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Abstract
A moderate earthquake with a magnitude Mw of 6.8 hit the Elazig Province of Turkey on 
January 24th, 2020, causing fatalities and structural damage/failure. Following the earth-
quake, a field reconnaissance was conducted at the Administration and Operation Campus 
of Karakaya Dam, which is 19 km from the earthquake epicenter. The exhibited perfor-
mances in two side-by-side nominally identical reinforced concrete (RC) buildings with the 
same material properties and soil conditions differed significantly. The main reason lies in 
the preventive action taken before the earthquake in one of the buildings. The building ret-
rofitted with additional structural walls had a slight/no damage level. However, the non-ret-
rofitted building suffered severe damage due to large cracks in numerous infill walls, some 
of which were exposed to partial collapse. That makes the non-retrofitted building unser-
viceable, requiring evacuation after the earthquake. The field-observed building damage 
was compared with the seismic performances acquired from their refined numerical mod-
els for the recorded ground motions. The photographic documentation exposing the entire 
performance and damage level in non-retrofitted and retrofitted buildings was quantified by 
static pushover and nonlinear response history analyses. The post-earthquake performance 
of nonstructural members in retrofitted and non-retrofitted buildings was simulated with 
reasonable accuracy.

Keywords  Retrofit · Structural wall · Seismic performance · Substandard · Numerical study

1  Introduction

Past destructive earthquakes have shown that a large portion of building stock in devel-
oped and developing countries is well below the desired target performance level specified 
by seismic codes and guidelines (Rossetto and Peiris 2009; Garcia et al. 2010; Shahzada 
et al. 2010; Naseer et al. 2010; Ozturk 2013; Yılmaz and Avşar 2013; Ricci et al. 2011; 
Avşar and Tunaboyu 2013; Yurdakul et  al. 2021). Field investigations after moderate to 
severe earthquakes revealed the poor seismic performance of substandard buildings due 
to their old-fashioned design and construction principles, which do not comply even with 
the former design provisions. These buildings have critical structural deficiencies, such as 

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-023-01740-9&domain=pdf
http://orcid.org/0000-0002-8128-0141
http://orcid.org/0000-0003-0352-2456
http://orcid.org/0000-0001-6858-4290
http://orcid.org/0000-0001-7246-9631


5546	 Bulletin of Earthquake Engineering (2023) 21:5545–5571

1 3

low-strength concrete, plain reinforcing bars usually with a significant level of corrosion, 
insufficient transverse reinforcement with improper detailing, and structural irregularities, 
among others. Consequently, such deficiencies make them vulnerable to seismic actions, 
jeopardizing the seismic performance of the buildings. As a result of the substandard 
building stock, even a moderate earthquake with a magnitude Mw of 6.8—which occurred 
in the Sivrice district of Elazığ Province in Eastern Turkey on January 24th, 2020—caused 
fatalities and property loss due to premature member failures in substandard buildings. 
This, in turn, triggered the overall structural failure. According to a preliminary survey in 
2020 performed by the Ministry of Environment and Urbanisation (MoEU), the number of 
buildings with slight damage was reported to be 17,021, while 1,492 buildings had mod-
erate damage, and 8,396 buildings had severe damage. Additionally, 821 buildings were 
marked for immediate demolition or collapse following the earthquake, as reported by the 
Anadolu Agency in 2020. Socio-economic aspects such as displacing from damaged build-
ings, finding safer and available shelter causing disruptions in public life, and increasing 
housing prices are typical results of having an excessive number of unserviceable build-
ings. Such adverse effects should be eliminated by replacing the substandard structures 
with code-compliant ones. However, demolition and re-construction of those structures are 
not always practical due to economic constraints, downtime, and applicability issues. In 
certain situations, immediate intervention is required for a building to be serviceable after 
an earthquake. For this purpose, retrofitting methodologies can be the solution to upgrade 
structural performance and lessen seismic risk (Duran et  al. 2019). Depending on the 
required performance level, compatibility with the existing structural system, feasibility of 
the conditions, availability of materials and technology, and the level of seismic interven-
tion can be selected at the local or global level (Thermou and Elnashai 2006). Local retrofit 
techniques can be implemented in a group of members to increase their capacity (Del Vec-
chio et al. 2014; Del Zoppo et al. 2017; Lee et al. 2017; Yurdakul et al. 2019, 2020; De 
Risi et al. 2020). Alternatively, global retrofit techniques are used to enhance the overall 
structural behavior with the addition of a bracing system (Maheri et al. 2003; Mazzolani 
et  al. 2009; Durucan and Dicleli 2010; Akbari et  al. 2015), structural walls (Avşar and 
Tunaboyu 2013; Sonuvar et al. 2004; Kara and Altin 2006; Altin et al. 2008; Kaltakci et al. 
2008; Strepelias et al. 2014; Cerè et al. 2022) or other advanced systems (Cao et al. 2022; 
Joseph et al. 2022).

