSB | and

CSB Il are presented in Figure 3.15 and Figure 3.16. Additionally, the selected ground
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motions and their characteristic properties are listed in Table 3.9, where it can be seen from

that for both CSBs same earthquake records with different scale factors are used.
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Figure 3.15. Mean and target acceleration spectra of CSB | for DD2 ground motion level.
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Figure 3.16. Mean and target acceleration spectra of CSB Il for DD2 ground motion level.
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Table 3.9. Ground motion properties for DD2 earthquake level.

Record Scale Scale
Sequence Farthquake Factor Factor Magnitude Roe Vs
Number Name CSB1 | CSBII (km) | (mfs)
RSN20 Northern California 3.23 2.15 6.50 26.7 219
RSN167 Imperial Valley 3.81 5.59 6.53 135 260
RSN719 Superstition Hills 4.85 5.01 6.54 17.0 209
RSN720 Superstition Hills 3.30 4.13 6.54 27.0 206
RSN722 Superstition Hills 4.35 2.95 6.54 18.5 266
RSN881 Landers 2.77 2.03 7.28 17.4 396
RSN1101 Kobe 1.73 1.13 6.90 11.3 256
RSN1107 Kobe 181 1.99 6.90 22.5 312
RSN1115 Kobe 3.33 3.50 6.90 28.1 256
RSN1633 Manjil 1.01 1.27 7.37 12.6 724
RSN6879 Darfield 4.94 5.82 7.00 28.5 249

3.3.4. Load Combinations

In the nonlinear analysis model, dead loads, live loads, and earthquakes loads are

combined as
G+Q,+0.2S+E{™, (3.28)
where efficient live load is calculated as
Q. =nQ, (3.29)

where n represents live load participation factor which is specified in TBSC 2018.

3.3.5. Seismic Masses

To properly simulate the dynamic response of the structure, seismic masses are
determined according to TBSC 2018. While dead loads are permanent loads that directly
contribute to seismic mass, only a portion of live loads are included since the structure may

not be fully loaded during a ground motion. Therefore, seismic masses are calculated as
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(S)
W3
(S) _
m® = (3.30)
g
W) =) + ) (331)

where live loads are multiplied by live load participation factors. Live load reduction factors
that are specified in TBSC 2018 are listed in Table 3.10.

Table 3.10. Live load participation factor.

Live Load Participation
Load Type
Factor (n)
Live Load Residential 0.3
Snow Load 0.3

In order to automatically calculate the seismic masses of the case study buildings,
structural models are generated in CSI ETABS software. In CSI ETABS, imposed loads and
self-weights of slabs are assigned to joints as concentrated masses according to the allocated
masses in the tributary areas of the joints. Then, automatically assigned joint masses by CSI
ETABS are transferred to CSI Perform3D software. In the CSI Perform3D model, calculated

story masses are assigned in both lateral directions at the center of mass of each story.

3.3.6. Modeling of Structural Members

To decrease the computational demand of NLTHA, only the behavioral
characteristics of the members that nonlinearity is expected are involved in the nonlinear
models. The two most common approaches to simulate the nonlinear behavior of structural
members are the concentrated plasticity model (plastic hinge model) and the distributed
plasticity model (fiber model). In the concentrated plasticity model, plastic hinges are placed
in regions where nonlinearity is expected. Expected force-deformation relationships are
assigned to the regions to simulate nonlinear behavior. In this study, the nonlinear flexural
behavior of columns and beams is modeled using concentrated plasticity model. In the
distributed plasticity approach, cross-sections of structural members are divided into small
pieces called fibers. To represent the nonlinear flexural behavior of fiber sections, uniaxial

stress-strain relationships of materials are assigned to each fiber section. In this study,
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structural walls are modeled using distributed plasticity model where the fiber sections

represent both axial and flexural behavior.

