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ARTICLE INFO ABSTRACT

Keywords: This study aims to determine the effectiveness of a retrofitting technique based on the seismic
RC Buildings performance analysis results comparison between two inactive multi-storey reinforced concrete
Retrofitting

(RQ) buildings for a long period. Their seismic performance is determined according to the latest
Turkish Building Earthquake Code (TBEC-2018) recommendations. The main difference between
the examined buildings is the reinforcement (retrofit) technique applied to one of them with
additional new shear walls. The whole process was demonstrated with a code-based approach,
and the results were compared after the performance evaluation. The structural system geometry,
member dimensions and plan layout of the buildings are checked with the original design projects
by making on-site measurements. The material properties of the buildings are determined by field
studies and laboratory studies. Buildings are modelled with finite element software, and nu-
merical simulations are performed to determine the seismic performance levels according to
existing code. As a result of the analysis, the effectiveness of the retrofit approach was examined
by comparing the structural behaviour and seismic performance levels of both buildings. The
results showed the importance of some parameters that should be taken into account in the
retrofitting process with the addition of new shear walls to RC structures. While the applied
retrofit process increased the stiffness of the structure and decreased the displacements, the re-
sults indicated a failure with a shear-critical condition.

Field study
Laboratory tests
Numerical analysis
Seismic performance

1. Introduction

In Turkey, reinforced concrete structures are preferred more than other types due to economic reasons in terms of both construction
time, ease of construction and material accessibility. Reinforced concrete material will inevitably experience a decrease in durability
and strength as a result of exposure to environmental conditions. On the other hand, due to these deficiencies, aesthetic and structural
improvements are made by the users over time. Such interventions ensure the structural safety level and comfort of use of building, as
well as prolonging its economic life. The design phase of reinforced concrete structures, as in the design of other types of structures, is
carried out, taking into account the intended use. These buildings are used functionally in accordance with their predetermined
functions. Some structures in the building stock could not be put into service after their construction. This is mostly due to legal issues
like disputes between landlords and users. Accordingly, these buildings can be out of use for many years without the need for
maintenance. In this vulnerable period, these buildings may also be directly exposed to the harmful effects of human vandalism and
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external environmental effects. Structural damages occur mainly during this dormant period. Among these damages, the most obvious
ones are the significant decrease in concrete strength and the effect of corrosion on rebars. These deficiencies will severely affect the
structures in earthquake-prone areas, especially after seismic activity. In this context, the most important before reusing these
buildings is the structural safety determination on the earthquake performance levels. In the determination of the seismic performance
level of such buildings, determining the existing strength of the concrete and considering the corrosion effects on the reinforcements in
seismic analyses are vital to reveal the actual structure behaviour. While the current performance level of the building is found after the
analyzes according to the current regulations, the retrofitting process is started for the buildings that have insufficient structural
performance but can be strengthened by taking into account the existing material properties, strength level and total cost.

There are many studies in the literature to determine the earthquake performance of existing RC buildings. Chaulagain et al. [1]
focused on the seismic behaviour determination of four different 3-storey RC residential buildings. Buildings are subjected to static
pushover loading with various load patterns. In addition, nonlinear time history analysis and adaptive pushover analysis methods are
also performed on these buildings. Cherifi et al. [2] also investigated the seismic performance of existing RC buildings. Capacity curves
are provided for the buildings using the pushover analysis method. Mosleh et al. [3] proposed a methodology for the seismic
assessment of existing buildings. In this study, two buildings are analyzed using pushover and time-history analysis methods. These
analyses are made by considering the earthquakes with different return periods and seismic demand levels compared with the seismic
codes’ limits. Halder and Paul [4] suggested the seismic performance of a low-rise RC building. They used nonlinear static analysis to
obtain the capacity curve of the building. The results showed that the damage level of the building ranged from moderate to severe
damage. Wahyuni [5] studied the evaluation of the structural performance of RC buildings under seismic loadings. He recommended
whether the buildings are still in a state of immediate occupancy, life safety, or collapse prevention. On the other hand, Melani et al. [6]
studied the seismic assessment of low-rise RC buildings. Analyses are carried out with capacity design approaches, taking into account
shear and bending strengths. Sobaih and Nazif [7] performed seismic performance analyses on existing RC buildings. They presented a
methodology that has a significant impact on the seismic behaviour of the buildings. Ghobarah et al. [8] performed nonlinear static
and dynamic analyses on RC frames. They adopted a probabilistic approach in which many artificially generated ground motion
records are used as input motion for the structure. The results showed the probability of different levels of damage expectancy when
the frames were exposed to various levels of ground motion. Yakut [9] presented another methodology to determine the seismic
performance of existing RC buildings. The presented method classifies the buildings as safe or unsafe; this means that the building may
not be seriously damaged or the life safety performance level would not be achieved. El-Betar [10] studied the seismic fragility of
buildings to propose an approach to simulate the seismic behaviour of existing RC buildings. He conducted a pushover analysis to
determine the performance level of the buildings. Hosseini et al. [11] responded to how to ensure the life safety performance level in
RC buildings. For the seismic performance evaluation, in addition to plastic hinges formation and distribution, roof acceleration,
displacement, and base shear values were calculated. The performances of the examined buildings exceeded life safety level and
reached the collapse level under different earthquake records.