Previous studies demonstrated the effectiveness of structural walls (a commonly applied 
method) by comparing the response of RC buildings with and without structural walls 
through experimental methods, numerical approaches, and field observations. However, 
the uncertainties associated with measured, computed, and observed response quantities 
have prevented a full characterization of the effectiveness of added structural walls. More-
over, the differences in building material properties, soil conditions, and structural con-
figurations may also significantly affect the seismic performance, making it challenging to 
attribute the improvement in the seismic performance solely to the added structural walls. 
Despite extensive research in this area, studies have lacked the field observation and assess-
ment of the seismic performance of two  side-by-side nominally identical buildings with 
the same material properties, structural geometry, and configurations. From the authors’ 
best knowledge, no specific research has been conducted to investigate the effectiveness 
of adding structural walls by comparing the seismic response of two nominally identical 
buildings, one retrofitted with structural walls and the other one non-retrofitted, following 
an earthquake. This approach ensures that any observed difference in seismic performance 
can be attributed solely to the added structural walls, rather than to other variables such as 
building material properties, soil conditions, location, or structural configurations.
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This study investigates the effectiveness of adding structural walls as a seismic retrofitting 
approach through field observations and numerical analysis of two nominally identical 4-story 
RC residential buildings with the same material properties, soil conditions, and location. 
One building was retrofitted by adding structural walls before the earthquake, while the other 
building remained unaltered. The novelty of this study lies in the comparison of the evaluated 
performances via numerical analysis of damage levels of both retrofitted and non-retrofitted 
buildings, considering all the relevant factors that may affect seismic performance. The result 
of this study provides a comprehensive understanding of the effectiveness of seismic retrofit-
ting methods. The study’s framework includes photographic documentation of the entire per-
formance and damage levels of both buildings, static pushover and nonlinear response history 
analyses, and the verification of numerical models by comparing the observed damage and 
computed performances of both retrofitted and non-retrofitted buildings.

2 � Motivation for research

The two  side-by-side nominally identical, substandard RC residential buildings are located 
in the Karakaya Dam administration and operation campus, which is about 19 km from the 
epicenter of the Elazığ-Sivrice Earthquake in Turkey, which occurred on January 24th, 2020. 
These buildings are of interest both because they were closer to the earthquake epicenter, 
and due to their existing structural deficiencies. In addition, the post-earthquake conditions 
of these two nominally identical buildings deserve special attention from a structural engi-
neering perspective. The non-retrofitted building suffered moderate damage with the partial 
collapse of infill walls and slight damage on the structural components, which makes this 
building unserviceable. On the other hand, the retrofitted building (strengthened by additional 
structural walls) was in a state of slight/no damage after the earthquake with no interruption 
in serviceability. The effectiveness of the global seismic retrofit technique by additional struc-
tural walls was clearly observed and documented through the on-site investigations. Moreo-
ver, the observed performances of these identical buildings are reproduced by computer simu-
lations (e.g., pushover analyses and nonlinear response history analyses using the recorded 
ground motion data). The originality of the study lies in the comparisons of the observed and 
simulated seismic response of these two nominally identical RC buildings, one of which was 
retrofitted with structural walls before the earthquake, while the other was not, with no vari-
ability effects since both buildings have the same material properties, structural configuration, 
and geometry. This study also compared the serviceability limits of nonstructural elements in 
the seismic codes with reproduced deformations via an analytical model to unveil the effec-
tiveness of additional structural walls as a global retrofit strategy. The simulated nonstruc-
tural deformations in the retrofitted building satisfy the serviceability limit state, while the 
quantified deformations exceed that limit in the non-retrofitted building. These findings are 
supported by photographic documentation of the buildings’ actual performance following the 
earthquake.

3 � Earthquake data and recorded ground motions

On January 24th, 2020, a moderate earthquake with a magnitude of Mw 6.8 occurred in 
the Sivrice District of Elazığ, located in the eastern region of Turkey. The earthquake 
struck at 08:55 PM (GMT + 3) local time. Sivrice district is the closest residential area 
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to the epicenter of the earthquake (38.3593 oN, 39.0630 oE), and the focal depth of the 
earthquake was 8.06 km (DEMP (2020)). This earthquake occurred on the Eastern Ana-
tolian Fault Line, one of the most active faults in Turkey (Fig. 1). After the main shock 
of the Sivrice-Elazığ earthquake, 3,079 aftershocks having a magnitude Mw greater than 
3 and 26 aftershocks having a magnitude Mw greater than 4 occurred within a month 
(Yurdakul et al. 2021). The death toll reached 41 just after the earthquake, while more 
than 1,607 people were injured (Anadolu Agency (2020)). Among the investigated 
61,152 buildings, 10,709 were marked as moderately damaged, severely damaged, or 
collapsed (MoEU (2020)). As a socio-economic result, this moderate-intensity earth-
quake significantly disrupted and affected public life, resulting in both loss of life and 
property.

