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PREFACE

The 4th International Civil Engineering & Architecture Conference (ICEARC'25) aimed to bring together academics,
researchers, and practitioners in the fields of civil engineering and architecture from across the globe. Held in
Trabzon, Tirkiye on May 17-19, 2025, the conference served as a dynamic platform to review recent achievements,
share emerging developments, and address both current and future challenges in these disciplines.

ICEARC'25 has once again demonstrated its truly international character, drawing over 500 participants from
33 countries. The conference hosted 421 research presentations delivered in 59 parallel sessions, and
provided participants with excellent networking and collaboration opportunities. In addition to the technical
sessions, four dedicated workshops—focusing on contemporary themes such as sustainable buildings, hybrid
structures, and advanced materials—offered attendees practical insights and knowledge exchange in specialized
areas.

The Proceedings of the 4th International Civil Engineering and Architecture Conference includes all the
accepted and presented papers, compiled in two volumes:

e Volume 1: Civil Engineering, comprising 303 papers under major categories such as Structural
Mechanics, Earthquake Engineering, Hydraulics & Fluid Mechanics, Geotechnics & Soil Mechanics,
Transportation, Structural Materials, Hydrology & Water Resources, Construction Management, and Waste
Management.

e Volume 2: Architecture, featuring 118 papers grouped under topics such as Architectural Philosophy,
Design & Practice, Architecture, Conservation & Restoration, Urban Planning & Landscape, Architectural
Engineering, and Interior Design.

We are sincerely grateful to all authors for their valuable contributions. The papers included in these volumes were
rigorously reviewed by field experts, and only those that were accepted and presented at the conference have been
published. We extend our deepest appreciation to the reviewers for their meticulous evaluations, which significantly
contributed to the quality of this publication.
We would also like to express our gratitude for the institutional support provided by Karadeniz Technical
University and the Chamber of Civil Engineers (Trabzon Branch) of the Union of Chambers of Turkish
Engineers and Architects. We sincerely thank our sponsors:

e Platinum Sponsor: Usta Grup
Gold Sponsors: Cengiz insaat, Tiiren Insaat, Odas
Silver Sponsors: Es Denizcilik, KCT Yol Yapi insaat

e Bronze Sponsors: Inosel, YasarTek, AKM Yapi
Our special thanks go to the Mayor of Trabzon Metropolitan Municipality, Mayor of Ortahisar
Municipality, and Mayor of Yomra Municipality for their valuable support.
We also acknowledge the outstanding efforts of the organizing committee, the student volunteers, and all the
moderators who chaired our sessions with professionalism and dedication. Their contributions were instrumental in
the success of ICEARC'25.
Finally, the conference concluded with a memorable social tour to the iconic Siimela Monastery and Uzun
Gol, offering participants a taste of the region’s rich cultural and natural heritage.
We look forward to welcoming you again at ICEARC'27.

Editors
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Nonlinear time-history analysis of a steel-reinforced concrete
composite building according to TBEC-2018

Omer F. Sahin", Sileyman Adanur?, Hakan T. Tirker?, Ahmet C. Altunisik?2

" Karadeniz Technical University, The Graduate School of Natural and Applied Sciences, Civil Engineering
Graduate Program, 61080 Trabzon, Tiirkiye

2 Karadeniz Technical University, Department of Civil Engineering, 61080 Trabzon, Tiirkiye

3 Uludag University, The Graduate, Department of Civil Engineering, 16285 Bursa, Tiirkiye

Abstract. Turkey is recognized as one of the most seismically active regions in the world. The 1999 Kocaeli, 1999
Diizce, 2011 Van, 2020 Elazig-Malatya, 2020 izmir, and 2023 Kahramanmaras earthquakes are among the
significant seismic events in recent years that have resulted in substantial losses. These earthquakes have revealed
that a large portion of the building stock in our country is vulnerable to earthquakes. Chapter 15 of the Turkish
Building Earthquake Code-2018 (TBEC-2018) includes guidelines for evaluating existing building systems under
seismic effects. In this study, the earthquake performance of a composite building consisting of reinforced concrete
(RC) shear walls and steel frames was examined using a nonlinear time-history analysis method in line with the
specified rules and calculation principles. Eleven real earthquake records were selected, scaled, and used for the
nonlinear time-history analyses. The building under investigation is located in the Iskenderun district of Hatay
province, and it sustained no damage during the February 6, 2023, Kahramanmaras earthquakes and is currently
in active use. In the final section of the study, ground motion records from the February 6, 2023 Pazarcik (7.7 Mw)
earthquake were obtained from two different stations and applied to the building model and the results obtained
from the analyses were then examined.

Keywords: Existing Steel-RC Building; Nonlinear Analysis; TBEC-2018; Performance Assessment; February 6
2023 Pazarcik-Kahramanmaras Earthquake

1. Introduction

Located on a geography where three different tectonic plates intersect, Turkey has a high potential to produce
earthquakes in terms of seismic risk. For this reason, many earthquakes occur in this geography. The 1999 Izmit
and Diizce earthquakes, 2003 Bingél, 2011 Van, 2020 Elazig, 2020 izmir and 2023 Kahramanmaras earthquakes
are the events that occurred in Turkey in recent years and caused great losses. On February 6, 2023, two major
earthquakes with magnitudes of 7.7 Mw (Pazarcik) and 7.6 Mw (Elbistan) in Kahramanmaras, Turkey, caused
extensive damage and loss of life in 11 provinces in the region. As a result of these earthquakes, more than 700,000
buildings were affected and more than 230,000 were severely damaged or destroyed (Presidency of Strategy and
Budget, 2023).

The results of all these earthquakes show that there are still many earthquake resistant structures in our country.
Investigation of the structures that have been damaged, collapsed or are still in use and undamaged under the
earthquake effect will be beneficial for the design of earthquake resistant structures.

There are guidelines in the literature on earthquake performance assessment of existing structures. Guidelines
such as ATC-40 (Applied Technology Council, 1996), FEMA 356 (FEMA, 2000), FEMA 440 (FEMA, 2005),
and TBEC 2018 (TBEC, 2018) are some of them.

In this study, the earthquake performance evaluation of Steel's Tower (A Block), which is known to be
undamaged after the Kahramanmaras earthquakes that occurred on February 6, 2023, was carried out according to
TBEC 2018 code. This building is located in Iskenderun district of Hatay province. The structural system of this
building with a height of 52.2 m is composed of steel columns-beams and reinforced concrete walls.

ETABS software was used for nonlinear analysis and 3D modeling in time domain. Plastic rotational hinge are
defined at both ends of columns and beams. Fiber hinge model was used for reinforced concrete shear walls.
According to TBEC 2018, 22 (2x11) real earthquake records were selected, scaled and used for nonlinear time-
history analysis. The earthquake performance level of the building was determined. Then, the ground motion

* Corresponding author, E-mail: sahinfaruk.ins@outlook.com
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acceleration records of the February 6, 2023 Pazarcik (7.7 Mw) earthquake, obtained from stations 3112 and 3115
located close to the building, were applied to the analysis model and the results were analyzed.

2. Building properties and seismicity of the region

Built in 2014, Stell Tower's buildings were designed within the scope of TEC-2007 (TEC, 2007) and constructed
as three blocks separated by dilatation gaps. This study was carried out on block A. Columns are made of S275
quality HE240A, HE260A, HE300A, HE340A, HE360A, HE400A, HE450A, HES00A, HES50A, HE600A,
HEG650A, HE700A, HE700B, HE650B profiles. Beams consist of IPE and HEA profiles with different sizes. In
the center of the building there is a core consisting of reinforced concrete shear walls. The width of the shear wall
members is 30 cm. The shear walls are connected using reinforced concrete beams with dimensions of 30cm x
80cm. The structural slab system is a 12cm high composite slab composed of high strength trapezoidal plate, stud
nails and concrete material placed on steel beams. In the analysis model, it is assumed that the floor system has
rigid diaphragm behavior. The floor heights are 3 m in the basement, 4.2 m in the ground floor, 3.2 m in the first
floor, 2.8 m in the second floor, 3.6 m in the third floor and 3.2 m in all other floors.
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Fig. 1. Steel Tower's building views, floor structural plan and analysis model
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Hata! Bagvuru kaynagi bulunamadi.Fig. 1 (a) shows the exterior view of the building, (b) shows the
structural system images taken from the parking lot floor, (c) shows the normal floor structural system plan and
(d) shows the structural analysis model created using ETABS program.

Block A is 23.7 m in X direction and 21.1 m in Y direction and its structural system is geometrically close to
a square. Reinforced concrete shear walls are placed to surround the stair and elevator shafts in the center of the
building. These shear wall elements were placed in the building with a total of 6 pieces of 3.1 m in X direction, 2
pieces of 8 m and 2 pieces of 4.6 m in Y direction.

According to the geotechnical investigation conducted in 2013, the primary wave velocity (V;) of the soil was
found to be 668 m/s, the shear wave velocity (V;) was 498 m/s, and the average shear wave velocity in the upper
30 meters (Vyz0) was determined to be 474 m/s. The soil subgrade reaction coefficient was calculated as 3000
t/m3. Since the performance analysis of the relevant building will be conducted in accordance with TBEC 2018
within the scope of this thesis, the local soil class has been selected as ZE based on Table 16.1 of TBEC 2018, and
the relevant parameters have been determined accordingly.