Numerous studies have been carried out to investigate the retrofitting procedures on RC buildings. Chaluagain et al. [12] examined
four different structures using various retrofitting methods. They used the addition of new shear walls that support the structural
system with steel elements and increased the cross-section size of the structural members. Yalciner and Hedayat [13] analyzed an
existing RC building by comparing various retrofitting methods. Steel elements, along with shear wall insertion and cross-section
increasing techniques, have determined the most efficient support for the structures. On the other hand, Ismaeil et al. [14,15] stud-
ied the addition of new shear walls in eight- and four-storey reinforced concrete buildings. At the end of their analyses, they deter-
mined that this retrofitting technique, which emphasises a minimum wall thickness of 15 cm, is one of the most suitable alternatives for
similar structures. Hueste and Bai [16] studied the performance level of a five-storey reinforced concrete building built-in 1980. In
order to retrofit the building that does not provide the required performance level, they tried several retrofitting methods such as the
addition of new shear walls or steel members and increasing the cross-section dimensions. In addition, they determined that the shear
wall attachment technique was superior to the others in terms of increased success in structural performance. Ghobarah et al. [17]
studied the effects of retrofitting strategies on the structural performance for RC columns using the pushover analysis method. They
emphasised the importance of a strength increase in vertical structural members on the overall structural performance of buildings.
Altun et al. [18] investigated the damages in an RC building after the Marmara Earthquake (1999) and determined the most appro-
priate retrofitting method for this structure. Inoue and Youcef [19] examined three RC structures with different functions: residence,
hospital, and school buildings. They determined the seismic behaviour of the buildings and prepared a retrofit plan according to the
function of the buildings. Rocha et al. [20] evaluated retrofitting applications in terms of efficiency and feasibility. For this purpose,
they analyzed the effect of retrofitting on the seismic behaviour of the structures by comparing the results obtained from different
numerical methods with the experimental studies regarding the retrofit of RC frames. Varum et al. [21] aimed to evaluate RC
buildings’ seismic performance and determine the most appropriate reinforcement method. In this context, they analyzed and
determined the performance level of four existing RC buildings and suggested the most appropriate strengthening method for these
structures. On the other hand, Dogan et al. [22] evaluated the performance level of a four-story RC building. They implemented two
methods to reinforce this building: new shear walls and steel cord reinforcement. They evaluated the efficiency of these two methods
by comparing the performance level of the two reinforced states of the building.

In the literature, there are many studies that strengthen the RC buildings and increase the stiffness and strength. On the other hand,
there are not enough studies in the literature focusing on the possible adverse effects of retrofitting procedures. Therefore, it is vital to
reveal all the parameters that should be considered in the retrofit of reinforced concrete structures. Applied strengthening may not
always help the building achieve its intended performance level. Both design errors and faulty manufacturing of the elements can cause
situations where the building does not reach the targeted performance level and causes a more critical situation than its unreinforced
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condition. The authors wanted to include a new case study in the literature to demonstrate the potential adverse effects of new shear
walls added to a reinforced concrete structure for retrofit purposes.

In this study, seismic performance evaluation of two identical RC buildings that have not been active for many years has been made.
Recently, one of these buildings has been retrofitted with new shear walls. The analysis results of these buildings were compared to
determine the effectiveness of this retrofitting technique. The seismic performance levels of these buildings are determined through
field studies, laboratory studies and numerical simulation models. Before any work, fieldwork and laboratory tests are conducted to
determine the existing concrete strength and rebar arrangement of the old and new structural members. Then, 3D building analysis
models are prepared in finite element software [23]. Next, nonlinear static analyzes of the buildings are made based on the rules
presented in the latest Turkish Building Earthquake Code (TBEC-2018) and data collected through field studies and material tests.
Finally, the seismic performance levels of the buildings are calculated, and the analysis results are compared to evaluate the effec-
tiveness of the retrofitting procedure applied.

2. Seismic retrofitting techniques

RC structures may experience losses in stiffness and strength over time due to the effects they are exposed to. In these scenarios, the
option of retrofitting comes to the fore to restore the lost stiffness and strength. In addition, due to the updates in the seismic codes, the
need for retrofitting becomes a necessity. After determining the seismic performance level of the building, adopting an efficient ret-
rofitting strategy ensures an adequate structural safety reserve and avoids the relatively high cost of rebuilding [24].

Retrofitting applications are broadly classified into two main parts: focusing on structural members and/or structural systems.
Element-based retrofitting consists of applications made on damaged or undamaged structural members. The process of restoring the
lost strength by repairing damaged elements or increasing the strength of undamaged elements can be defined as element-based
retrofitting. Interventions to the building carrier system can be defined as structural system-based retrofitting. It includes adding
new structural members, retrofitting the connections of structural members, and reducing the system mass and seismic isolation
approaches.

Element-based retrofitting is mostly applied on columns, beams and partition walls [25-27]. The purpose of these operations on
columns is to increase the shear, bending and compressive strengths. In this context, increasing the element cross-section size is a
technique frequently applied to columns. The strength and ductility of existing columns can be increased significantly with the
Jacketing technique, which provides additional material “Jacket” around the column. In the current practice, the plaster/mortar layer
on the column surface is peeled off to ensure the adherence between the existing concrete and the new jacketing material. The ret-
rofitting jackets can be made of steel or reinforced concrete material. A negative effect of this technique is an increase in the total mass
of the structure, which will attract higher seismic loads. Another preferred technique in column retrofitting is fibre-reinforced polymer
(FRP) wrap application. In this technique, the ductility of the columns can be significantly increased by the shear and compressive
strengths as well as confinement effects. This technique is also used for increasing the bond strength in cases where the lap splice length
of the rebars is insufficient [28]. Due to its practicality, the FRP application has become popular over the other two jacketing tech-
niques. In this approach, the columns are wrapped by FRP materials and epoxy adhesives, resulting in an increase of concrete strength
by up to 25% [29]. The efficiency of wrapping concrete columns with FRP considering continuous loads was investigated in the
experimental study of Micelli et al. [30].