During the Sivrice-Elazığ Earthquake, a total of 235 strong-motion stations recorded 
the acceleration time series. From these, three stations were selected for nonlin-
ear time history analyses based on their relatively high seismic intensities in terms of 
peak ground acceleration (PGA) and peak ground velocity (PGV). These stations are 
Elazığ-Center (Station ID: #2301), Elazığ-Sivrice (Station ID: #2308), and Malatya-
Pütürge (Station ID: #4404). The acceleration-time series of these three ground motion 
records are presented in Fig. 2a–c. The geometric mean of the response spectra of the 
two horizontal components of these three records was compared with the design spectra 
for 475-year (DD2) and 72-year (DD3) return period earthquakes specified in the cur-
rent version of the seismic design code (TBEC (2018) for the indicated soil conditions 
(Fig.  2a–c). The characteristics of ground motion recordings of the three stations are 
given in Tables  1 and 2. Upon comparing the geometric mean of the response spec-
tra with the design spectra, it is apparent that the spectral acceleration values of the 
recorded data fall within the design spectra of 475-year (design earthquake) and 72-year 
(serviceability earthquake) return period earthquakes.

Fig. 1   Coordinates of the Sivrice-Elazığ earthquake epicenter, station for records, and investigated build-
ings (DEMP(2020))
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4 � Description of buildings

The two investigated nominally identical RC buildings are located in Karakaya Dam 
Administration and Operation Campus, Elazığ, Turkey. The buildings were constructed 
side-by-side in the same period. Therefore, except for the additional structural walls as 
for retrofitting applied on one of the two buildings, both have identical structural sys-
tems/design, material properties, construction practices, and soil conditions. As the ret-
rofitted and non-retrofitted buildings are located in the same place, the soil profile of 
the two buildings is similar; stiff soil conditions are considered to be ZB according to 
TBEC (2018).

Ground Motion Records Spectral Acceleration

(a)

(b)

(c)
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Fig. 2   Time variation of horizontal accelerations and spectral accelerations for a Elazığ-Center Station 
(#2301), b Elazığ-Sivrice Station (#2308), and c Malatya-Pütürge Station (#4404) during the 2020 Sivrice-
Elazığ Earthquake (DEMP (2020)) (DD2: 475-Year Return Period Earthquake, DD3: 72-Year Return Period 
Earthquake, ZB: stiff soil, ZC: medium-stiff soil)
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The identical buildings (see Fig. 3a, b) comprise the most common deficiencies of ordi-
nary 3–5 story pre-1990s structures with substandard configuration. In most cases, the 
concrete strength was significantly below the code-specified values in these buildings due 
to in-situ mixed concrete with improper aggregate size, excessive water-cement ratio, and 
lack of curing (Çağatay 2005; Bal et al. 2008). The use of plain round bars, together with 
insufficient longitudinal and transverse reinforcement detailing, results from poor work-
manship and an unaudited construction process. Such conflicts between seismic design 
code requirements and applications lead to non-conforming configurations. The geometric 
characteristics of the investigated buildings also reflect the common properties of 3–5-story 
pre-1990s substandard structures. A summary of Turkish building stock with the statistical 
outcomes and comparison with properties of the investigated buildings are presented in 
Table 3. Note that both retrofitted and non-retrofitted buildings have the same properties 
presented in the third column of Table 3.

The floor plans of the investigated buildings in this study are given in Fig. 4a, b. Struc-
tural intervention with the addition of the structural walls during the period of 2011–2015 
was carried out on the retrofitted residential building. The building that is under the control 
of another administrative unit was not subject to any structural intervention and remained 
untouched. The concrete and steel grades used in the additional structural walls of the ret-
rofitted buildings are C25 and S420, respectively. Structural walls were placed in the most 
symmetrical way as possible, as shown in Fig. 4b.

5 � Comparison of earthquake damage

Figure 5 shows the location of severely damaged infill walls together with the counterpart 
infill walls of the retrofitted building on the structural floor plan. The indoor images in 
Fig. 6 present the side-by-side damage level of some nonstructural walls in the retrofitted 
and non-retrofitted buildings after the Sivrice-Elazığ earthquake. The photographic docu-
mentation shows the state of infill walls in the non-retrofitted building, which was subject 
to severe damage or even partial collapse. Due to heavy damage in the infill walls, the non-
retrofitted building was not serviceable after the earthquake. In turn, no significant damage 

Fig. 3   Investigated buildings a non-retrofitted b retrofitted
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was detected in the retrofitted building except for the interface cracks between the existing 
structural components and the additional structural walls, which could be repaired easily 
after the earthquake without disrupting the serviceability of the building.