Hatay province is a city located on the Eastern Anatolian Fault Zone (EAFZ). Fig. 2Hata! Basvuru kaynagi
bulunamadi. obtained from the Republic of Turkey Ministry of Interior Disaster and Emergency Management
Presidency Turkey Acceleration Database and Analysis System, shows the earthquakes (Mw>5.0) that occurred
in the region after 2000. The destructive February 6, 2023 Pazarcik 04:17 (7.7 Mw) and February 6, 2023 Elbistan
10:24 (7.6 Mw) earthquakes occurred on the EAFZ. When the ground motion records of the related earthquakes
are analyzed, the largest ground acceleration of the Pazarcik earthquake was measured at station 4614 and was
2.005g in the E-W direction.
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Fig. 2. Earthquakes in the region after 2000 (MW>5.0) (Turkey Strong Motion Database and Analysis System)

The performance analysis was performed using 22 (2x11) earthquake records selected in accordance with
TBDY 2018. Then, acceleration records obtained from stations 3112 and 3115, which are the closest stations to
the structure, were used in the analysis to examine the effect of the February 6, 2023 Pazarcik (7.7Mw) earthquake
that occurred in the region (Fig. 3).
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Fig. 3. Station locations 3112-3115
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3. Analysis model and earthquake forces

Unconfined concrete, confined concrete and steel material models for reinforced concrete shear wall and beam
elements were determined using the relations given in TBEC 2018 (Fig. 4Hata! Basvuru kaynagi bulunamada.).
Concrete characteristic compressive strength is defined as 35 Mpa, structural steel quality class is defined as S275
and reinforcing steel quality class is defined as B420C. Reinforced concrete beam section is 30 cm x 80 cm and 5
reinforcements with 18 mm diameter were used as top and bottom reinforcement and 5 reinforcements with 12
mm diameter were used as web reinforcement. Reinforcement with a diameter of 12 mm at 10 ¢cm spacing was
used as confined reinforcement. The length of the start-end zone of the shear walls was 60-100 cm and 14
longitudinal reinforcements with a diameter of 22 mm and 16 mm diameter reinforcements with a spacing of 10
cm were used as confined reinforcement. Longitudinal reinforcement with a diameter of 18 mm at 12 cm spacing
and reinforcement with a diameter of 16 mm at 12 cm spacing were used as horizontal reinforcement in the middle
parts of the wall. The nonlinear material models obtained by using the specified material and section properties
were defined in ETABS program (Fig. 5).
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Fig. 4. Confined-unconfined concrate and steel material models (TBEC, 2018)
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Fig. 5. Beam and shear wall models defined in ETABS program

3.1 Hinge properties
Steel column members are modeled as finite bar elements. In order to represent the nonlinear behavior of these
members, lumped plastic hinges were defined at both ends of the members. The axial compressive-tensile strengths
of each column section were determined according to the ‘Regulation on Design, Calculation and Construction
Principles of Steel Structures’ (2016) and the interaction diagram (axial force-moment) yield surface was obtained.
P-M2-M3 plastic hinge definitions were made through ETABS program.

In the existing structure, single-double angle joint details were used in the connections of steel beam members
to shear walls and columns. The moment transfer capacity of this type of connections is very low compared to
rigid connections. In this structure, it is assumed that the steel beam members do not transfer moment to the shear
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walls and columns and the beam ends are modeled as hinged. Since no plastic deformation is expected in hinged
joints, no plastic hinge is assigned to the beam members (Fig. 6).

Fig. 6. Steel beam connection details of the existing structure

M3 lumped plastic hinge was defined for reinforced concrete beam elements. SAP2000 program was used to
obtain moment-curvature graph for cross-sectional analysis. The yield moment value My=620 kNm and yield
curvature value ¢y= 0.0052 were used in the analysis as read from the idealized curve (Fig. 7).
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Fig. 7. Cross-sectional analysis and definition of M3 plastic hinge

Reinforced concrete shear walls were assigned fiber P-M3 hinge with the help of ETABS program and shear
sections were divided into fiber elements (Fig. 8).
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Fig. 8. Reinforced concrete shear wall section fiber P-M3 hinge

The effective section stiffnesses of the beam members using lumped plastic hinges are included in the
calculations using the equations given in TBEC 2018 (Eq. (1), Eq. (2)).
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3.2 Loads and loading cases affecting the structure and seismic loads
The dead loads acting on the structure are as follows;
Slab Loads: Trapezoidal sheet plate under concrete + Slab Concrete (12cm) = 2.1 kN/m?
Coating + Plaster = 1.6 kN/m?
Partition Walls = 1 kN/m?
Total Slab Dead Load = 4.7 kN/m?
External Walls (20cm) = 4.9 kN/m
Roof Snow Load S = 0.75 kN/m?
Slab live loads are considered as 2 kN/m?and 5 kN/m? depending on the floor usage purposes.
The earthquake loads to be applied to the existing structure and the horizontal elastic response spectrum to be
used in determining the damage conditions of the structure under these loads were determined according to TBEC
2018 (Fig. 9).
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Fig. 9. Horizontal elastic response spectrum

In this study, the Pacific Earthquake Engineering Research Center Ground Motion Database (PEER) NGA West2
Data Bank created by the University of California was used to select the eleven acceleration records required for
three-dimensional nonlinear analysis (Hata! Bagvuru kaynagi bulunamadi.). SeismoMatch (Al-Atik &
Abrahamson, 2010) program was used to convert the selected acceleration records to spectral matching (Fig. 10).

Table 1. Selected 11 earthquake acceleration records (PEER)

Lowest
Record . . Rrup  Vs30  Usable
No Earthquake Number Year Station name Magnitude (km) (m/sn) Frequenc
y
1 Imperial Valley-06 178 1979 El Centro Array #3 6.53 12.85 16294 0.0625
2 Imperial Valley-06 179 1979 El Centro Array #4 6.53 7.05 20891 0.0625
3 Superstition Hills-02 721 1987 El Centro Imp. Co. Cent 6.54 182 192.05 0.0875
4 Superstition Hills-02 728 1987 Westmorland Fire Sta 6.54 13.03 193.67 0.0875
5 Landers 900 1992 Yermo Fire Station 7.28  23.62 353.63 0.07
6 Kobe Japan 1101 1995 Amagasaki 6.9 11.34  256.0 0.125
7 Kobe Japan 1116 1995 Shin-Osaka 6.9 19.15 256.0 0.125
8 Kocaeli  Turkey 1158 1999 Duzce 7.51 1537 281.86 0.1
9 Duzce Turkey 1602 1999 Bolu 7.14  12.04 293.57 0.0625
10 Duzce Turkey 1605 1999 Duzce 7.14 6.58 281.86 0.1
j1 EIMayor-Cucapah_ 50,7 5010 Michoacan De Ocampo 7.2 1591 242.05  0.0625

Mexico
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Fig. 10. Match to target spectrum (SeismoMatch, 2022)

3.3 Modal analysis results

Dynamic modal analysis of the structure for 50 mode numbers was performed in ETABS program. According to
the modal analysis results, the 1st mode has the largest mass participation in the X direction (63.60%) and the 2nd
mode has the largest mass participation in the Y direction (63.80%). The dominant mode in X direction is 1st mode
with a period value of 2.07 s, and the dominant mode in Y direction is 2nd mode with a period value of 1.510 s.
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Fig. 11. Mode shapes (ETABS, 2018)

4. Nonlinear analysis and evaluation

In TBEC 2018, the condition where inelastic deformation starts significantly and the damage level remains
negligible is considered as ‘Immediate Occupancy ’ (I0) performance level. The condition where the non-linear
behaviour stops significantly is called ‘Limited Damage’ (LD) performance level. After large displacements, the
reduction of the earthquake effect indicates that the strength is exhausted and this level is defined as ‘Collapse
Prevention’ (CP) performance level. The limit at which the structural system can safely resist horizontal loads with
limited inelastic deformations is defined as the ‘Life Safety’ (LF) performance level.
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Fig. 12. Damage states TBEC 2018 (Celep, 2020)
22 earthquake ground motion acceleration records were used to determine the damage conditions of reinforced
concrete beam, reinforced concrete shear wall and steel column elements for each floor level by averaging the
maximum strain and rotation values obtained from the analysis results.
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Figure 13. Shear walls and reinforced concrete beams

There are 10 reinforced concrete beams on each floor of the existing building. According to the results of the
performance analysis, only the reinforced concrete beam elements in the X direction are damaged. No plastic
deformation occurred in the reinforced concrete beam elements in the Y direction. Table 2 shows the proportional
distribution of all reinforced concrete beams according to the damage levels.

Table 2. All structure beam damage level percentages

Total

Pieces Ratio
LDR 105 %LDR 61.76
LSR 43 %LSR 25.29
CPR 8 %CPR 471
CR 14 %CR 8.24

Shear force control of reinforced concrete beam elements in the existing structure was performed by following
the steps in TBEC 2018 and TS500. In these controls, it was determined that the beam members were designed
ductile.

When the flexural damages of reinforced concrete shear walls were analyzed, it was observed that each shear
wall remained at ‘Limited Damage Region’. The shear capacities of the reinforced concrete shear wall elements
were determined using the formulas provided in TBEC 2018 and (Institute) ((Eq. (3), Eq. (4)). Capacity checks
were performed by averaging the maximum shear forces obtained from the 22 analyses. It was observed that their
shear capacities were sufficient.