Element-based retrofitting methods are also applied in beams. The primary aim is to increase the shear strength and ductility of
beams. One of the techniques applied is to add new stirrups on the facades of the beams. Another technique is to wrap the beams with
FRP materials [31]. Shear strength and ductility of the beams can be increased significantly with these techniques. Increasing the
number of FRP layers and applying it to the three facades of the beam provide additional efficiency in strength and ductility [32].

Retrofitting of partition walls is defined under element-based retrofitting methods. The main aim is to increase the shear strength
and stiffness of the partition walls between the RC frames. One technique is the application of steel wire mesh, which includes the
anchorage layers of wire mesh and mortar layers applied on both facades of the wall [33]. As a disadvantage to the mortar application,
the increased overall mass of the structure can attract higher seismic loads. Fibre-reinforced polymers, which can be classified as
lightweight, easy-to-use and corrosion-free materials, are also used as another technique to obtain higher strength and ductile
behaviour [34].

The most commonly used techniques in structural system-based retrofitting include adding new shear walls and new frames,
reducing the mass of the system, seismic isolation approaches, and steel braces [35-39]. Considering Turkey’s reinforced building
stock, the most preferred approach to increase the strength and stiffness of buildings with insufficient capacity is the addition of new
shear walls to the load-bearing system. In general, an increase in the lateral stiffness and strength of the structural systems is expected
from new shear walls. RC walls are positioned in the weaker direction of the structural system for the targeted performance level with
this type of retrofitting application, as they significantly prevent the displacements due to earthquake in a direction. Adding RC shear
walls to the frame plane shortens the natural vibration period, increases the lateral stiffness of buildings, and reduces the floor dis-
placements [40]. However, the addition of new shear walls without proper design guidelines or manufacturing process adaptation can
result in higher seismic forces with increased structure mass, and the building may fail in a shear-critical situation. Another technique
is to add a new frame system into the existing one. In this technique, the sharing of the seismic forces is provided. The composite
behaviour of new and old frames to ensure load transfer is the most critical parameter for the effectiveness of this technique. The
combined mass of new and old frames can attract higher seismic loads as a disadvantage to efficiency. Reducing structural system mass
is an indirect approach in structural system-based retrofitting. The mass of the structural system directly affects the angular frequency
value. Thus the decrease in mass and the natural vibration period of the structure reduces the seismic forces acting on the structural
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system. Demolishing some floors, constructing a lighter roof instead of the existing roof, removing additional weights such as water
tanks, replacing heavy balconies and partition walls with lighter elements are among some applications to reduce the mass of the
structural system. In the seismic isolation approaches, structural system-based retrofitting can be made by placing rubber bearings
flexible in the horizontal direction with a specific displacement capability. Seismic isolation aims to decrease the seismic effects on the
structure by increasing the period and damping ratio of the building. Therefore, there are significant reductions in the relative floor
drifts, floor accelerations and soil-structure interaction. Seismic isolation application in buildings can reduce storey drifts up to 50%
and shear forces in vertical structural elements by up to 30% [41]. Structural system-based retrofitting can also be achieved by adding
steel braces to the frame plane, thereby increasing strength and ductility under seismic loads without increasing the mass of the
structure. In some cases, while the stiffness of the structural system is increased, the cross-section size of some members to which the
steel braces are attached is also increased to prevent brittle failure due to internal force increases [42].

The main aim of the retrofitting techniques mentioned above for reinforced concrete buildings is to increase the strength and
stiffness of the structures. On the other hand, it should be shown that the preferred element-based or structural system-based tech-
niques improve the structural behaviour of buildings by taking all parameters into account. In other words, the efficiency and suit-
ability of the preferred technique should be determined by numerical simulation models before implementation. In this process,
additional torsion effects should be avoided by reducing the distance between the centres of mass and the rigidity. In addition, the
building should not be made extremely rigid to prevent possible brittle behaviour. If these parameters are not considered in an
appropriate retrofitting design process, the structure may be damaged instead of improving the structural strength, resulting in
economic losses and worse structural safety. If the targeted seismic performance level cannot be achieved after retrofitting the
structure, a preferred technique could not be assumed as efficient.

3. Field surveys and laboratory studies

The examined buildings are located in the Biiyiikcekmece region of Istanbul, Turkey. There are four similar 10-11 storey multi-rise
RC buildings in the study area, Building A, B, C, and D (Fig. 1). These buildings have been idle for 30 years since the construction, and
one of them (Building C) was recently retrofitted. Buildings have identical properties in terms of plan geometry and structural system
layout. Building A and retrofitted Building C are examined in this paper to evaluate the effectiveness of the retrofitting technique
applied (Figs. 2 and 6). Detailed field studies, laboratory tests and numerical analyses are carried out for these two buildings. In field
surveys, on-site measurements are made, including the positions and dimensions of the structural elements, and the conformity of the
structural system to the design project is checked. The existing concrete strength and rebar arrangement of old and new structural
elements are examined by sampling and laboratory tests. In addition, damage on the structural members is visually checked by on-site
observations.