The infill wall damage in the non-retrofitted building was mainly concentrated in the 
x-direction (e.g., along the long plan dimension), as shown in Fig. 6 (see Fig. 5, Wall ID 
of A and B, and E to H for locations). The infill cracks in the X-pattern were the most 

Fig. 4   Floor plan of investigated buildings a non-retrofitted b retrofitted (units are in [cm])
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common crack type in the x-direction of the non-retrofitted building. The cracks in the 
infill walls along the y-direction (e.g., along the short plan dimension) of the non-retrofit-
ted building in Fig. 6 (see Fig. 5, Wall ID of C and D for locations) were formed as inter-
face cracks between the infill masonry and framing members. In the retrofitted building, 
no/slight cracks were observed for the same walls of A, B, E, and H in the x-direction. 
The y-direction cracks in retrofitted buildings formed as interface cracks with low intensity. 
These interface cracks are considered to be indicators of the load transfer from the existing 
structural system to the additional structural walls.

The on-site investigations carried out after the earthquake clearly demonstrated the 
effectiveness of structural walls in enhancing the serviceability limit states of retrofitted 
structures. In particular, the retrofitted building showed only minor cracks, which required 
cosmetic repairs without interrupting the serviceability of the structure. On the other 
hand, the non-retrofitted building suffered severe infill damage, rendering the building 
unserviceable.

6 � Numerical models

The numerical models were generated for both retrofitted and non-retrofitted buildings 
in SeismoStruct (v2022). This programme was used due to the capability of predict-
ing the large displacement behavior of space frames (i.e., models generated with beam-
column elements) under static or dynamic loading. The models unveiled the reason 
behind the different seismic responses observed during the site investigations after the 
earthquake numerically. The crucial role of infill walls in the structural response, which 

Fig. 5   Position of the damaged infill walls in Fig. 6 on the floor plan
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can cause and trigger various failure mechanisms, is the subject of literature (Hermanns 
et al. 2013; Seyed Razzaghi and Javidnia 2015). Therefore, the structures were modeled 
by incorporating the masonry infill walls to reproduce their contribution and influence 
on seismic behavior. In addition, SeismoStruct offers the user the ability to employ both 

Wall ID Retrofitted Building Non-Retrofitted Building

A 

B 

C 

D 

Fig. 6   Damage of the retrofitted and non-retrofitted buildings
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E

F 
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H 

Fig. 6   (continued)
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geometric nonlinearity and material inelasticity by exploring the structural response 
under various loading conditions.

6.1 � Modeling of structural members

Structural element models were generated by introducing fiber-based beam-column mem-
bers. Then, at each fiber of the cross-section, a uniaxial stress–strain relationship was 
assigned for unconfined and confined concrete, as well as for reinforcement steel. Next, 
the entire sectional stress–strain relationship was obtained through the integration of the 
individual fibers along the member length. Mander et  al.’s (1988) model was employed 
for the unconfined and confined concrete models, while the reinforcing bars were mod-
eled using the cyclic steel model presented by Menegotto and Pinto (1973). Mechanical 
properties of the materials and geometric dimensions of the members were examined and 
determined based on the blueprints of the buildings, with additional data obtained during 
the field reconnaissance and on-site measurements. The resulting 3D view of the numerical 
models for both non-retrofitted and retrofitted buildings can be seen in Fig. 7a, b.

6.2 � Modeling of infill walls

As confirmed by the field observations, the infill walls consisted of partial hollow clay 
bricks with mortar and plaster. In SeismoStruct, a four-node infill panel element devel-
oped by Crisafulli (1997) was used for the numerical modeling of infill walls (Fig.  8). 
Specifically, there are a total of six strut members in each infill panel, including axial and 
shear struts. The infill walls were assumed to be classified as fair-quality infills outlined 
by FEMA 356 (2000). Thus, the modulus of elasticity, compressive strength, and shear 
strength of masonry infill walls were taken as 1155, 2.1, and 0.09 MPa, respectively, which 
is compatible with FEMA 356 (2000).

In the calculation of the elastic in-plane stiffness of masonry infill walls, Eqs. (1) and (2) 
were utilized. In these equations, Eme is the expected modulus of elasticity of the material, 
Icol is the moment of inertia of the column, tinf is the thickness of the infill panel and equiv-
alent strut, θ is the angle whose tangent is the infill height to length aspect ratio (in radian), 

(a) (b)

Added structural wallsFraming members 

Infill walls

Fig. 7.   3D numerical models a non-retrofitted b retrofitted building
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hinf is the height of infill panel, α is the strut width, hcol is the column height between cen-
terlines of beams, rinf is the diagonal length of the infill panel, and λ1 is defined by FEMA 
356 (2000) to compute the equivalent width of the infill strut. The tensile strength of the 
infills was ignored, and the strain at maximum stress, and the ultimate strain were taken as 
0.001 and 0.01, respectively. For the shear spring model,  the maximum shear resistance 
(τmax) was estimated using the formula given in Eq. (3), where the shear bond strength of 
the infill walls (τo) was introduced. The shear bond strength was conservatively taken as 
0.3 MPa by default introduced in SeismoStruct. 