V.= Ach(ol65 + fctd + pshfywd) 3)
<V
Vo < 0,854k fek 4)

Ve < 0165Ach fck
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According to the results of the nonlinear analysis, no plastic rotations occurred at the ends of the steel columns.
Since the plastic rotation values at the ends of the columns are zero, all columns remain at ‘Limited Damage’ (SH)
performance level.

4.1 February 6, 2023 effects of Kahramanmarag (Pazarcik) Earthquake on the structure

7.7 Mw Pazarcik earthquake acceleration records were obtained from stations 3112 and 3115 (Fig. /3) located
close to the structure (Fig. 13). The related records were applied to the existing building model and the results such
as base shear force values, relative story drifts, peak displacement values were analyzed.
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Fig. 13. February 6, 2023 Pazarcik earthquake 3112 and 3115 station acceleration records

Response Spectra For Records 3112-3115 And The
Target Design Spectrum (AFAD)
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Fig. 14. Response Spectra For Records 3112-3115 And The Target Design Spectrum

When the spectral acceleration values obtained from horizontal ground motion records are compared with the
horizontal elastic design spectrum values derived from the Earthquake Hazard Map, it is observed that the actual
earthquake at Station 3112 remained below the design spectrum for DD-2 (Design Earthquake) level (Fig. 14).
When the spectral acceleration values obtained from the horizontal ground motion records are compared with the
horizontal elastic design spectrum values derived from the Earthquake Hazard Map, it is observed that the response
spectrum values of the N-W component at Station 3115 exceed the DD-2 target spectrum for period values between
0.20 and 0.26 seconds. On the other hand, the spectral acceleration values of the E-S component remain below the
DD-2 target spectrum (Fig. 14).

U/ golden light
‘ pubhshmg


http://www.goldenlightpublish.com/

The earthquake ground motion records of the processed data from stations 3112 and 3115 were defined in
ETABS program and loading cases were created. Loading cases were defined to impact the structure from both
directions. Then, the directions of the acceleration records were turned 90 and the structure was again affected.
The graphs of ‘Relative Story Displacement’, ‘Story Shear Forces’ and ‘Story Displacements’ values are given in
(Fig. 15).
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Fig. 15. ‘Interstory Drift Ratio’, ‘Storey Shear Forces’ and ‘Storey Displacements’ graphs for RSN3112-00 /
RSN3112-90 loadings

Based on the analysis of ground motion acceleration records from the 3112 station for the February 6 Pazarcik
(Kahramanmarag) earthquake, the maximum peak displacement was observed to be approximately 0.102 meters.
The interstory drift ratios remained around 0.2%. According to the records of the Pazarcik earthquake, the
maximum base shear force was calculated as 9401.35 kN. As a result of the analyses conducted using the 3112
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station records, all steel column, reinforced concrete beam, and shear wall elements in the existing structure
remained within the Limited Damage (LD) performance level, and no brittle failure behavior was observed.
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Fig. 16. ‘Interstory Drift Ratio’, ‘Storey Shear Forces’ and ‘Storey Displacements’ graphs for RSN3115-00 /
RSN3115-90 loadings

Based on the ground acceleration records obtained from Station 3115 for the February 6 Pazarcik
(Kahramanmaras) earthquake, the maximum peak displacement was observed to be approximately 0.32 meters.
The interstory drift ratios remained around 0.7%. According to the records of the Pazarcik earthquake, the
maximum base shear force was calculated as 25933 kN.
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5. Conclusions
The results obtained from the two stations show noticeable differences. According to the data recorded at Station
3112, no seismic effects significant enough to cause damage were observed in the building. In contrast, the results
from Station 3115 indicate that the seismic demand may have caused minor damage specifically in the reinforced
concrete beam elements of the structure. However, post-earthquake inspections revealed no visible damage in the
building. It is important to recognize that the ground motion records from these stations may not fully represent
the actual seismic demands experienced by the building during the February 6 earthquakes, due to factors such as
the distance between the stations and the structure, and differences in local site conditions. Station 3112 is located
closer to the building, near the coastal area, while Station 3115 is situated further inland compared to Station 3112.
According to the data from Station 3115, the peak ground acceleration (PGA) reached approximately 0.304g,
whereas the maximum PGA value recorded at Station 3112 was around 0.101g. In Iskenderun district of Hatay
province, the level of building damage varied significantly across different areas—while some regions experienced
severe structural damage, others were affected much less. One possible reason for this variation could be the
differences in ground accelerations, even between nearby locations. The area extending from Iskenderun’s PAC
Square toward the 'Steel Towers', and slightly beyond, contains buildings that suffered heavy damage. Moving
from PAC Square toward the coastline, the severity of damage gradually decreases. The building stock between
the PAC Square and the coast is notably old, with sandy soil conditions and a high groundwater level. Based on
regional damage patterns and the ground motion values recorded by nearby seismic stations, it can be concluded
that the February 6 earthquakes caused spatially variable ground accelerations in this region.
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Abstract. One of the structural parts of the mosques is the minarets, which have a special symbolic significance
as well as their functionality. Minarets, which are long and thin in terms of their structure, are very sensitive to
earthquake effects compared to the main structures of mosques. They are among the first structures to be damaged
or destroyed during and earthquake. In the last century, several devastating earthquakes have occurred in Tiirkiye
and many minarets have been damaged in these earthquakes. One of them is minaret of the historical Yenipazar
Mosque. It is narrated that the minaret collapsed in the 1939 Erzincan Earthquake. The purpose of this study is to
examine the accuracy of this narration from a technical point of view and determine how the collapse mechanism
of the minaret occurred. The finite element (FE) method was used to determine the collapse mechanism of the
minaret. The FE model was created in the Abaqus, and nonlinear dynamic analysis was carried out by using 1992
Erzincan Earthquake. It has been observed that the damage mechanism occurred transition segment of the minaret.
Tensile stresses occurred locally in this region. This situation can be caused by the difference in stiffness between
the slender body and the more rigid pedestal. So, it is very important to determine the collapse mechanisms under
the effect of a possible earthquake and take the necessary precautions for this type structures.

Keywords: Collapse mechanism; Finite element simulation; Nonlinear dynamic analysis

1. Introduction

Historical masonry minarets are as enduring icons of architectural and cultural significance across various regions
of the world. These magnificent structures, which is primarily associated with Islamic architecture, serving as
symbols of religious devotion, architectural mastery, and cultural identity. They are characterized by their
towering, slender, and often ornate designs, making them essential components of mosques.

These iconic historical structures have endured for centuries, witnessing various environmental challenges,
including seismic events that threaten their structural integrity. Minarets, which are long and thin in terms of their
structure, are very sensitive to earthquake effects compared to the main structures of mosques. During an
earthquake, they are often among the first structures to be damaged or destroyed. The vulnerability of masonry
minarets, which constructed using a variety of materials such as brick, stone, and mortar, lies not only in their
height and slender profiles. Also, the intricacy of their designs can cause complex structural behaviour during
seismic events. As a matter of fact, understanding the seismic performance of masonry minarets is of importance
to safeguard these historical culture and ensure continuity to future. So, it is very important to determine the
collapse mechanisms under the effect of a possible earthquake.

In understanding the seismic behaviour of masonry minarets, it has made significant strides in recent years.
Studies employing have advanced analytical methods, including finite element analysis and experimental testing,
have shed light on their seismic response (Mirtaheri, et al., 2017;Erdogan et al., 2019;Hdkelekli et al., 2020;
Hokelekli and Al-Helwani, 2020; Altiok and Demir, 2021a, 2021b; Yurdakul et al., 2021; Isik et al., 2022; Maras
et al., 2022; Tresnjo et al, 2023). In addition, innovative retrofitting techniques have been proposed to mitigate
seismic risks while preserving their historical and architectural value (Turk, 2013; Bayraktar and Hokelekli, 2021;
Sentiirk et al., 2022; Demir et al., 2023).

This paper aims to evaluate the seismic performance of a historical masonry minaret, determine the collapse
mechanism, and offering insights into the complex behaviour of these type structures, which are located in
seismically active regions. Within the scope of this purpose, a historical masonry minaret, which is rumoured to
have collapsed in the 1939 Erzincan earthquake, was selected and its seismic behaviour was examined. Modal
analysis, and nonlinear dynamic analyses were carried out. The collapse mechanism was evaluated and the results
obtained were evaluated according to the relevant guide.

* Corresponding author, E-mail: ahmetcan@ktu.edu.tr
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2. Description of historical minaret

Yenipazar Mosque is located in Ordu province of Turkey and was built in 1870 (Fig. 1). It is narrated that the
minaret collapsed in the 1939 Erzincan Earthquake. In addition, no study has been carried out on the minaret of
the mosque until today. In order to reconstruct the historical minaret, the minaret types of the demolished or
standing mosques in its immediate vicinity were determined. Although some of the mosques were destroyed, a
restoration project was prepared using the minarets of that period as an example.
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Fig. 1. Some views of Yenipazar Mosque and minaret

The pedestal part of the historical minaret has a square geometry and the body part has a circular geometry.
The minaret has a total length of 22.17m. The wall thickness is 20cm at the pedestal and 16cm in other sections.
The inner diameter of the cylindrical body is 1.26m and the outer diameter is 1.58m. Step length and height of the
stairs are 60cm and 22cm, respectively. The minaret is supported on the mosque from one side along the pedestal.
Views and sections of survey drawings prepared by taking into account the geometric data of the historical minaret
are given in Fig. 2.