Fig. 1. Aerial view of the buildings A to D.
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Fig. 2. Overview of Building A.

3.1. Preliminary study and visual inspection

This section presents the preliminary study results with on-site visual inspections and defect investigations. The buildings surveyed
were built in 1990 and have remained inactive ever since. Building C, with the same plan geometry, was retrofitted by the addition of
new RC shear walls in 2005 while retaining the original form of Building A.

3.1.1. Preliminary study and visual inspection of Building A

Building A consists of 11 floors, including a basement, ground floor and nine standard floors (Fig. 2). The primary structural system
of the building consists of an RC frame with shear walls. No discontinuities are observed in the structural members throughout the
building. Building A sits on an area of 432 m?2 with 25.9 m x 16.2 m plan dimensions and has strip foundations in both directions. The
storey height is measured as 2.80 m on all floors.

Table 1 shows the measured dimensions of the structural members in Building A. The results of these measurements are compared
with those specified in the original design project of the same building. It has been determined that measured values are suitable with
the original design project. A typical floor plan and strip foundation plan from the design project is shown in Fig. 3. The interior views
of the building are given in Fig. 4. In the investigations, swelling and spalling were observed on the mortar and paint layers of some
columns, beams, flooring, and wall surfaces due to the effect of moisture. Examples of some defects in the building are given in Fig. 5.
The loss in the diameter of some rebars due to corrosion and deterioration of concrete in some walls are shown in Fig. 4. As a result of
the moisture effects, swelling and spalling in the mortar and paint layers of some beams, columns and walls are shown in Fig. 5.

3.1.2. Preliminary study and visual inspection of Building C

Building C consists of 10 floors, including a basement, ground floor and eight standard floors (Fig. 6). The building’s primary
structural system, plan layout and floor heights are the same as Building A. No discontinuities are observed in structural members
throughout the structure. The differences between the two buildings are the retrofitting process in Building C and the total number of
floors (A-11, C-10). It is determined that the building is retrofitted with new reinforced concrete shear walls placed over the basement
floor and at the four sides and corners of the building. As the retrofitting procedures were completed probably without any design
project, on-site measurements helped to determine the length and thickness of the new walls. The new shear walls around the basement
are 20 cm thick, while those in the four corners are 55-60 cm thick. It has been determined that the measured values for the di-
mensions of the existing structural members are in accordance with the original design project (Fig. 3). The interior views of the
building are given in Fig. 7.

Table 1
Dimensions of the structural members (Building A).
Story Columns Shear wall (thickness) Beams Slab* The width of foundations** (bottom/top)
Basement 40 x 105 20 25 20 x 50 20 x 60 12 100/100 100/130 120/150
Ground 40 x 105 20 25 15 x 60 20 x 40 20 x 60 120/160 120/210 130/130
1-9 35 x 105 20 15 x 60 20 x 60 150/150 200/200
20 x 100

Units in cm. *plate, **height: 100 cm
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Fig. 3. Typical floor (a) and strip foundation (b) plans of Building A.

In the examinations made, swelling and spalling were observed in the mortar and paint layers of some columns, beams, flooring,
and wall surfaces due to the effect of humidity. In addition, corrosion effects are observed on the rebars of some structural elements
after concrete stripping. No significant damage was found in either building. Examples of some defects found in the building are given
in Fig. 8. Swelling and spalling due to the effect of moisture in the mortar and paint layers of some beams, columns, walls and floors are
shown in Fig. 7. In the slab shown in Fig. 8, losses in diameters of some rebars due to corrosion and deterioration of concrete are shown.

3.2. Laboratory studies

In order to determine the concrete compressive strengths of Buildings A and C, a sufficient number of core samples are taken from
the buildings in light of the relevant standards [43,44] (Fig. 9a and 9d). Samples are taken from both the original members and new
shear walls. The rebars are determined by taking into account the rules given in TBEC-2018 and TS708 [45,46]. Two different methods
are adopted to determine the structural rebar arrangement in the rebar detection procedures. The first is rebar scanning, using X-ray
rebar scanners to obtain the rebar diameter and spacing as shown in Fig. 9b and 9e. The second is concrete stripping, as in Fig. 9c and
9f, which allows visual inspections and measurements to observe and measure the spacing, diameter, and corrosion level of rebars.
Raw after-test data of the test results are also presented in a technical report of an authorised structural test laboratory [47].

3.2.1. Core sampling and testing for concrete strength

Twenty-four core samples were collected from the existing vertical structural members in Building A, and twenty-two core samples
from the existing vertical structural members in Building C were collected to determine the unconfined concrete compressive strength.
Three samples are taken from both basement and ground floors, and two samples from each standard floor. In addition, four samples
(two from the basement and ground floors) of the new shear walls added for retrofitting were collected around Building C. The
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Fig. 4. Interior views from Building A.