The presence of openings around the infill walls can impact the seismic response of the 
buildings. To that end, the reduction in the strength and stiffness due to the openings was 
applied to the panel members following the method suggested by Decanini et al. (2014). 
Herein, the proposed reduction percentage is a function of the opening dimensions and the 
reinforcing condition of the elements around the openings (Akın 2018). Detailed informa-
tion on the modeling approach and panel material property in modeling a substandard RC 
residential building with infills can be found in Duran et al. (2020).

6.3 � Details of structural analysis

The eigenvalue, static pushover, and nonlinear response history analyses were conducted 
to explore the difference between the seismic response of the investigated buildings. The 
modal properties of both buildings were estimated using the eigenvalue analysis, followed 
by the pushover analysis. In the pushover analyses, the displacements are increased with 
small intervals up to the ultimate displacement capacity of the buildings. On the other 
hand, the actual behavior of the buildings can be better represented by performing a non-
linear response history analysis under the given earthquake ground motion records. In this 

(1)�
1
=

[

Emetinf sin2�

4EfeIcolhinf

]1∕4

(2)a = 0.175(�
1
hcol)

−0.4rinf

(3)�max = �
0
+ 0.3(MPa)

Fig. 8   A four-node masonry infill element a compression/tension struts b shear struts (SeismoStruct 
(v2022))
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study, three earthquake ground motions, which have the highest seismic intensities in terms 
of PGA among the recorded motions during the earthquake, were used. The earthquake 
ground motions recorded in Elazığ-Center (Station ID: #2301), Elazığ-Sivrice (Station ID: 
#2308), and Malatya-Pütürge (Station ID: #4404) were used in the nonlinear response his-
tory analysis. The acceleration-time series and response spectra of both horizontal com-
ponents of the ground motion records are shown in Fig. 2a–c. The North–South (NS) and 
East–West (EW) acceleration time series of the Elazığ- Sivrice- earthquake were acquired 
from the Turkey Acceleration Database and Analysis System (TADAS (2020)) for the non-
linear response history analysis. Bi-directional response history analyses were performed 
with the two horizontal components of each selected ground motion record using the 3D 
analytical model of the buildings. Indeed, matching the NS and EW components of the 
ground motions with the building orientations is challenging. Based on the observed infill 
wall damage presented in Fig. 6, the infill walls that are along the x-direction of the build-
ings (i.e., long plan dimension) suffered more from the earthquake action. In addition, the 
non-retrofitted building has the largest period in the x-direction (i.e., long plan dimension) 
due to its considerably lower stiffness in that direction. Therefore, it is expected to see more 
damage on the infill walls oriented in this direction. Overall, the stronger component of the 
selected ground motion records is applied in the x-direction of the buildings (i.e., long plan 
dimension). Since the PGA of the East–West (EW) component of the acceleration time 
series of the three ground motions records are higher than the North–South (NS) compo-
nents, as presented in Fig. 2a–c and Table 1, the buildings were subjected to North–South 
(NS) acceleration time series in the y-direction (i.e., short plan dimension) and East–West 
(EW) acceleration time series in the x-direction (i.e., long plan dimension). Constant vis-
cous damping of 5% is considered in the response history analysis.

7 � Discussion of analysis results

7.1 � Results of eigenvalue and static pushover analysis

Table 4 shows the outcomes of the modal analysis results for the non-retrofitted and ret-
rofitted buildings. The addition of structural walls in the retrofitted building reduced the 
fundamental period by three to four times in each building’s orthogonal component, as a 
result of increased stiffness. Such a distinct change in the fundamental period values is an 
expected outcome of the contribution of additional structural walls in the building stiffness. 
The increase in the stiffness of the retrofitted building resulted in reduced displacement 

Table 4   Eigenvalue analysis 
outcomes of non-retrofitted and 
retrofitted buildings

Mode number Retrofit scheme Period [s] Mass par-
ticipation ratio 
[%]

Mode-1 (x-direction) Non-retrofitted 0.601 85.76
Retrofitted 0.136 52.34

Mode-2 (y-direction) Non-retrofitted 0.415 81.00
Retrofitted 0.139 70.19

Mode-3 (Torsion) Non-retrofitted 0.471 81.20
Retrofitted 0.187 55.19
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demands in the retrofitted building. The imposed seismic damage on the infill walls of the 
non-retrofitted building presented in Fig. 6 can be explained by its relatively flexible nature 
compared to the retrofitted building. However, the mass participation ratio in each mode 
is reduced in the retrofitted building (Table 4). Therefore, higher modes of the retrofitted 
building are relatively more pronounced in the seismic response.