3. Evaluation of structural performance

The finite element (FE) method was used to determine the structural behaviour of the historical minaret. The FE
model was created in the Abaqus software taking into account the macro modelling technique (Abaqus, 2022)
(Fig. 3). Linear tetrahedron C3D4 finite solid element with 4 nodes was used in the FE model. To evaluate the
structural behavior of the historical minaret, modal and nonlinear dynamic analysis were carried out.

The collapsed minaret was reconstructed with ashlar stone. Also, rubble stone was used in the filling part of
the pedestal of the minaret. As know, the material properties of historical buildings are often difficult to precisely
know and destructive and/or non-destructive methods are required to obtain the material properties. In this study,
values specified in the guideline called Earthquake Risk Management Guide for Historical Structures were
considered in the selection of the material properties (GMERHS, 2017) (Table 1). The guideline, which is
published in Turkey, purpose the assessment the seismic performance level of historical masonry structures. On
the other hand, Concrete Damage Plasticity (CDP) material model, which is a constitutive model based on a
combination of theory of plasticity and damage mechanics, was considered in nonlinear dynamic analysis. The
relevant nonlinear parameters (Table 2 and Table 3) considered in the analysis for the masonry units were selected
from the literature (Bayraktar and Hokelekli, 2021).
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Fig. 2. View and sections of survey drawings prepared for minaret
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Fig. 3. Some views of the FE model for historical minaret
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Table 1. Material properties used in finite element analyses (GMERHS, 2017)

Element Elasticity modulus (N/m2) Poisson Ratio (-)
Stone masonry 2.1E9 0.2
Filling part 1.0E9 0.2

Table 2. Mechanical parameters of CDP model for masonry units (Bayraktar and Hokelekli, 2021)

Material Dilation angle Eccentricity fro/feo K, ;/;rs:;ilgr
Stone 10 0.1 1.16 0.667 SE-05
Table 3. Tensile stress—strain values for masonry units (Bayraktar and Hokelekli, 2021)

Tension Tensile damage parameters

o (MPa) gP! dt el
0.2000 0.2000 0.000 0.000

0.0005 0.0005 0.950 0.007

0.0005 0.007

3.1. Modal response

Modal analysis of the historical minaret was carried out to determine the natural frequencies and mode shapes,
called dynamic characteristics. As a result of the analysis, the frequencies of the first five modes were obtained
between 1.502-11.391Hz. The first five mode shapes are translational modes in x and y directions, bending modes
in x and y directions, and torsional modes, respectively. The first five mode shapes and relevant natural frequency
values are given in Fig. 4.

Y

1t mode 2" mode "' mode th mode " mode
f1=1.502Hz 2=1.507Hz f3—7.812Hz f4—7.956Hz f5—11.391Hz

Fig. 4. The first five mode shapes and relevant frequency values

It is narrated that the historical minaret collapsed in the 1939 Erzincan Earthquake. It is aimed to carried out
the nonlinear dynamic analysis to examine the accuracy of this narration from a technical point of view and
determine the collapse mechanism of the historical minaret under the earthquake effect. The 1939 Erzincan
Earthquake is a very old earthquake and it is very difficult to obtain an acceleration record of the earthquake under
the conditions of the time. Only the intensity and magnitude of the earthquake are known. Essentially, since the
starting point is to evaluate the collapse mechanism of the historical minaret under dynamic effects, it was
approved to use the records of the 1992 Erzincan earthquake, which occurred in the same geography approximately
fifty years after the 1939 earthquake and had a high impact. Fig. 5 shows the acceleration components of the 1992
Erzincan Earthquake. In the nonlinear dynamic history analysis, EW component of the earthquake was considered.

The Earthquake Risk Management Guide for Historical Structures sets targeted performance levels based on
the order of importance of historical structures. The historical minaret is classified as a local important historical
structure, and the Collapse Prevention (CP) performance level is expected at DD-2 seismic ground motion levels,
according to the guide. The CP evel is the threshold at which serious damage occurs in structural system elements,

W2 golden light
‘ pubhshmg

16


http://www.goldenlightpublish.com/

the structure is on the verge of partial or total collapse, but migration is prevented. Table 4 and Table 5 show the
targeted performance levels as well as the limit values for these performance levels.
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Fig. 5. The acceleration components of the 1992 Erzincan Earthquake

Table 4. Recommended target performance levels (GMERHS, 2017)
The nationally important
historical structure

Performance Levels to be
Selected According to

The internationally important historical structure

the Importance of | DD s | D
Historical Structures Limited Damage Limited Damage Limited Damage
(LD) (LD) (LD)
DD-3 DD-2 DD-1
Controlled Damage Controlled Damage Controlled Damage
The locally important (CD) (CD) (CD)
historical structure DD-3 DD-2 DD-1
Collapse Prevention Collapse Prevention Collapse Prevention
(CP) (CP) (CP)

Table 5. Calculation methods and limit values related to performance levels (GMERHS, 2017)
Performance Level Analysis Method/ Limits
Linear analysis is employed:
Limited Damage v Ultimate stresses of the material or ultimate strength of the structural element and
Level (LD) joints are not exceeded
v Drifts do not exceed 0.3%
Linear analysis is employed:
v' Ultimate stresses of the material or ultimate strength of the structural element and
joints are not exceeded, when the structure is subjected to vertical and earthquake

gznmt?lel:el(jevel loads reduced by Ra<3
(D) & v’ Drifts do not exceed 0.7%
Nonlinear analysis is employed:
v Ultimate strains of the material are not exceeded
v Drifts do not exceed 0.7%
Linear analysis is employed:
v' Ultimate stresses of the material or ultimate strength of the structural element and
Collapse joints can be exceeded with a certain ratio (i.e. 50%), when the structure is subjected
PS¢ to vertical and earthquake loads reduced by Ra<3
Prevention Level ) o
(CP) Drifts do not exceed 1.0%

Nonlinear analysis is employed:
v’ Ultimate strains of the material can be exceeded by a certain ratio (i.e., 20%)
v Drifts do not exceed 1.0%

*Ra: Seismic Load Reduction Factor
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The contour diagram of the horizontal displacement in the moment of the earthquake when the horizontal drift
ratio reached 1%, which is specified for CP performance level in Table 5, is given in Fig. 6a. Also, the change of
drift ratio with time is shown in Fig. 6b. As can be seen in Fig. 6b, the drift ratio exceed the 1% value first time
aproximetly 3.0" seconds of the earthquake record. It can be accepted that the minaret began to be damaged and
collapsed after this time.
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Fig. 6. (a) Displacement contour diagram and (b) time-history graphic of lateral drift ratio

The developing of DamageT contour diagrams under tensile stresses during the earthquake is given in Fig.7.
As can be seen in Fig. 7, the transition segment between the pedestal and the cylindrical body of historical minaret
started to be damaged at the aproximetly 3.0" second of the earthquake. In the transition segment where the square
form of the pedestal transforms into a cylindrical body, damage resulting from horizontal loads such as earthquakes
and wind is one of the most common types of damage. The reason for this is the tensile stresses concentration that
occurs due to a decrease in cross-section and stiffness at the intersection between the transition segment and the
cylindrical body of the minaret. This stiffness reduction results in uneven stress distribution and creates localized
points of weakness. The damage mechanism observed in the 4" second of the earthquake is similar to the actual
collapse mechanism of the historical minaret (Fig. 8). It was observed that in the following seconds of the
earthquake, damage mechanisms also began to occur at the junction of the upper body and the balcony of the
historical minaret.

4. Conclusions

This paper presents the evaluation the seismic performance and determinetion the collapse mechanisms of a
historical masonry minaret, which is narreted to have collapsed in 1939 Erzincan Earthquake. The following
conclusions are drawn from the paper:

e The first five mode shapes are defined as translational modes in x and y directions, bending modes in x and
y directions, and torsional modes, respectively. In addition, the frequencies of the first five modes were
obtained within 1.502-11.391Hz.

o It was observed that the damage caused by tensile stresses occurred primarily in the transition segment of
the historical minaret. It can be stated that this situation arises from the difference in stiffness between the
clindirical body and the more rigid In the transition segment where the square form of the pedestal
transforms into a cylindrical body, damage resulting from horizontal loads such as earthquakes and wind is
one of the most common types of damage. The reason for this is the tensile stresses concentration that
occurs due to a decrease in cross-section and stiffness at the intersection between the transition segment
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and the cylindrical body of the minaret. This stiffness reduction results in uneven stress distribution and
creates localized points of weakness. Also, in this segment, insufficient connections and incorrect design
are effective to tensile stress concentration. The geometry and cross-sectional ratios of the pedestal and
cylindrical body must be compatible with tensile stresses to spread along the height of the minaret.. The
damage mechanism observed in the 4th second of the earthquake is similar to the actual collapse mechanism

of the historical minaret.
Minarets, which have long and thin in structural, are very sensitive to earthquake effects in segments where
their cross-sections and stiffness differ, and collapse mechanisms generally occur in these regions. So, it can be
stated that, it is of great importance to strengthen the minaret walls with rod bars in order to absorb the tensile

stresses.
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Fig. 7. The evolution of the tension damage during earthquake

19


http://www.goldenlightpublish.com/

Collapsed part

Damaged part

g ..... "“2// \\?"