Fig. 5. Example of some defects in Building A.

locations of the samples taken from both buildings and the compressive test results are presented in Tables 2 and 3, respectively. The
compressive test results of the samples taken from the new shear walls are presented in Table 4. Since the height/diameter ratio of
cylindrical core samples is 1 (90 mm/90 mm), the strengths of the tests are considered as cubic strength values. The code’s approach
and formulation are applied to find the existing cylindrical unconfined concrete strength of the buildings and the new shear walls in
Building C [43,44]. The approach followed in code to find the existing cylindrical unconfined concrete strength is basically based on
the conversion of unconfined cubic strength value (f.,) by “0.85 x f.,” multiplication, and the related calculations are also presented in
Tables 5 and 6.

Examination of these results to find the existing concrete strength of the buildings is given in Tables 5 and 6. The existing concrete
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Fig. 6. Overview of Building C (retrofitted with shear walls).

Fig. 7. Interior views from Building C.

strength of Building A has been calculated as 12.50 MPa. The existing concrete strength of structural members and new shear walls of
Building C, are calculated as 12.24 MPa and 28.49 MPa, respectively.

3.2.2. Rebar detection

In total, 44 (4/each floor) vertical structural members and 22 (2/each floor) beams were scanned with rebar scanners in Building A,
and 40 (4/each floor) vertical structural members and 20 (2/each floor) beams were scanned with rebar scanners in Building C to
obtain rebar arrangement data. In addition, four new shear walls were scanned on both the basement and ground floors of Building C.
Details of the rebar arrangement of some members are presented in Tables 7 and 8.

The concrete cover of one beam and three vertical structural members on each floor is stripped for visual inspections and mea-
surements. With this method, a total of 33 vertical structural members and 11 beams were inspected in Building A, and 30 vertical
structural members and 10 beams in Building C. In addition, in Building C, the concrete cover of these new members was stripped, and
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Building A4

Fig. 9. Core sampling and rebar detection on Building A (a-c) and Building C (d-f).

four new shear walls were examined on both the basement and ground floors. A low corrosion damage level was observed in existing
members (Table 9 and Table 10). It is determined that the inspected rebars for the existing structural members of both buildings were
made of plain bars with $220 (f;:220) steel type. The rebars of the new shear walls were made of ribbed bars with S420 (f;:420) steel
type [46]. The observed rebar arrangement in terms of locations, spacing and diameter for existing members is consistent with the
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Table 2
Compressive test results of the collected samples from Building A.
Storey Sample Compressive (MPa) Storey Sample Compressive (MPa)
Basement 01 20.56 4 13 22.67
02 24.82 14 17.18
03 19.95 5 15 12.00
Ground 04 15.46 16 17.91
05 11.97 6 17 15.11
06 12.08 18 25.47
1 07" 10.32 7 19 21.13
08 16.15 20 21.40
2 09 13.69 8 21 10.36
10 17.80 22 15.34
3 11 12.20 9 23 20.02
12 23.09 24 11.55

@ Neglected in the calculations since the code specifies that a group of samples’ minimum value should not be less than 75% x average of the rest.

Table 3
Compressive test results of the samples collected from existing members of Building C.
Storey Sample Compressive (MPa) Storey Sample Compressive (MPa)
Basement 01 16.65 4 13 18.80
02 13.27 14° 7.86
03 13.92 5 15 18.10
Ground 04 22.48 16 13.04
05 17.99 6 17 22.28
06 13.92 18 18.45
1 07 17.95 7 19 15.23
08 22.40 20 14.61
2 09 23.70 8 21 10.74
10 10.89 22 22.25
3 11 13.35
12 15.80

# Neglected in the calculations since the code specifies that a group of samples’ minimum value should not be less than 75% x average of the rest.

Table 4
Compressive test results of the samples collected from new shear walls of Building C.
Storey Sample Compressive strength (MPa)
Basement 23 33.87
24 33.33
Ground 25 40.35
26 38.47

Table 5

Compressive concrete strength examination of Building A.
fc,:ube,avA *o fc,cube,] :fc,cube,av* o fc,cube,z: 0-85f:,cube,av. fc,cube,uc fc,nyl,u: = 0-85'fc,cubc,uc
17.30 4.47 12.83 14.71 14.71 12.50

All units: MPa, *o: standard deviation, uc: unconfined, av: average, cyl:cylinder
fe,cube,uc is the highest one of f¢ cype,1 and fe cube,2

Table 6

Compressive concrete strength examination of Building C.
Members Secube,av. *o fecube,1 = fe,cubear— 0 Secube,2= 0.85f¢ cube,av. fecubeuc Seeytue = 0.85 fc cube,uc
Existing 16.94 3.88 13.06 14.40 14.40 12.24
New 36.51 2.99 33.52 31.03 33.52 28.49

All units: MPa, *o: standard deviation, uc: unconfined, av: average, cyl:cylinder
fe,cube,uc is the highest one of f¢ cype,1 and fe cube,2

10
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Table 7
Rebar scanning results of some existing structural members in Building A.
Member type Rebars
Longitudinal Stirrup Stirrup spacing (cm)
Column $14, $16 $8, $10 20-35
Shear wall $14, p16 $8, $10 14-28
Beam $12, $p14, $p16 $8 16-37
Table 8
Rebar scanning results of some existing and new structural members in Building C.
Member type Rebars
Longitudinal Stirrup diameter/spacing (mm/cm)
Column 6416 $8/22
Shear wall” $16/8 $10/8
Beam 6h14 $8/22

Longitudinal bars representation: quantity¢pdiameter/spacing (mm/cm)
2 New member