The static pushover curves of the two buildings in both their principal axes are shown 
in Fig. 9. Although the pushover analyses of the retrofitted building did not converge to 
the roof displacement values before attaining the effective yield displacement capacity of 
the buildings, the prominent contribution of additional structural walls of the retrofitted 
building in the capacity and stiffness curves is obvious. There was a substantial increase 
in the strength and stiffness of the retrofitted building in its principal axes compared to the 
non-retrofitted building. The difference between the initial stiffness of the retrofitted and 
non-retrofitted buildings was in good agreement with the variation of their fundamental 
periods, as presented in Table 4.

7.2 � Results of nonlinear response history analysis

The hysteretic curves of the buildings, which represent base shear force versus roof dis-
placement relationship, were graphically obtained for the selected three ground motion 
recordings in both x- and y-directions (Fig.  10a–c). The retrofitted building exhibited 
almost a fully elastic response compared to the non-retrofitted building. A certain level of 
nonlinearity can be seen in the hysteresis curves of the non-retrofitted building with the 
formation of wider loops. In addition, the initial stiffness of the retrofitted building was 
approximately ten times higher in the x-direction and five times higher in the y-direction 
than that of the non-retrofitted building, indicating a substantial contribution of additional 
structural walls to the lateral stiffness. The contribution of additional shear walls to the 
capacity appears to be significant as well.

The absolute maximum inter-story drift ratio (IDR) (Fig.  11a–c) and the peak floor 
acceleration (Fig.  12a–c) in the corresponding story levels were also obtained in the x- 
and y-directions of the retrofitted and non-retrofitted buildings. The absolute maximum 
IDR value was then plotted in Fig. 11a–c. The non-retrofitted building in the x-direction 
indicated higher IDR values than in the y-direction. The non-retrofitted building deformed 

Fig. 9   Static pushover curve of 
non-retrofitted and retrofitted 
buildings
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more in the x-direction than the y-direction, concluding that the x-direction is more flex-
ible than the y-direction. This outcome is, indeed, in good agreement with the fundamental 
periods presented in Table 4, where Tx1 = 0.601 s and Ty1 = 0.415 s. Furthermore, observing 

x-Direction (long plan dimension) y-Direction (short plan dimension)
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Fig. 10   Hysteresis curves of building models obtained as a result of nonlinear response history analysis in 
stations a Elazığ-Center Station (#2301), b Elazığ-Sivrice Station (#2308), and c Malatya-Pütürge Station 
(#4404)
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more damage in the x-direction infill walls of the non-retrofitted building (see Fig. 5-Wall 
ID of A and B, and E to H for locations, and Fig. 6 for damage level) also complied with 
the analysis results. Specifically, the increased drift demands in the non-retrofitted build-
ing, especially in the x-direction, explain the observed severe damage and partial collapse 
of the infill walls in the x-direction for the three considered ground motion records. The 
infill walls of A and B, and E to H, lying in the x-direction shown in Fig. 6, exhibited infill 
damage dominated by their in-plane behavior. As a result, mainly diagonal cracks were 
observed in these infill walls. However, the overall behavior of the infill walls of C and D, 
positioned in the y-direction of the non-retrofitted building, was generally governed by out-
of-plane behavior. Therefore, horizontal cracks at the interface of the RC beams and the 
infill walls were mainly observed in the infill walls of C and D (Fig. 6).

Figure 11a–c visually presents the significant reduction in IDRs of the building retrofit-
ted with additional walls. The reduced story drift demands resulted in a much better seis-
mic behavior of the retrofitted building by preventing imposed damage in the infill walls 
(Fig. 11a–c). The infill walls of the retrofitted building were protected without experienc-
ing any noticeable damage by the reduced IDR demands. Except for the cosmetic repairs 
without any high cost and effort, the retrofitted building was serviceable immediately after 
the earthquake.
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Fig. 11   Variation of maximum IDRs in x- and y-directions of the retrofitted and non-retrofitted buildings in 
stations a Elazığ-Center Station (#2301), b Elazığ-Sivrice Station (#2308), and c Malatya-Pütürge Station 
(#4404)
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buildings in stations a Elazığ-Center Station (#2301), b Elazığ-Sivrice Station (#2308), and c Malatya-
Pütürge Station (#4404)
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The peak floor accelerations were obtained by taking the absolute maximum of the 
floor accelerations throughout the time span for each earthquake. The difference in the 
peak floor accelerations of the retrofitted and non-retrofitted buildings was not as distinct 
as in the case of the variation in maximum IDRs. Depending on the principal direction of 
the retrofitted building (x- and y-directions) and the ground motion record, the peak floor 
accelerations can be higher or lower compared to the non-retrofitted building (Fig. 12a–c). 
For instance, the peak floor accelerations in the x-direction were reduced by retrofitting the 
building for the Elazığ-Sivrice record (Station ID: #2308), whereas it was just the opposite 
for the Malatya-Pütürge record (Station ID: #4404).