3.3.6.1 Structural Walls. Since structural walls are significant contributors to the lateral

load-bearing system of a structure, realistic simulation of the nonlinear behavior of structural
walls is crucial. In this study, the nonlinear behavior of structural walls is modeled using
distributed plasticity model. In CSI Perform3D, two methods are available to apply
distributed plasticity model, namely “Auto Section” and “Fixed Section”. Auto section
method assigns concrete and steel fiber and coordinates of the tributary area automatically.
However, the auto section method allows using only one type of concrete material
throughout the cross-section. In this study, it is assumed that structural walls consist of
confined and unconfined concrete regions (web and boundary regions). Therefore, the fixed
section method which provides the ability to model confined concrete in the boundary

regions and unconfined concrete in the web regions is implemented.

Performances levels of structural walls are determined according to the strain limits
for concrete and reinforcement which are provided in TBSC 2018. To measure the strain
values of structural walls under seismic loading, strain gage elements are placed at both ends

of structural walls in nonlinear models.

3.3.6.2 Beams. Generally, nonlinearities in the flexural behavior of beam elements are
concentrated at the end regions. Therefore, in this study, the nonlinear behavior of beams is
modeled with concentrated plasticity model. Assumed nonlinearity zones are modeled using
rotation-type moment hinges. CSI Perform3D allows users to define nonlinearity
characteristics of plastic hinges with backbone curves and to reflect hysteretic strength and
stiffness degradation.

In this study, the force-deformation relationship of moment hinges for beams are
defined with elastic perfectly plastic backbone curves, and strength and stiffness degradation
due to hysteretic behavior is omitted.
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3.3.6.3 Columns. Similarly, nonlinearities in the flexural behavior of columns are

concentrated at the end regions. However, unlike beams, characteristics of flexural behavior

are controlled by the level of axial load carried by the cross-section.

Therefore, rotation-type PMM hinges are used to model the plastic hinges at the end
regions of column elements. PMM vyield surface for initiation of plastic deformation is
determined according to sectional analysis results. In this study, similar to beams, the force-
deformation relationship of moment hinges for columns are defined with elastic perfectly
plastic backbone curves, and strength and stiffness degradation due to hysteretic behavior is

omitted.

Columns and beams are modeled in CSI Perform3D as two plastic hinges placed at

the end of rigid end zones and one elastic cross-section in between the two plastic hinges.

Elastic section effective flexural rigidity (El )e is calculated as

M, L,

El) = , 3.32
(B)e="3 (3.32)
where yield rotation, 6, is calculated as
L d,f
ey=m+o.0015n 14150 | A he (3.33)
3 LS 8 fce

Effective flexural rigidities of the column and beam sections are multiplied by the

corresponding stiffness modifiers provided in Table 3.1.

According to TBSC 2018, for the structural elements that are modeled using the
concentrated plasticity model, plastic rotation capacities for collapse prevention limit is

computed as

S :%{(% -4,)L, [1—0.5%}4.5@«14, (3.34)

S

and plastic rotation capacities for life safety limit is computed as
o) =0.750", (3.35)

and plastic rotation capacities for immediate occupancy limit is specified as
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(10) _
0 =0, (3.36)

3.3.6.4 Slabs. Slabs are modeled elastically in nonlinear models to consider the contribution
of slab elements to the whole structural system rigidity. Additionally, constraints are

assigned to floor nodes at each to simulate rigid diaphragm behavior.

3.3.7. Damping

Although a significant portion of dissipated energy sources is simulated in the
nonlinear models by hysteretic behavior of structural members, some energy dissipating
members or mechanisms are omitted such as internal friction, structural elements, etc. For
this reason, it is recommended by TBSC 2018 that 2.5% viscous damping should be assigned
to the nonlinear models. In this study, 2.4% modal damping and 0.1% Rayleigh damping are

assigned to the nonlinear models in CSI Perform3D.
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4. SEISMIC PERFORMANCE OF THE CASE STUDY BUILDING |

4.1. General

In this section, a comparison of NLTHA results for three structural models of CSB |
under DD2 level ground motion records are presented. Interstory drift ratio, beam and
column plastic rotation, shear force in structural walls, concrete compressive strain, and
reinforcing steel tensile strain values and limits are presented. An overview of the seismic
performance metrics and corresponding limits specified in TBSC 2018 are presented in
Table 4.1.