Table 9
Concrete stripping results of some existing structural members.
Member Dimensions (cm) Longitudinal rebar diameter (mm) Stirrup rebar diameter (mm)
Project Measured Project Measured
Shear wall 20/100 $16 16.31 $8 8.52
20/100 $16 16.30 $8 8.70
Column 40/105 $16 16.07 $8 8.74
Beam 20/60 $14 13.01 $8 8.78
Table 10
Concrete stripping results of some existing and new structural members.
Member Dimensions (cm) Longitudinal rebar diameter (mm) Stirrup rebar diameter (mm)
Project Measured Project Measured
Shear wall 20/100 $16 15.97 $8 9.38
65/135" - 16.93 - 9.87
Column 65/135 $16 16.38 $8 9.40
Beam 20/60 $14 14.78 $8 8.86

2 New member.

original design project. Since the applied retrofitting procedure was not applied with a design project, the data from this study are used
to model these new shear walls in the finite element software.

4. Analysis criteria

In finite element models, soil and earthquake parameters are determined by considering TBEC 2018 criteria [45]. Soil parameters
are taken from the field study report [48] prepared by drilling works in the building area. Accordingly, the local soil class of the
building is determined as “ZC”. Elastic acceleration spectrum characteristic values are selected according to the soil classification.
Earthquake map spectral acceleration coefficients (Ss=1.142 g and S; =0.308 g) are determined based on the building locations in
Turkey Earthquake Hazard Maps [49]. Then, local soil impact factors (F; =1.2 and F; =1.5) are calculated based on map spectral
acceleration coefficients and local soil class information as shown in the code. Accordingly, the spectral acceleration coefficients are
found by multiplying the map spectral acceleration coefficients with the local soil impact factors as described in TBEC 2018
(Sps=1.3704 and Sp;=0.462). Lateral elastic spectral acceleration values [S,e (T)] and the horizontal elastic acceleration spectrum
corner periods (T and Tg) are calculated based on the values calculated above and the criteria given in the regulation (Fig. 10).
Accordingly, the lateral elastic acceleration spectrum is formed.

In the numerical analyses, the target performance level of these buildings is evaluated considering the DD-2 earthquake ground
motion level (475 years return period, standard design) presented in TBEC (2018). Since the examined buildings are planned as
residences, they are classified as “Other Buildings” in the code. Accordingly, the building’s usage class (BUC) is specified as “3”, and the
building importance factor (I) is determined as “1”. The earthquake design class of the building has been determined as “1” considering
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Fig. 10. Elastic spectrum criteria [45].

the “Sps” and usage class of the building. Building height class (BHS) is determined as “4” considering the earthquake design class and
height of the buildings. Analysis parameters in the study are given in Table 11.

The performance analysis of the building is made by considering the criteria in TBEC 2018 Section 15. Since sufficient data could be
obtained from the structures, “Comprehensive knowledge level” is chosen, and the existing material strength values are used without
applying any reduction factors. The “nonlinear pushover analysis” method is used in the analyses. In this method, seismic load
reduction factors [R4(T)] are not applied to the spectral acceleration values. Fibre hinges are assigned to vertical structural members,
and rotational lumped hinges are assigned to beams. The maximum and minimum strain values are obtained directly from the fibre
hinges and calculated from the curvature results of lumped hinges. It is noticed that the examined buildings should meet the
“Controlled Damage Level (CD)” performance level considering the DD-2 earthquake. As stated in the code, a strain-based evaluation
approach has been adopted in the evaluation. At the end of the analysis, the damage in structural elements is achieved through the
internal strains, where the building was pushed to its target performance point.

Section damage limits and regions in the strain-based assessment approach are given in Fig. 11. Three damage limits are defined for
the ductile members, limited damage (LD), controlled damage (CD) and pre-collapse damage (PC). The limited damage level corre-
sponds to a limited plastic behaviour of a section. The controlled damage level corresponds to a permissible plastic behaviour of a
section. The pre-collapse damage level corresponds to a high-level plastic behaviour of a section. This approach is not applicable to
brittle members.

The performance level of the reinforced concrete buildings is determined according to the criteria presented in Section 15.8.4. The
related criteria are summarised below;.

Buildings that meet the following conditions are considered to ensure the Controlled Damage (CD) Performance Level, provided
that the elements with a brittle failure, if any, are strengthened:

e (1) At any floor, maximum 35% of the beams (excluding the secondary beams that are not part of the main structural system) and
vertical structural members defined in (2) below can be in the Excessive Damage Region (ED) under the unidirectional seismic
effects.

e (2) The total contribution of the vertical structural members in “ED” to the total story shear on each floor should be less than 20%.
This limit could be increased to 40% on the top floor.

Table 11

Analysis parameters.
Parameter Value
Local soil class ZC
Spectral acceleration coefficients from the earthquake risk map (g) Sg =1.142, S; = 0.308
Earthquake ground motion level DD-2
Building usage class (BUC) 3
Building importance factor (I) 1.0
Live load mass participation factor (n) 0.30
Earthquake design class 1
Building height class (BHS) 4
Local soil class ZC
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Fig. 12. Three-dimensional finite element model of Building A (left) and Building C (right).

13



T. Cosgun et al. Case Studies in Construction Materials 16 (2022) e00931

e (3) The rest of the structural members must be in Limited Damage (LD) or Significant Damage (SD) Regions. However, if both the
upper and lower parts of the vertical members exceed the significant damage (SD) limit, the ratio of total shear forces of these
members to the total shear on any floor should not exceed 30%.