Fig. 8. Comparison of actual collapsed part of historical minaret and tensile damage at t=4" sec of earthquake
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Abstract. Near-field records exhibit distinct ground motion characteristics compared to far-field records.
Assuming these records to have identical characteristics may lead to the oversight of critical near-field effects,
such as fling and velocity pulses, which are inherent to near-field records. These effects, however, must be
considered during the design process to ensure safety, as they impose additional demands on structural systems.
Various design codes propose different solutions to address this issue, with the most common approach involving
the application of distinct coefficients to design spectra. Nevertheless, these assumptions often prove either
insufficient or overly conservative for certain periods. Additionally, when Time History Analysis is conducted,
the aforementioned effects require careful consideration. This is because they are prone to being eliminated during
the spectral matching and scaling process or misrepresented in ground motion selection steps. This paper aims to
evaluate the perception of near-field effects and compare current methods for selection and scaling of ground
motion records for Nonlinear Time History Analysis. To achieve this, different approaches from design codes
worldwide are applied within Nonlinear Time History Analysis to Single Degree of Freedom (SDOF) systems of
different natural frequencies. The impact of near-field effects across different periods is assessed by examining
changes in ductility demands. The results indicate that the inclusion of near-field effects is crucial for certain
periods. Thus, these effects must be accurately represented without exaggerating their influence during less critical
periods.

Keywords: Ground motion selection; Near-field effects; Nonlinear time history analysis; Ground motion scaling;
Ductility

1. Introduction

Near-field ground motions require attention to the dynamics of occurring earthquake waves. Specifically, when
rupture propagates toward a site at a velocity close to the shear wave speed, seismic energy concentrates into a
single strong velocity pulse at the beginning of the record (Somerville et al., 1997). Besides the mentioned forward
directivity, directionality of ground motion record changes the amplitude across periods and distance ranges. For
sites at 5 km radius of causative fault maximum spectral accelerations tend to appear closer to 90 degrees (strike-
normal orientation) (Shahi & Baker, 2013). These phenomena can significantly influence structural response,
highlighting the need for accurate representation in seismic analysis.

However, existing Ground Motion Prediction Models (GMPEs) do not consider near-field effects explicitly
and some available design codes only provide rough approximations. UBC-97 was the first design code in United
States of America to incorporate near-field effects, applying coefficients to response spectra based on earthquake
magnitude and source distance. ASCE introduced the near-fault concept for the first time in its 7.16 version,
requiring ground motion record pairs to be rotated to fault-normal and fault-parallel directions while ensuring they
are not lower than the maximum considered earthquake spectra. Additionally, ASCE 7-22 modifies the response
spectra at longer periods by applying calculated coefficients to address the increased safety demands.

TBDY-2018 was the first design code from Turkiye to state that properly scaled near-field records should be
used in nonlinear time history analysis for sites located within 15 km of an earthquake source in the section
5B.3.6(a). In addition to TBDY-2018, the Design of Highway and Railway Tunnels and Geotechnical Structures
Under Seismic Effects Code (2020) also imposes restrictions on the selection and scaling of ground motion records
for sites near active fault zones in Turkey.

As it is depicted in both ASCE-7-22 and TBDY-2018, selecting the ground motion records is as crucial as
processing them. The ground motion records shall be selected to reflect the site conditions at best. Earthquake
magnitude, causative source to site distance and site class being the most commonly used factors since they contain
the significant information of frequency content, spectral amplitudes, spectral shape and event duration (Beyer &
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Bommer, 2007). Additionally, the causative fault mechanism should be similar to the considered event, and the
ground motions should contain sufficient energy to accumulate on-site while being recorded within a distance
range close to it. Besides these main properties different design codes require certain details to be considered.
Those selected ground motions have to be carefully handled in the amplitude scaling process. Since near-field
ground motions respond differently at short and longer periods due to variations in spectrum level and magnitude,
uniformly scaling a fixed response spectral shape fails to accurately represent them (Somerville, 2003).

Despite the developments in design codes, their coverage and efficiency remain vague. Thus, this study aims
to assess ground motion selection methods from ASCE-22 and TBDY-2018 under near field effects. A sample site
in Tuzla/Istanbul is selected, which is expected to be affected by the North Anatolian Fault. Ground Motion records
are obtained from PEER NGA West2 Ground Motion Database. Nonlinear time history analysis will be performed
on a SDOF system while aforementioned codes are applied. As ductility demand outputs of the analysis are
compared for that particular site, sufficiency of the methods will be discussed.

2. Influence of near field effects on ground motion records

Prior to investigate the impact of near field effects, it would be more explanatory to show the change in the records
themselves. As the most characteristic sign, the velocity pulse is present in the near field records. Even though the
pulse can be seen without any procession, it can be clearly shown by extracting from the record itself. The Morgan
Hill Earthquake (1984) record from Coyote Lake Dam-Southwest Abutment Station has been used in illustration.
Ground motion record is Low-pass Butterworth filtered to get rid of the noise, thus the velocity pulse is more
visible. It should be noted that; while filtering the near fault records, especially with high-pass filters, velocity
pulses might get lost due to their high frequency characteristics. Filtered results have to be reviewed to avoid such
mistakes. Fig. 1 demonstrates the velocity time histories of two perpendicular horizontal components of Morgan
Hill Earthquake with properties given in Table 1. The velocity pulse is clearly visible as a full sine wave on both
components’ velocity time series as highlighted with magenta.

The primary properties of a near field record; magnitude, distance and directionality are examined as they
consequentially create the variance in design spectra. To analyze their impact, 56 different near field ground
motion records had been chosen from PEER NGA West2 Ground Motion Database which are listed in Table 2.
Amplification factors were used to express the change of distance and magnitude caused over spectral period.
Following subsections will discuss each factor in detail.
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Fig. 1. Velocity time series of horizontal components with low-pass Butterworth filtered, unfiltered and velocity

pulse
Table 1. Properties of Morgan Hill Earthquake
Earthquake  Yea . Magnitude Distance (Rjb, Fault
Name r Station Name (Mw) km) Mechanism
. 198 Coyote Lake Dam - Southwest . .
Morgan Hill 4 Abutment 6.19 0.18 Strike Slip
Table 2. List of earthquake events
Earthquake Name Year Station Name Magnitude (Mw) Distance (Rjb, km)
Chi-Chi_ Taiwan-04 1999 CHYO074 6.2 6.02
Coyote Lake 1979 Gilroy Array #2 5.74 8.47
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Table 2. Continued

Coyote Lake 1979 Gilroy Array #3 5.74 6.75
Coyote Lake 1979 Gilroy Array #4 5.74 4.79
Coyote Lake 1979 Gilroy Array #6 5.74 0.42
Darfield New Zealand 2010 DSLC 7 5.28
Darfield New Zealand 2010 GDLC 7 1.22
Darfield New Zealand 2010 HORC 7 7.29
Darfield New Zealand 2010 LINC 7 5.07
Darfield New Zealand 2010 Riccarton High School 7 13.64
Darfield New Zealand 2010 ROLC 7 0
Darfield New Zealand 2010 Styx Mill Transfer Station 7 20.86
Darfield New Zealand 2010 TPLC 7 6.11
Denali  Alaska 2002 TAPS Pump Station #10 7.9 0.18
Duzce Turkey 1999 Bolu 7.14 12.02
Duzce Turkey 1999 IRIGM 487 7.14 2.65
El Mayor-Cucapah  Mexico 2010 El Centro Array #12 7.2 9.98
El Mayor-Cucapah  Mexico 2010 Westside Elementary School 7.2 10.31
Imperial Valley-06 1979 Agrarias 6.53 0
Imperial Valley-06 1979 Brawley Airport 6.53 8.54
Imperial Valley-06 1979 EC County Center FF 6.53 7.31
Imperial Valley-06 1979 El Centro - Meloland Geot. Array 6.53 0.07
Imperial Valley-06 1979 El Centro Array #10 6.53 8.6
Imperial Valley-06 1979 El Centro Array #3 6.53 10.79
Imperial Valley-06 1979 El Centro Array #4 6.53 4.9
Imperial Valley-06 1979 El Centro Array #5 6.53 1.76
Imperial Valley-06 1979 El Centro Array #6 6.53 0
Imperial Valley-06 1979 El Centro Array #7 6.53 0.56
Imperial Valley-06 1979 El Centro Differential Array 6.53 5.09
Imperial Valley-06 1979 Holtville Post Office 6.53 5.35
Kobe Japan 1995 KIMA 6.9 0.94
Kobe Japan 1995 Port Island (0 m) 6.9 3.31
Kobe Japan 1995 Takarazuka 6.9 0
Kobe Japan 1995 Takatori 6.9 1.46
Kocaeli  Turkey 1999 Arcelik 7.51 10.56
Kocaeli  Turkey 1999 Yarimca 7.51 1.38
Landers 1992 Yermo Fire Station 7.28  23.62
Morgan Hill 1984 Coyote Lake Dam-Southwest Abutment ~ 6.19 0.18
Morgan Hill 1984 Gilroy Array #6 6.19 9.85
Parkfield-02 CA 2004 PARKFIELD - EADES 6 1.37
Parkfield-02 CA 2004 Slack Canyon 6 1.6
Parkfield-02 CA 2004 Parkfield - Cholame 1E 6 1.66
Parkfield-02 CA 2004 Parkfield - Cholame 2WA 6 1.63
Parkfield-02 CA 2004 Parkfield - Cholame 3E 6 4.95
Parkfield-02 CA 2004 Parkfield - Cholame 3W 6 2.55
Parkfield-02 CA 2004 Parkfield - Cholame 4W 6 33
Parkfield-02 CA 2004 Parkfield - Fault Zone 1 6 0.02
Parkfield-02 CA 2004 Parkfield - Fault Zone 9 6 1.22
Parkfield-02 CA 2004 Parkfield - Fault Zone 12 6 0.88
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Table 2. Continued