Table 4.1. Seismic performance assessment metrics and corresponding limits.

Earthquake Level DD2 Earthquake Level

Target Performance Level Life Safety

Analysis Method NLTHA in 3D

Interstory Drift Ratio Limits TBSC 2018 Equation (4.34a)

Column Plastic Rotation Limits TBSC 2018 Equation (5.7b)

Beam Plastic Rotation Limits TBSC 2018 Equation (5.7b)

Structural Wall Shear Checks TBSC 2018 Equation (7.7) & TS 500 Equation (8.7)
Concrete Strain Limits TBSC 2018 Equation (5.4a)

Reinforcement Strain Limits TBSC 2018 Equation (5.7a)

4.2. Interstory Drift Ratios

Interstory drift ratio (IDR) values obtained from NLTHA of three structural models
of CSB | at the specified three points shown in Figure 4.1 for eleven ground motions are
presented in this section. TBSC 2018 states that the mean of maximum IDRs for each
analysis shall be lower than the limit value which is calculated as

0.
A% <0,0085 (4.1)
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IDR limit for each nonlinear model is found to be around 2%. Additionally, a
maximum limit value of 3% is also set by following the same procedure specified in TBSC
2018 which is a maximum IDR limit value that is 50% higher than the mean IDR limit value

is applied for tall buildings.

While Figure 4.2, Figure 4.3 and Figure 4.4 show the mean of maximum IDRs
obtained under eleven pairs of DD2 level ground motions at P1, P2, and P3, respectively,
Figure 4.5, Figure 4.6 and Figure 4.7 show the maximum of maximum IDRs obtained under

eleven pairs of DD2 level ground motions at P1, P2, and P3, respectively

Figure 4.1. Control points of interstory drift ratios.

According to NLTHA analysis results, mean IDR values obtained from Plain RC
model of CSB | were already below the mean IDR limit and retrofitting seemed to cause no
significant improvement. However, when maximum IDR limits are compared both
retrofitting options especially RET Il successfully decreased the IDR values under the

maximum IDR limits.
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4.3. Column and Beam Plastic Rotations

The mean of maximum plastic rotations at both ends of all beam and column
elements under eleven pairs of DD2 level ground motions are compared with their capacities
for three structural models of CSB | (and). Limit plastic rotation values are calculated
according to TBSC 2018. Damage regions specified in TBSC 2018 are presented in Figure
4.8. Number of beam elements in different damage zones under positive and negative
bending conditions are presented in Table 4.2 and Table 4.3, respectively. The number of

column elements in different damage zones are presented in Table 4.4,

L3 cp
—
10

w

5

(=]

e

=

g

3]

k|
Limited Visible Significant Collapse
Damage Damage Damage Region
Region Region Region

Deformation

Figure 4.8. Damage regions and performance limits.

Table 4.2. Number of beam elements in different damage regions for positive bending.

Limited | Visible | Significant
Collapse
Beam+ | Damage | Damage Damage )
] . ] Region
Region Region Region
Plain RC 0 121 17 7
RET I 0 124 15 6
RET Il 0 125 14 6




Limited | Visible | Significant
Collapse
Beam- | Damage | Damage | Damage )
) . ) Region
Region Region Region
Plain RC 0 120 21 4
RET I 0 131 10 4
RET II 0 132 9 4

Table 4.4. Number of column elements in different damage regions.

Limited | Visible | Significant
Collapse
Column | Damage | Damage | Damage )
) . ] Region
Region Region Region
Plain RC 5 55 0 0
RET I 3 57 0 0
RET Il 2 58 0 0

o1

Table 4.3. Number of beam elements in different damage regions for negative bending.
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Figure 4.9. Demand - capacity ratios [top] and plastic rotations [bottom] of beams.