5. Finite element modelling and results

This section presents the details of the finite element models of both buildings and analysis results. Finite element models are
prepared by considering the data obtained from field studies and laboratory tests. The building plan geometry of these buildings is the
same except that new shear walls have been added in the finite element model of Building C. Also, Building A is one floor (standard
story) higher than Building C. Fig. 12 shows the three-dimensional finite element models of Building A (left) and Building C (right),
presented with their plan layout. The plan geometry of a standard story is shown under Building A, while the basement floor plan
geometry is presented under Building C to show all shear walls added for retrofitting. Since the new shear walls were modelled in the
finite element model of Building C, increased floor area and floor masses were taken into account in the analyses. In the finite element
models, code rules are applied for material degradation of existing members and corrosion rate obtained for reduction of the diameter
of rebars. The masses and weights of the slabs are defined in the software with the two-way floor loading option, and rigid diaphragm
constraints are defined for each floor. The ground connections of the structural system are modelled as fixed supports. Beam-column
connections are assumed as rigid connections. Dead and live loads are defined as two-way floor loading at each floor level as specified
in the regulation. Since no significant damage was found in either building, which can affect the structural finite element modelling in
the preliminary study and visual inspection, the models are formed without a physical damage definition on structural elements. First,
modal analysis is performed for the seismic loads and response spectrum analysis is performed to consider the effects of different modes
on the structure. Then, the structural behaviour is obtained as a result of the response spectrum loading. This modal response
behaviour is converted to inertia loads at floor levels by an algorithm in the analysis software, and initial pushover loading is formed
according to these inertia loads. The maximum and minimum strain values are obtained directly from the defined fibre hinges and
calculated from the curvature results of lumped hinges. This method is accepted in the literature and gives very consistent results with
experiments. In the study by Keun-Ho Cho [50], the results of nonlinear analysis of a column defined by fibre hinges in the software
were compared with an experimental study [51]. The results were found to be quite compatible.

Some members are selected from both buildings, and a validation procedure is conducted based on the last stage of nonlinear
analysis results. The selected members are modelled and analyzed in XTRACT software, which is an interactive and adaptive pro-
gramme for the analysis of cross-sections step by step, started as an academic and research tool at the University of California at
Berkeley [52]. In the last step of pushover loading for the selected members, compression strain of concrete fibre at the edge of
cross-section and tension strain of the steel bar at the opposite edge of the cross-section are obtained from both the FEM and XTRACT
models under the same moment and axial force. These values are compared to check whether our FEM models’ results are valid. The
obtained strain values are found in compliance with each other considering the same forces in the last step of pushover analysis. The
comparison of results for the validation of four selected members from two buildings is given in Tables 12 and 13, respectively. The
numerical difference is assumed to satisfy the validation if it is less than 3%.

Modal capacity curves of buildings are prepared using the pushover curves for both directions. The curves are drawn with the
demand spectrum, and the performance point is determined according to the recommendations given in the code. At the performance
point, the base shear/total weight and top displacement/total height, and demand spectrum and modal capacity curves (spectral acc./
spectral disp.) under DD-2 earthquake are presented in Figs. 13 and 14 for two buildings. Lateral displacement contours in both di-
rections at performance points of the buildings are shown in Figs. 15 and 16. When the behaviour of the two structures is examined, it is
seen that Building A has reached the base shear values of 3645 kN and 3956 kN in X and Y directions, respectively.

On the other hand, Building C has reached the base shear values of 26,731 kN and 31,882 kN, respectively, in the same directions.
The controllable performance points in the roof displacement values are changed from 220 mm to 65 mm, and from 180 mm to 60 mm
levels in the X and Y directions when the displacement demands of two buildings are compared. It can be understandable that the new
shear walls provide increased stiffness. The variation observed between the base shear values is 733% in the X direction and up to
806% in the Y direction. This increase shows the importance of ductility in the retrofitting design phase. Unfortunately, an increase in
this amount strongly invites brittle failure mechanisms of reinforced concrete members. In other words, retrofitting is applied to

Table 12
Strain results obtained from FEM and XTRACT models.
Member  Building ~ FEM Model XTRACT Model
Concrete Fibre® Steel Fibre” Concrete Fibre” Steel Fibre”
Stress Strain (mm/ Stress Strain (mm/ Stress Strain (mm/ Stress Strain (mm/
(kPa) mm) (kPa) mm) (kPa) mm) (kPa) mm)
2021 A 7278 0.0005014 13,960 0.0000698 7127 0.0004881 14,270 0.0000713
2017 A 12,200 0.0014120 220,000 0.0013670 12,240 0.0014310 220,000 0.0013490
2076 C 7583 0.0005458 57,660 0.0002883 7567 0.0005303 57,610 0.0002880
2078 C 8064 0.0005957 61,910 0.0003095 8094 0.0005846 61,450 0.0003072

2 Compression.
b Tension.
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Table 13
Comparison of strain results for the validation of FEM model.
Member Building Difference between stress/strain results of FEM and XTRACT models Status
Concrete Fibre” Steel Fibre”
Stresses Strains Stresses Strains
2021 A 2.07% 2.65% 2.17% 2.10% OK
2017 A 0.33% 1.33% 0.00% 1.32% OK
2076 C 0.21% 2.84% 0.09% 0.10% OK
2078 C 0.37% 1.86% 0.74% 0.74% OK