The demand-capacity ratio was used to evaluate the damage in the structural members. 
The brittle failure in all structural members (specifically in structural walls due to high 
shear demand) was checked externally by comparing the peak shear demand (obtained 
from analyses) to the shear capacity of all members on the basement floor. The shear 
capacity of the RC columns and beams was computed following TS500 (2000). TBEC 
(2018) equation was adopted in calculating the shear capacity of the structural walls. The 
shear demand-to-capacity ratio for the beam, column, and structural wall was found to be 
lower than 1, indicating no brittle failure of the structural members. That was also con-
gruent with the field observations. The yield chord rotations of columns were calculated 
based on TBEC (2018), and the flexural damage check was done via chord rotations. The 
peak chord rotation demands were obtained from the results of time history analysis. It was 
found that the column chord rotation demands were 44% higher than the yield chord rota-
tion in the average sense. Therefore, the columns were predicted to attain their yield capac-
ity based on the numerical study. However, the observed column damage did not indicate 
any evidence for yielding. Besides, one should keep in mind that the column chord rotation 
demands from time history analysis were obtained at the transient peak response of the 
building. In contrast, the on-site column damages were observed after the earthquake rep-
resenting the residual deformations of the columns. Therefore, it is very likely to have dif-
ferences between the numerical simulations and on-site observations of the building, which 
have slight/no structural damage.

Some local seismic response parameters were also investigated. Since the seismic dam-
age was mostly localized in the infill walls, the axial and shear deformations of the infill 
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walls of A to H shown in Fig. 5 were obtained for the three selected earthquake ground 
motion records in Fig. 13a and b. Infill shear deformation, which is the relative displace-
ment between the top and bottom of the infill wall divided by its height, namely IDR, was 
obtained from the two shear struts having the greater shear deformation (Fig. 13a). Axial 
deformation of the infill walls was obtained from the compression/tension strut elements 
having the absolute maximum axial elongation or shortening (Fig.  13b). Since the axial 
and shear deformations of an infill wall are geometrically related, the discussion of the 
local deformations is focused on the shear deformations of the infill walls. As also indi-
cated in the previous discussion, the Elazığ-Sivrice earthquake record (Station ID: #2308) 
imposed higher local deformation demands on the infill walls in terms of both axial and 
shear deformations. The x-direction of the non-retrofitted building is more flexible. There-
fore, the corresponding infill walls of A and B, and E to H that lie along the x-direction of 
the building have higher local seismic demands compared to the infill walls of C and D 
located in the y-direction of the building. The photographically documented damage levels 
(i.e., large X-pattern cracks or partial collapse in the x-direction) in these walls are in line 
with the numerical outcome (Fig. 6 and Fig. 13a). When the local deformation demands 
imposed on the investigated infill walls of retrofitted and non-retrofitted buildings are com-
pared (Fig. 13a), the local deformations in the infill walls of the non-retrofitted building 
were a lot more than in the retrofitted ones. This clearly verifies the difference between the 
observed damage levels in two buildings after the earthquake.

To quantify the numerically obtained local deformations, a deformation limit value was 
sought through literature and existing codes. In the seismic design codes for new buildings 
such as TBEC (2018), ASCE 7–16 (2016), and EN 1998–8-1 (2004), IDR of the whole 
structural system is limited to avoid seismic damage in the building’s components for the 
design level earthquake. Specifically, EN 1998–8-1 (2004) limits the IDR for damage pre-
vention to 0.5, 0.75, and 1.0% for buildings with nonstructural elements of brittle materi-
als, buildings having nonstructural elements, and buildings having nonstructural elements 
fixed in a way so as not to interfere with structural deformations, or without nonstructural 
elements, respectively. Qualitative descriptions are defined for the damage states of struc-
tural components in EN 1998–8-3 (2005). IDR for the limit state of significant damage 
for masonry structures is defined as 0.40% for secondary masonry walls and 0.60% for 
primary seismic walls (EN 1998–8-3 (2005)). In ASCE SEI 41–17 (2017), depending on 
several parameters such as the ratio of expected frame strength to expected infill strength, 
aspect ratio of the infill wall, classification of infilled RC frame (frame ductility and rela-
tive stiffness of infill wall), deflection relations are specified for the immediate occupancy, 
life safety, and collapse prevention acceptance criteria. Even though too many parameters 
are required to apply the ASCE SEI 41–17 (2017) specification, the drift at peak strength 
for infilled frame bay is also given as 0.35% for flexible nonductile panels. Furtado et al. 
(2019), referring to FEMA 306 (1998) and FEMA 307 (1998), summarize the damage 
levels based on IDR, which are 0.25% for no cracking, 0.50% for diagonal cracking, and 
1.50% for severe damage. Sucuoğlu (2013) emphasized that 0.4% IDR conforms with the 
observed severe damage in the infill walls. Griffith (2008) reports that most masonry infills 
reach their ultimate strength at 0.2%-0.4% IDR. As shown in Fig. 13a, in-plane shear defor-
mations of the investigated infill walls of A and B, and E to H lying in the x-direction of 
the non-retrofitted building under Elazığ-Sivrice earthquake record (Station ID: #2308) are 
much higher than the limits in the literature. Specifically, the computed shear deformation 
is almost double that of the ASCE SEI 41–17 (2017) limit. This can explain the severe 
damage and partial collapse of the infill walls of the non-retrofitted building. On the other 
hand, the local deformation demands for the retrofitted building are much less than the 
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deformation limit value due to the increased stiffness of the building with the additional 
structural walls. Having no/slight damage in the infill walls of the retrofitted building is 
quantified by the numerical analysis.