It can be clearly seen from tables and figures that none of the retrofitting options

result in a significant improvement on seismic performance in terms of plastic hinge

rotations of the frame elements for CSB |.
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4.4. Structural Wall Shear Force

In this section, the shear force demands of the structural walls of CSB I identified in
Figure 4.11 are compared with allowable shear capacities. Shear force demands are
calculated based on the mean plus one standard deviation of maximum absolute values
obtained from analysis results of eleven pairs of ground motions for each structural model.

Shear capacities of structural walls are calculated as

V <0.85A,/, . (4.2)

Additionally, since TS 500 specifications tend to give more conservative shear
capacity values for poor concrete quality and CSB | is assumed to have relatively low
characteristic concrete compressive strength (10 MPa), capacity values specified in TS 500
which are calculated as

V <0.22A, f,, (4.3)
are also included. The shear force demand and capacity for each structural wall of each

structural model are shown in Figure 4.12, Figure 4.13 and Figure 4.14. Additionally, story

shear values are provided in Figure 4.15.
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Figure 4.11. Structural wall labels and their locations.
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NLTHA results show that for the Plain RC model of CSB I, while rectangular walls
have adequate shear capacity, core walls have insufficient shear capacity. Additionally,
neither RET | nor RET Il provides any noticeable reduction in shear demands of structural

walls.

4.5. Strain Values of Structural Walls

Strain gages are implemented to the wall ends to measure strain. The strain gage
locations on the building plan are provided in Figure 4.16. The mean of maximum strain

values from the eleven pairs of ground motions for each structural model are compared.

The inelastic longitudinal concrete compressive strain (negative) demands and
reinforcing steel tensile strain (positive) demands along with only 10 strain limits at both
ends of each structural wall for eleven pairs of ground motions for each structural model are
presented in Figure 4.17, Figure 4.18, Figure 4.19 and Figure 4.20. Since strain demands are
so small that they do not reach LS and CP strain limits, only 10 strain limits are shown in
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these figures. Corresponding strain limits for each seismic performance level are calculated
according to TBSC 2018 and provided in Table 4.5.

According to the results, most of the strain values obtained from Plain RC model
structural walls are already below the 10 performance limit but with retrofitted structural

models (RET I and RET I1), all structural walls satisfy 10 performance level.
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Figure 4.16. Strain measurement locations on floor plan.

Table 4.5. Performance limits for tension and compression strains on walls.

Performance Criteria | Compression Tension
10 -0.00250 0.00750
LS -0.00975 0.03600
CP -0.01300 0.04800
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Figure 4.19. Structural wall strains: SG9 and SG10 [top], SG11 and SG12 [bottom].
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5. SEISMIC PERFORMANCE OF THE CASE STUDY BUILDING 11

5.1. General

In this section, a comparison of NLTHA results for three structural models of CSB
I1 under DD2 level ground motion records are presented. Interstory drift ratio, and beam and
column plastic rotation values are compared with corresponding limits in order to assess the
effectiveness of retrofitting of CSB Il with the two types of NTWSs. An overview of the
seismic performance metrics and corresponding limits specified in TBSC 2018 are presented
in Table 5.1.

Table 5.1. Seismic performance assessment metrics and corresponding limits.

Earthquake Level DD2 Earthquake Level
Target Performance Level Life Safety

Analysis Method NLTHA in 3D

Interstory Drift Ratio Limits TBSC 2018 Equation 4.34a
Column Plastic Rotation Limits TBSC 2018 Equation 5.7b
Beam Plastic Rotation Limits TBSC 2018 Equation 5.7b

5.2. Interstory Drift Ratios

Interstory drift ratio (IDR) values at the specified three points shown in Figure 5.1
for eleven ground motions are presented in this section. TBSC 2018 states that the mean of
max IDRs for each analysis shall be lower than the limit value calculated by Equation (4.1).
IDR limit calculated for each nonlinear model is also 2% for CSB I1. Similarly, a maximum

limit value of 3% is also set for CSB 1.

Figure 5.2, Figure 5.3 and Figure 5.4 shows the mean IDRs obtained under eleven
pairs of DD2 level ground motions at P1, P2, and P3, respectively; Figure 5.5, Figure 5.6
and Figure 5.7 show the maximum IDRs obtained under the same eleven pairs of

earthquakes.