& Compression.
b Tension.

o 7 .
i 14 — —— Modal capacity
= 12 \ = Spectrum
<= 53 !
.20 10 I o Performance line
(] 44 -
B 36 o
8 P
S 27 -
-
= 18
<
2 9 UL
175 Direction x —_—
20 —
] 0 7 13 20 26 33 39 46 53 59 66 72 g = s 30[3 i ed'fo'(; -
= Top Displacement / Total Height (x 10™) S, (i)

¢ (mm
S 7 14 - Modal capacity
?)i’ 62 12| ——— Spectrum
& 53 o 10— N\F== Performance line
o 2]
= 36 N2
— < 6
e 27 z -
=18 4 e e S
s - .
= 9 Directiony 2 — e Directiony

__;_’_:,
2 O 0o 7 13 20 26 33 39 46 53 0.
. . ) 0 20 40 60 80 100 120 140

/M Top Displacement / Total Height (x 10™) Sq (tam)

4 (IMm

Fig. 13. Normalised base shear vs. top displacement and demand vs. capacity graphs of Building A.

increase the strength of the building, but the structure has become too rigid to overcome seismic effects and may face brittle failure. In
the seismic performance evaluation of these two buildings, it is clear that a significant portion of the vertical structural members in
Building C could not withstand excessive shear loads, and shear becomes critical. Accordingly, the building is subjected to brittle
failure by becoming shear-critical.

Damage assessment of structural members, including all stories, is given in Tables 14 and 15 for beams and vertical structural
members. Accordingly, when beams and vertical structural members in both buildings are compared in terms of damage level, brittle
behaviour and target performance level, it is determined that the damage levels of beams decreased. While ductile behaviour is ob-
tained with the retrofitting, brittle behaviour became dominant in vertical structural elements and had a negative effect. In addition, it
is concluded that both buildings did not meet the "Controlled Damage" performance level for DD-2 earthquake with a 10% probability
of exceedance in 50 years (return period 475 years) specified in TBEC-2018. The dominant numerical failure mode is “shear failure” for
both buildings.

6. Conclusion and discussion

The advantages of reinforced concrete (RC) compared to other building materials under vertical and lateral loads are quite high in
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Fig. 15. Lateral displacements under the earthquake loading for Building A.

terms of construction time, material supply, cost and technology. For example, RC structures resist against shear force, bending and
torsion moments, even under the impact of seismic loads, provided that the requirements of the codes are taken into account. The
material strength and durability features of RC structures can degrade over time at the expense of structural safety. In particular, the
stability of old and ageing buildings is in danger of collapse due to earthquakes if the current seismic code implementations are not
appropriately applied. Demolishment, reconstruction, or retrofitting applications should be implemented for these structures ac-
cording to current regulatory conditions to improve current performance levels. A retrofitting alternative is preferred in practical
applications due to economic, social and legal conditions. Retrofitting can be applied based on system or element renewal systems. The
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Table 14
Performance assessment results for beams in Buildings A and C.
Storey Strain check Brittle failure check Target performance level (Controlled Damage)
Condition”
A C A C A C
Basement X \/ X \/ X \/
Ground X X X v X X
1 X \/ X \/ X \/
2 X \/ X \/ X \/
3 x v v v x v
4 . v v v o v
5 X v v v x v
6 v v v v v v
7 v v v v v v
8 v % v v v v
9 v - v - V -
2 Section 4 - Article (1)
Table 15
Performance assessment results for vertical structural members in Buildings A and C.
Storey Strain check Brittle failure check Target performance level (Controlled Damage)
Condition” Condition”
A C A C A C A C
Basement x v v Y/ x Vv x v
Ground v X v v X X X X
1 v v v v v x v x
2 v v v v v x v x
3 v v v v v x v x
4 Voo v oo Voo Voo
5 Voo v oo Voo Voo
6 v v v v v v v v
7 v v v v v v v v
s Voo VY Voo Voo
9 v - v - v - v -

2 Section 4 - Article (2).
b Section 4 - Article (3).
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mix of old and new systems helps to handle seismic effects in terms of strength and stiffness parameters in addition to energy ab-
sorptions. Although the idea of additional RC elements for retrofitting helps to improve the structural behaviour, possible sources of
error are explained in this study as a result of the lack of scientific rule enforcement.

The main purpose of this paper is to evaluate the effectiveness of the retrofitting technique and seismic performance of two mid-
height inactive RC buildings based on numerical analysis supported by field studies and laboratory tests. A traditional approach to one
of these buildings was recently retrofitted (addition of shear walls) to reduce the seismic action effect so as to reduce storey drifts.
Finally, the seismic performances of these buildings are compared to determine the effectiveness of the retrofitting application. The
approach showed that the storey drifts were reduced, and shear forces were partially transferred to the shear walls. It has also been
observed that the retrofitted building does not meet the full seismic performance level. It was also concluded that significant shear
forces are transferred on the shear walls in addition to storey drifts. The application of the retrofitting technique has reduced the
structural ductile behaviour that may cause danger in the event of an earthquake. For best retrofitting technique practice, compatible
new shear walls are recommendable to support existing frame systems to avoid irregularities and excessive torsional forces. One of the
main points to consider is that the centres of mass and rigidity should overlap each other as much as possible so as not to cause
excessive shear forces.
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