The sensitivity of serviceability to the different intensities of the most critical record 
[#2308] was investigated by a parametric study. The analyses were run with the ground 
motion pairs scaled with 0.2, 0.4, 0.6, 0.8, and 1.0 for the non-retrofitted building. Then, 
the shear deformation of the infill walls was monitored. The critical intensity of the record, 
where at least one wall reaches a serviceability limit of 0.35%, was then evaluated. As seen 
in Fig. 14, the serviceability limit of the walls in the non-retrofitted building was reached/
exceeded when 60% of the most critical record (i.e., #2308) was applied. However, the 
walls of the retrofitted building did not even reach the serviceability limit state at a 100% 
scale (see Fig. 13).

8 � Conclusion

The Sivrice-Elazığ earthquake, which occurred on January 24th, 2020, affected two side-
by-side nominally identical RC residential buildings that have the same material properties, 
soil condition, and structural configuration and geometry. However, only one of the two 
buildings had been retrofitted by adding structural walls before the earthquake. To investi-
gate the differences in the seismic damage imposed on both of the buildings, a field survey 
was conducted following the earthquake. The retrofitted building had significantly lower 
deformation demand on its infill walls compared to the non-retrofitted building. No/slight 
damage in the infill walls was apparent in the retrofitted building, while severe damage 
with partial collapse of infill walls was photographically documented in the non-retrofitted 
building. The observed difference in the seismic response of the retrofitted and non-retro-
fitted buildings was well quantified and explored by computer simulations (i.e., eigenvalue, 
static pushover analyses, and nonlinear response history analyses with the highest seismic 
intensity parameters among the recorded ground motions). Based on on-site damage obser-
vations and the presented numerical study, the following conclusions can be drawn:
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•	 Although the structural systems of both buildings did not suffer any seismic damage, 
the infill walls of the non-retrofitted building were subjected to severe damage in the 
form of X- pattern cracks, and even partial collapse took place. Therefore, the non-
retrofitted building was not serviceable, and a considerable amount of repair work 
and financial resources were necessary to restore it to a functional state after such 
a moderate-intensity earthquake. However, the imposed local deformations on non-
structural components were reduced significantly by the additional structural walls 
in the retrofitted building. Hence, the retrofitted building was immediately service-
able after the earthquake with only cosmetic repairs needed for the interface cracks.

•	 The additional structural walls increased the building stiffness, which is also justi-
fied by the reduced fundamental period of the retrofitted building obtained from the 
eigenvalue analysis. The increase in capacity with the provided retrofitting action 
was significant as well.

•	 There was a distinct difference in the IDRs calculated from nonlinear response his-
tory analyses for the two buildings. The relatively higher IDRs of the non-retrofitted 
building were the main reason for the severe damage observed in the infill walls.

•	 The variation in the peak floor accelerations of the two buildings was not as appar-
ent as in the case of IDRs. With the additional structural walls for retrofitting, the 
peak floor accelerations can be higher or lower depending on the direction of the 
building and the ground motion record.

•	 The numerically obtained local deformations of the infill walls, especially under 
the Elazığ-Sivrice station record (Station ID: #2308), in the non-retrofitted building 
were much higher than the retrofitted ones. The exposed difference in the responses, 
which was photographically documented, is quantified by the numerical approach.

•	 The simulated deformation in the non-retrofitted building was beyond the service-
ability criterion defined in the recognized literature for damage-proof infill walls. 
Limiting the imposed deformations by increasing the building stiffness decreases the 
infill deformation demand. Thus, the infills can be serviceable without any downtime 
since they do not go beyond their serviceable limits.

The numerical study simulated the response of non-conforming buildings with com-
mon deficiencies and non-seismic details. It is recognized that the adopted modeling 
strategy may not account for all deformations in structural members. Additionally, the 
post-earthquake investigation was based on visual inspections. While this method pro-
vided valuable information on the actual performance of the buildings, it is important to 
quantify the uncertainty associated with the visual inspection data.
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