Parkfield-02 CA 2004 Parkfield - Stone Corral 1E 6 2.85
San Salvador 1986 Geotech Investig Center 5.8 2.14
San Salvador 1986 National Geografical Inst 5.8 3.71

Superstition Hills-02 1987 Kornbloom Road (temp) 6.54 18.48

Superstition Hills-02 1987 Parachute Test Site 6.54 0.95
Tottori Japan 2000 TTRO08 6.61 6.86
Westmorland 1981 Parachute Test Site 59 16.54

2.1. Effect of directionality and directivity

Directionality becomes an issue where directivity effects, mainly the velocity pulse, change the characteristic of
the ground motion record. More specifically, the resultant pulse is directed towards the fault normal direction since
surface horizontal shear waves align normal to the fault (Hayden et al., 2014, pp. 2). Consequently, forward
directivity pulses typically exhibit the highest peak-to-peak velocity within a 30° range of the fault normal
direction, despite considerable scatter (Hayden et al., 2014, pp. 13). Thus, near field records would be
underestimated if directionality is not considered in the process.

ASCE 7-22 requires the near field records to be rotated to fault normal and fault parallel directions before
applied to the building in the section 16.2.4. While TBDY-2018 does not mention rotation of near field records
before application. Thus, assessing the amplification of rotated records would emphasize one of the points those
codes differ. To evaluate how much of a difference directionality makes in near field, spectra of records form
Table 2 will be rotated to fault normal and fault parallel. And the average ratio to geometric mean of two horizontal
components will be plotted over time. Fig. 2 illustrates the average amplification factor of 56 near field records
over time. It is clear in Figure 2 that, Fault Normal to Geometric Mean ratio gets even larger after 1.4-1.5 seconds
reaching to 1.2 and exceeding 1.35 at longer periods. Which makes longer periods after 1.5 seconds more fragile
about directionality of near field records. As expected, fault parallel rotations remain smaller than geometric means
with amplification factor smaller than 1 at longer periods, proving velocity pulses concentrate on fault normal
direction.
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Fig.2. Amplification factor over period graph containing fault normal, fault parallel ratios

2.2. Effect of distance
Spectral acceleration amplitude differs across rotation angles as it is shown in the previous subsection. But it is
not the only aspect that near field obliges the designer to be careful of. Meaning that, causative fault-to-site distance
plays a crucial role as the spectral amplitude changes with both distance and time. To briefly explain significance
over this concept, wave propagation characteristics must be pointed out. Since earthquake waves accumulate in a
near field record, high frequency pulses dominate the response. Demanding higher ductility from the structures.
Before investigating the impact on ductility, the most amplificated distance and period couples are to be
determined. To accomplish this, the near field events listed in Table 2 are categorized into groups based on Joyner
& Boore distance (Rjp): less than 5 km, less than 10 km, and more than 10 km. Using the ratios between Fault
Normal to Geometric mean and Fault Normal to Maximum Rotated spectra, amplification factors are plotted over
period on Fig. 3. Fig. 3 shows that Fault Normal to Geometric Mean spectra ratio has the biggest amplitudes at
longer periods for the first 10 km exceeding 1.4. Besides, the factor increases further, nearly reaching 1.5 after

U/ golden light
‘pubhshmg

24


http://www.goldenlightpublish.com/

Fault Normal/Geometric Mean

N
wn

-
~

N
w

-
o

-

Amplification Factor

09
0<Rjb<5.0
08¢ 0 <Rjb<10.0 .
10.0 <Rjb
07 . | | | I I I
0 1 2 3 4 5 6 7 8

Period (s)
Fig. 3. Amplification factors depending on distance, fault normal to geometric mean spectra ratio over time

3 seconds in the first 5 km. As distance grows larger than 10 km, amplification factor decreases. Yet, Fault Normal
spectra remain larger than Geometric Mean spectra for longer periods.

2.3. Effect of magnitude

Another aspect to consider in a possible near field event is the magnitude of the earthquake. Magnitude may seem
less relevant in the design process, but a closer look at the components of Moment Magnitude, specifically the
Seismic Moment, reveals its significant influence on wave propagation. Seismic Moment quantifies the energy
released by a fault during an event, considering the rigidity of the soil, fault area, and slip. Since a fault does not
rupture altogether instantaneously, seismic waves accumulate throughout the event. In cases of longer slip, more
waves are generated, leading to formation of low-frequency waves. Therefore, smaller magnitude earthquakes lack
the frequency content necessary to produce strong near-field effects. Additionally, as the fault area decreases,
waves are released bearing less energy, making them easily get damped along the site.

The mentioned relations suggest that as earthquake magnitude increases, near-fault effects have a greater
impact on the spectra. Thus, earthquake data from Table 2 are divided into two groups, those with less or more
magnitude than Mw 6.5. Average of Fault Normal spectra to Geometric mean spectra ratio of each separate group
is plotted over time in Fig. 4. It is clearly shown in Figure 4 that, as the period gets longer, the effect of magnitude
on spectra becomes explicitly greater, verifying the suggested relation.
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Fig. 4. Amplification factors depending on earthquake magnitude, fault normal to geometric mean spectra ratio
over time

3. Ground motion selection

As it is emphasized in earlier sections; properties of ground motion records affect the acceleration spectra due to
near field effects. Hence, before conducting a nonlinear time history analysis, selecting proper features to represent
near field behavior is essential. The range of features must be defined similarly to the site of interest. These factors
can become extensive when more data are available but optimum results can still be obtained with certain features.
Mainly, distance to the fault, magnitude of event and Vss3p (shear wave velocity of soil) can describe the site
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conditions effectively. As it has been explained in Section 2, impact of defined range of distance diminishes
significantly after 10 km thus, accurate range should be set. Likewise, before and after magnitude of 6.5 spectral
amplitudes differ at longer periods making the spectra sensitive to magnitude increment. Also, source mechanism
should be similar to the ones that potentially affect the site. Lastly, Vs3o of soil is crucial since soil amplifies or
deamplifies certain periods. Thus, amplified periods might be amplified again due to soil conditions. Being
accurate with these factors leads to a spectrum accounting near field effects decently and resulting in a non-
overestimated or underestimated analysis results.

Current codes briefly mention ground motion selection for near fault sites. Besides the magnitude, source
characteristics, distance and site conditions; ASCE 7-22 implies in the section 16.2.2 that, MCERr (Risk based
Maximum Considered Earthquake) shall also include the rupture directivity and impulsive characteristics.
Although at least 11 records are required, since experiencing pulse-like motions is probabilistic, only a portion of
the records (based on pulse probability) has to be pulse-like in the ground motions set. Current code in use in
Turkey TBDY-2018, do not put any restrictions considering near fault selection but rather implies that ground
motion records should have compatible source to site distance with the site under observation. But Design of
Highway and Railway Tunnels and Geotechnical Structures Under Seismic Effects Code adopts a similar approach
with ASCE 7-22, making the designer use at least 3 directivity possessing ground motion records with possibility
of rupture directivity. Project location is given in Fig. 5 which has at least 10 km distance to the North Anatolian
Fault shown with red lines. Considering the possibility of affection of sample site, a range is set for each feature.
And the selected 11 ground motion data is given in the Table 3.
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Fig. 5. Project location and the North Anatolian Fault

Table 3. List of selected ground motion data

Earthquake Name Year Station Name M?ﬁf{lgl)lde (II: IJI?) (IYVSSG(i)
Imperial Valley-06 1979 El Centro Array #3 6.53 10.79 162.94
Morgan Hill 1934 ~ Covote Lake Dam - Southwest 6.19 0.18 56143
Abutment
Superstition Hills-02 1987 Parachute Test Site 6.54 0.95 348.69
Kobe Japan 1995 Takatori 6.9 1.46 256
Parkfield-02 CA 2004 Parkfield-Cholame 3E 6.0 4.95 397.36
Duzce Turkey 1999 Bolu 7.14 12.02 293.57
Chi-Chi_ Taiwan-04 1999 CHY074 6.2 6.02 553.43
Tottori_ Japan 2000 TTRO08 6.61 6.86 139.21
Darfield New Zealand 2010 TPLC 7 6.11 249.28
ElMayor-Cucapah_— ) El Centro Array #12 72 9.98 196.88
Mexico
El Mayor—Cucapah_ 2010 Westside Elementary School 7.2 10.31 242
Mexico

4. Ground motion scaling
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For the last step of ground motion processing, amplitude scaling will be executed in accordance with the ASCE 7-
22 and TBDY-2018 instructions. If those codes are to be compared upon their restrictions to amplitude scaling,
they both do not put any restriction to preserve the near field characteristics of motions. But ASCE 7-22 forbids
the usage of spectral matching unless pulse characteristics are preserved. ASCE 7-22 modifies the response spectra
before scaling by coefficients to obtain maximum response spectra rather than geometric mean spectra. To achieve
that seismic ground motion maps are increased %10 for short period and %30 for 1 second responses. This
modification adequately compensates the growth that velocity pulses create in long period responses. Meanwhile,
TBDY-2018 does not embrace such an approach regarding maximum response. But requires the design spectra to
be multiplied by 1.3 to close the gap between the component combination methods SRSS and GM, often confused
to replace the amplification ASCE 7-22 provides. Besides these coefficients, ASCE 7-22 and TBDY-2018 adopt
different approaches with directionality of records. ASCE 7-22 demands the all earthquake records representing
nearby causative faults to be rotated to fault normal and fault parallel directions before application. Whereas,
TBDY-2018 only demands the seismic components to be orthogonal to the building, overlooking the amplification
at fault normal direction.