65

Figure 5.1. Control points of interstory drift ratios.

According to analysis results, retrofitting of CSB Il with NTWs resulted in
significant reductions in IDR values such that in both retrofitting scenarios mean IDR values
are between mean IDR limits. However, when compared to NTW I, NTW Il did not cause
any noticeable improvement in reduction of IDR values even though it has much higher

stiffness and strength values.
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6 v v v v 6 v v v v
[ [ (| [

[ [ [ [

5 (R | 5 [ [
[ [ [ [

(I [ (| [

_4 1 T 4 1 I
2 (I ! C (R (.
B 3 (| | 9 3 (| [
> [ ] > [ 1
% [ | c% [ 1
2 (I | ’ [ 1
[ [ [ [

[ [ (| [

[ - [ [

! [ [ ! [ [
[ [ [ [

0 [ L 0 (| [

-0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04
Interstory Drift Ratio Interstory Drift Ratio
Plain RC - Mean RETI - Mean RETII - Mean — = — Mean IDR Limit = — — Max IDR Limit
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5.3. Column and Beam Plastic Rotations

The mean of maximum plastic rotations at both ends of all beam and column
elements under eleven pairs of DD2 level ground motions are compared with their capacities
for three structural models of CSB Il in Figure 5.8 and Figure 5.9, respectively. The numbers
of beam elements in different damage zones are provided for positive and negative bending
in Table 5.2 and Table 5.3, whereas the numbers of column elements in different damage

zones are presented in Table 5.4.

Table 5.2. Number of beam elements in different damage regions for positive bending.

Limited | Visible | Significant
Collapse
Beam+ | Damage | Damage | Damage )
) . ] Region
Region Region Region
Plain RC 464 94 0 0
RET I 429 129 0 0
RET Il 421 137 0 0

Table 5.3. Number of beam elements in different damage regions for negative bending.

Limited | Visible | Significant
Collapse
Beam- | Damage | Damage Damage )
] . ] Region
Region Region Region
Plain RC 306 207 12 33
RET I 280 237 12 29
RET Il 271 250 10 27

CSB Il suffers from strong beam weak column condition and especially columns
suffer from excessive plastic hinge rotations as it can be seen from Table 5.4 and Figure 5.9.
Even though with the presented retrofitting methods plastic hinge rotation values of the
columns are reduced significantly, neither retrofitting with NTW I nor retrofitting with NTW

I1 manages to effectively reduce the plastic rotations of columns.



Table 5.4. Number of column elements in different damage regions.
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Limited | Visible | Significant
Collapse
Column | Damage | Damage | Damage )
] ) ] Region
Region Region Region
Plain RC 0 0 0 204
RET I 0 0 9 195
RET Il 0 0 1 203
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Figure 5.8. Demand - capacity ratios [top] and plastic rotations [bottom] of beams.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Summary

This study is conducted with the motivation to investigate the effectiveness of a
timber-based retrofitting method which could provide a cheaper alternative to some existing
methods. Two case studies are investigated in detail to discuss the various effects of
substandard construction material quality issues. The first CSB is intended to represent a
typical well designed RC residential building with the only deficiency of being constructed
with substandard construction materials and the second CSB is intended to represent a
typical RC residential building which is constructed before the recent earthquake design
codes and expected to suffer from most of the problems that many of the old existing
buildings in Turkey suffer from such as irregular structural system, strong beam weak
column condition, etc. Two different types of NTWs are assumed to be installed in both case
study buildings. Within the scope of this research, three nonlinear models are generated for
each CSB, and NLTHA method is conducted for each model to obtain seismic performance

measures.