To compare the differences between ASCE 7-22 and TBDY-2018’s methods, selected earthquake records from
Table 3 will be scaled to design spectrum that belongs to location in Figure 5. And to compare the difference that
near fault makes in rotation of ground motions records, spectra will also be scaled after rotating to fault normal
and maximum direction separately. Design spectra of seismic ground motion level with 2% possibility of
exceedance in 50 years is obtained which corresponds to the MCERr spectrum that ASCE 7-22 requires. Ground
motion records are rotated by 1 degree to later sort out the maximum of the rotated records. Resultant values of
maximum rotation and rotation to fault normal processes are scaled as a group to obtain the best fitting average
spectra. Scaling factor of each earthquake record had been picked out as the optimum value as Fahjan (2008) states
that in nonlinear analysis scaling factors should be limited between 0.5 and 2. And since, considerably large or
small factors alter the physical content of records, excessive factors are intentionally avoided. And the exerted
scaling factors are given in the Table 4. In Fig. 6 result of the mentioned processes according to ASCE 7-22 is
presented. Fig. 6(a) represents the maximum rotation results. It is obvious that maximum rotated records are well
comply with the MCERg spectrum. Fig. 6(b) represents the fault normal spectrum, showing smaller acceleration
values than maximum rotated spectrum. But scaled fault normal spectrum fits the MCER spectrum good as well.
Figure 7 illustrates the scaling process rooting from TBDY-2018. And in 7(a), maximum rotation process results
are presented. Design spectrum lies far below the maximum rotated spectrum after the corner periods, showing
that actual ground motion records result in a larger spectrum after scaling. Lastly, Fig. 7(b), shows the resultant
spectrum of fault normal records. Even though the spectrum remains smaller than 7(a) similar inference can be
made, meaning that fault normal rotated records make a higher spectrum with near field effects. As it is obvious
on both Fig. 6(a) and 7(a), maximum rotated spectra catch the amplification on longer periods better contrary to
GM and SRSS spectra.

Table 4. List of scaling factors

Scaling Factors

Earthquake Name Maximum Rotated Spectra Fault Normal Spectra
ASCE-7-22 TBDY-2018 ASCE-7-22 TBDY-2018
Imperial Valley-06 3.18 3.85 3.93 3.25
Morgan Hill 1.16 1.39 1.45 1.25
Superstition Hills-02 2.20 2.64 2.64 2.34
Kobe Japan 1.20 1.44 1.60 1.33
Parkfield-02 CA 1.66 2.03 2.12 1.75
Duzce Turkey 1.25 1.50 1.67 1.39
Chi-Chi_ Taiwan-04 2.05 2.45 2.71 2.22
Tottori_ Japan 2.40 2.87 2.90 2.45
Darfield New Zealand 3.78 4.58 4.81 391
El Mayor-Cucapah_ Mexico 2.46 2.96 3.02 2.52
El Mayor-Cucapah_ Mexico 2.71 3.25 3.31 2.77
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Fig.6. (a) Maximum rotated spectra scaled according to ASCE 7-22,
(b)Fault normal spectra scaled according to ASCE 7-22
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Fig.7. (a) Maximum rotated spectra scaled according to TBDY-2018
(b)Fault normal spectra scaled according to TBDY-2018

5. Nonlinear time history analysis

The low-frequency nature of velocity pulses increases the elastic demand due to the amplification observed at
longer periods in the elastic design spectra. However, what truly ensures the safety of a structure is its ability to
accommodate plastic deformation and ductility. Therefore, the changes in ductility demands caused by near-field
effects will be investigated through nonlinear time history analysis. To compare different methods, the maximum
rotated, fault-normal, and fault-parallel time series are scaled according to the factors provided in Table 4. Each
pair of scale factors and time series is analyzed separately. The results are then plotted as the average ductility of
the selected ground motion series over the period. Fig. 8(a) and 8(b) illustrate the average ductility demand results
of the maximum rotated time series scaled according to ASCE 7-22 and TBDY-2018, respectively. Despite
differences in the elastic spectrum, the ductility demands show no significant variations based on the dissimilar
scale factors provided by ASCE 7-22 and TBDY-2018. Fig. 9(a) and 9(b) present the average ductility demand
results of the fault-normal and fault-parallel rotated time series scaled according to ASCE 7-22, respectively. When
comparing Fig. 9(a) and 9(b), the anticipated impact of near-field effects becomes evident in Fig. 9(a). It is clear
that ductility demands increase significantly in the fault-normal direction compared to the fault-parallel direction,
especially between 0.5 and 3 seconds. A similar conclusion can be drawn from Fig. 10(a) and 10(b), which show
the fault-normal and fault-parallel ductility demands according to TBDY-2018. To further emphasize the increased
ductility demand due to fault-normal rotation, non-rotated horizontal components are plotted in Fig. 11(a) and
11(b). It is clearly evident that near-field effects are overlooked when ground motion records are not rotated. The
outcome of the nonlinear time history analysis demonstrates that, regardless of the method provided by the codes
regarding spectra, ductility demands are most affected by the orientation and the high-frequency content of pulse-
like ground motion records.
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Fig.8. (a) Ductility demand of maximum rotated time series scaled according to ASCE 7-22,
(b) Ductility demand of maximum rotated time series scaled according to TBDY-2018
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Fig.9. (a) Ductility demand of fault normal time series scaled according to ASCE 7-22,
(b) Ductility demand of fault parallel time series scaled according to ASCE 7-22
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Fig.10. (a) Ductility demand of fault normal time series scaled according to TBDY-2018,
(b) Ductility demand of fault parallel time series scaled according to TBDY-2018
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Fig.11. (a) Ductility demand of H1 component time series scaled according to ASCE 7-22,
(b) Ductility demand of H2 component time series scaled according to ASCE 7-22

6. Conclusions
Near-field ground motion records inherently contain additional high- and low-frequency waves that differ from
those in far-field records. Therefore, this study aims to evaluate the significance of these features, which might be
overlooked in current practices. To briefly compare the methods, the impact of near-field motions was investigated
through both spectral analysis and nonlinear time history analysis. The results indicate that selecting appropriate
ground motions for analysis is crucial to simulate realistic structural responses. Simple scaling method was utilized
in this study; however, during the selection and scaling processes, certain near field records resulted in extreme
scaling factros. Therefore, acceptable scaling factors must be chosen. For advanced projects, sophisticated scaling
methods should consider directivity when dealing with near-field records. The outcome of the spectral analysis
shows that the TBDY-2018 design spectrum does not adequately capture the amplification effects caused by near-
field motions, remaining approximately 25% to 50% lower than the obtained spectra at longer periods. In contrast,
ASCE 7-22 manages to cover the scaled spectra with almost no disparity. However, regarding ductility analysis,
both codes provide comparable results, regardless of the orientation of the time series.
e Near-field records tend to exhibit greater amplification within the first 5 km, with the amplification
decreasing significantly after 10 km.
o Near-field effects require sufficient energy to become active; thus, as the event magnitude increases, near-
field effects grow in intensity and influence the acceleration spectra, particularly after Mw 6.5 events.
e Although ASCE 7-22 addresses the necessary criteria for ground motion selection, TBDY-2018 lacks
sufficient requirements beyond source-to-site distance considerations.
e Accumulated earthquake waves do not significantly impact the short-period range of the acceleration
spectra; however, low-frequency velocity pulses increase the spectral acceleration at longer periods.
e TBDY-2018 overlooks the orientation of near field records, resulting in a underestimated design spectrum.
¢ Nonlinear time history analysis results indicate that regardless of the method suggested by design codes,
average ductility demand increases and reaches maximum values along the fault-normal direction at short
periods.
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Abstract. In current engineering practice, seismic design of buildings is realized by considering translational
ground motions only. However, for buildings with certain geometrical properties rotational ground motions can
be effective. For instance, precast industrial buildings are generally low-rise structures with large plan dimensions.
Due to the larger dimensions in the plan, precast industrial buildings can be susceptible to rotational ground motion
components. Therefore, the contribution of the rotational ground motion components to the overall seismic
behavior of the industrial buildings should be investigated. In this study, it is aimed to perform nonlinear time
history analysis for precast industrial buildings by considering rotational ground motion components together with
the translational ones. A set of ground motions from the past earthquakes that occurred in Tiirkiye are utilized in
this study. The numerical model of the precast industrial building is developed using a commercial Finite Element
Method (FEM) software. In the numerical model, nonlinear elements are modelled using line elements with fiber
sections. Appropriate material models are utilized for concrete and reinforcing steel from the material library of
the FEM software. The effects of rotational ground motions are evaluated based on the change in the drift ratios
of the precast columns. Nonlinear time history analysis results indicate that the contribution of rotational ground
motions to the overall seismic performance can be significant.