According to NLTHA results of the three structural models of the first case study
building, when the mean IDRs are considered, retrofitting with any type of NTW did not
result in a noticeable reduction. However, it should also be noted that, for CSB | the mean
IDR values were already under the mean IDR limits that no further improvements were
required. However, when maximum IDR values are considered, the second retrofitting
scenario (RET I1) was able to minimize the IDR values such that they are under the
maximum IDR limit (3%). However, there were no significant difference between the IDR
values of structural models of CSB | retrofitted with NTW | and NTW II. As a result of
evaluation of IDR values of CSB |, it is concluded that retrofitting with NTWSs is more
effective when a building suffers from high IDR values. Plastic rotations of beam elements
were reduced by both retrofitting scenarios, but the amount of reduction was not high enough
to shift all the plastic rotation values between the capacity limits. Plastic rotation values for
columns were already below the LS limit. Shear forces acting on core walls were above shear

capacity limits. However, addition of NTWs did not have any noticeable reduction in the
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shear demand of the building. In other words, shear forces acting on structural walls were
almost the same for all three scenarios regardless of the direction of the wall. Lastly, strain
values at the ends of structural walls are compared for all three structural models. Even for
the plain reinforced concrete model, almost all strain values were between 10 strain limits
or slightly higher than the limits for both concrete (compression) and reinforcement

(tension). By retrofitting, all strain values are shifted between 10 strain limits.

Since it is deduced from the analysis results of the first case study building that
retrofitting with NTWs is expected to be more effective when a building suffers from more
extensive damage, a second case study building is also incorporated into the scope of this
research. In accordance with NLTHA results of the three structural models of the second
case study building, Plain RC model resulted in much higher mean and maximum IDR
values that exceeded the mean and maximum IDR limits. Both retrofitting scenarios
managed to successfully reduce the mean IDR values under the mean IDR limits. When max
IDR values are compared, both retrofitting scenarios were able to effectively reduce the
maximum IDR values obtained from analysis results of Plain RC model of CSB Il but were
not adequate to drag them under the maximum IDR limits. Similar to the conclusion made
for CSB |, retrofitting with NTW 11 did not contribute significantly to the improvement of
seismic performance provided by NTW | even though, due to twice as many nails used
during production, it had much higher stiffness and strength values. As many of the typical
residential buildings in Turkey, CSB Il suffers from strong beam weak column condition
and especially columns suffer from excessive plastic hinge rotations. Despite the fact that
with the presented retrofitting methods plastic rotation values of the columns are reduced
significantly, neither retrofitting with NTW | nor NTW Il help much to minimize plastic
rotation demands of columns under the plastic rotation capacity values.

To sum up, retrofitting of CSB | with any type of the NTWSs did not provide
significant improvement on seismic performance. However, retrofitting of CSB 11 with both
NTW | and NTW Il resulted in promising improvements on seismic performance. Overall,
it can be concluded that retrofitting with NTWs may contribute effectively to seismic
performance in the case of structures susceptible to extensive damage. However, it can also

be concluded that retrofitting with NTW 11 did not contribute significantly to the
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improvement of seismic performance provided by NTW I even though, due to twice as many

nails used during production, it had much higher stiffness and strength values.

6.2. Future Recommendations

This study is only a starting point of investigation on the effectiveness of NTWs due
to several reasons. First, there are too many factors affecting the seismic response of a
building and throughout this research only two CSBs are investigated. In order to have a
final conclusion on the effectiveness of retrofitting with NTWs, it would be better to
investigate different types of buildings with different floor plans and number of stories.
Additionally, buildings located on different soil types may also be investigated. Second,
since the experimental test results used throughout this study is limited to a certain drift value
which is less than the drift value experienced by NTWs that are assumed to be installed in
CSB 11, some assumptions had to be made in order to see the final seismic performance of
CSB II. Since it might be expected for seismically vulnerable buildings to experience such
high drift values, it would be better to expand the scope of the experimental tests. Third,
computational simulations of the NTWs are generated using a single diagonal bracing which
is expected to result in some minor inconsistencies during analysis stage. In order to avoid
such inconsistencies, computational representation of NTWSs with double diagonal bracing
or another way of computational modeling might give more realistic results. Due to the
reasons listed above , this study should be considered as an initial step of investigation of

the effect of NTWs on the seismic performance of buildings.
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