Keywords: Rotational ground motions; Nonlinear time history analysis; Precast industrial buildings; Seismic
structural behavior

1. Introduction

A significant portion of Tiirkiye lies on active fault lines, making it one of the most seismically active countries in
the world. This geographical reality puts millions of people and countless structures at risk, especially in major
cities like Istanbul and Balikesir, where dense populations and vital industrial facilities are concentrated. In these
regions, the structural resilience of buildings is not just a matter of engineering it’s a matter of public safety and
economic stability.

To address this challenge, seismic design standards have been developed and continuously refined over the

years. These regulations aim to ensure that buildings can withstand the destructive forces of earthquakes by taking
into account the specific seismic characteristics of each region. Traditionally, these codes and engineering practices
have focused on translational ground motions those that move the ground horizontally or vertically.
However, growing evidence from recent research suggests that this may not be the full picture. Earthquakes also
produce rotational ground motions subtle but potentially influential twists around vertical and horizontal axes that
have often been overlooked in conventional analysis. These rotational components can interact with a building’s
structural system in complex ways, especially in large or irregularly shaped structures like industrial precast
buildings.

This study aims to explore this lesser-considered aspect of seismic activity. By using nonlinear time history
analysis, which simulates the dynamic response of structures to real recorded ground motions, the research
examines how rotational ground motion components influence the behavior of precast industrial buildings. The
goal is to provide a deeper understanding of their impact and to highlight the importance of including rotational
effects in performance based seismic design, especially for critical infrastructure.

* Corresponding author, E-mail: yaman.khalbous@gmail.com
https://doi.org/10.31462/icearc2025_ce_eqe 038
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2. Methodology

2.1. Description of the precast RC industrial building
The building analyzed in this study is a single-story precast reinforced concrete (RC) industrial structure located
in Balikesir, Tiirkiye. It has a floor plan of 18 by 37.5 meters and has a total height of 12 meters as shown in Fig.1
The structure includes 12 precast concrete columns that carry prefabricated roof beams, trusses, and girders, all
designed in accordance with the building codes. The connections between the columns and beams are not rigid
they’re designed to release moments, so they act like pinned joints. This kind of connection is quite common in
precast construction and allows the parts to move slightly without transferring bending forces.

The sandwich panels receive support from precast concrete purlins. Elastic diagonal braces, with pinned
connections, were placed between purlins in the numerical model for simulation of the diaphragm effect that was
provided by these sandwich panels according to guidelines specified in (TBDY-2018).
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Fig. 1. Plan layout of the structure

(EA), =35t (1)
In this calculation (EA)e. t represents the overall thickness in millimeters of the sandwich panel sheets. As per
code requirements, the spacing of purlins in addition to diagonal brace angle was modelled as o = 45°.

2.2. Numerical modeling approach

2.2.1. Finite element modeling (FEM)

Fig. 2 shows detailed three-dimensional numerical model and it created using (SAP2000, 2025), a widely used
software for finite element analysis in structural engineering. The model explicitly captures both translational and
rotational seismic excitation responses. Structural columns were modeled with nonlinear frame elements that
include plastic hinges defined at potential plastic hinge regions, in accordance with the Turkish Building
Earthquake Code (TBDY 2018) requirements. Roof girders, beams, and trusses were idealised as elastic members
with pinned connections at the supports.
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Fig. 2. Three-dimensional modeling of the structure (SAP2000)

2.2.2. Nonlinear material and section modelling

To account for material nonlinearity, fiber hinges are placed at the ends of the columns. These hinges represent
the different parts of the cross-section confined concrete, unconfined concrete, and reinforcing steel using
individual fibers defined through SAP2000’s fiber modeling tool.

The concrete behavior is modeled using (Mander, 1988)’s stress-strain curves, with separate properties for
confined and unconfined zones as shown in Fig. 3. In this study, C40 concrete is used, which offers good strength
for industrial structures. The reinforcement is B420C grade steel, modeled with an elastoplastic approach to reflect
yielding behavior.

The cross-section is divided based on the actual geometry and reinforcement layout, and the hinge length is
taken as 10% of the clear column height, following the recommendation in TBDY 2018. This setup allows the
model to realistically capture how columns respond during strong earthquakes, especially when they go beyond
their elastic limits.
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Fig. 3. Fiber section definition for bottom column hinge

2.3. Vertical loading conditions

The vertical loads applied in the structural analysis were determined according to the (TS-498) based on its use
and condition of the building. The unit weights of structural elements such as precast concrete columns, roof
beams, and roof purlins were directly incorporated into the numerical model through the material definitions
transferred to SAP2000. Specifically, the unit weight of reinforced concrete elements was 25 kN/m? and that of
steel elements was 78.5 kN/m?. Table 1 shows the additionally applied dead load and live loads (snow). According
to TBDY 2018/Table 4.3, the live load participation factor n=3 was used in the seismic analysis to consider the
probability of live loads under seismic conditions.
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Table 1. Vertical loads

Loads Dead/Live Load Intensity
Covering roof Dead 0.12 kN/m?
Snow Live 0.75 kN/m’?

2.4. Ground motion selection

2.4.1. Translational ground motions
A set of seismic acceleration records of major earthquakes in Turkey was selected from the (AFAD, 2025)
database. The criteria for selecting these records included earthquake magnitude, distance from the epicentre to
the site, similarity of soil types. This careful selection helps ensure that the ground motions reflect realistic
conditions for the area. As a result, the analysis outcomes are more reliable and relevant to the building’s actual
seismic risk.

The peak ground acceleration (PGA) values for the selected earthquakes in the X, Y, and Z directions are
presented in Table 2. An example of the recorded motion, specifically for the 2023 Kahramanmarag (Elbistan)
earthquake, is shown in Fig. 4, which illustrates the translational acceleration time history in the X-direction.

Table 2. Transalational GMs PGA values

Earthquake PGA X (g) PGA Y (g) PGA Z (g)
Mw5.8 Izmit (Kocaeli) 1999 0.324 0.074 0.07
Mw7.1 Duzce (Bolu) 1999 0.523 0.408 0.321
Mw7.7 Kahramanmaras (Elbistan) 2023 0.5 0.549 0.692
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Fig. 4. Translational ground motion time history in X-direction

2.4.2. Rotational ground motion components

In this study, we did not just focus on the usual translational ground movements rotational ground motions also
taken into account. These rotational components, which represent twisting around the vertical axis, were estimated
using the Single Station Procedure (SSP), this method reconstructs the torsional acceleration histories from the
recorded ground translational motions. This method allows the determination of the rotational components by
analyzing the wave propagation characteristics of a single recording station.

The rotational motions corresponding to selected seismic events in Turkey are derived and used directly
together with the translational motions for nonlinear time history analysis (based on the procedure described in
(Sisman & Taciroglu, 2024) paper. When the rotational effects Included it gives us a more realistic picture of how
an earthquake might impact large structures, especially those with wide floor plans, like the precast industrial
building studied in this project.

The peak rotational acceleration values for the selected earthquakes around Z direction are presented in Table
3. An example of the recorded motion, specifically for the 2023 Kahramanmaras (Elbistan) earthquake, is shown
in Fig. 5.
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Table 3. Roatational GMs PGA values

Earthquake Peak Rotational Acceleration (rad/s?)
MwS5.8 Izmit (Kocaeli) 1999 0.007281837
Mw?7.1 Duzce (Bolu) 1999 0.099841712
Mw7.7 Kahramanmaras (Elbistan) 2023 0.100387171

01 Kahramanmaras (Elbistan) - Rotational Ground Motion - Acceleration Time History
AT T T m

0.08 - -

o o o
o o o
= B &

Rotational Acceleration (rad/s?)
L]

0,02
0.04
0.06
-0.08 - 3
1 1
0 10 20 30 40 50 60 70
Time (s)

Fig. 5. Rotational ground motion time history

2.5. Nonlinear time history analysis

To better understand how the building will respond to earthquakes, the nonlinear time history analyses are
performed. In these analyses, both horizontal (translational) and rotational ground motions applied to the building's
finite element model as shown in Fig. 6. The analysis was performed using the Newmark-p method, as described
in (Chopra, 2017). with a small time step, typically 0.01, to ensure the seismic input’s high frequency content was
accurately captured.

The main focus is on how the columns will behave in their drift ratios, and where plastic hinges (potential
damage or failure) will form and spread during the earthquake. Two scenarios were examined:

e One where only horizontal and vertical ground motions were applied.

e Another example where both translational and rotational motions were included.

By comparing these two cases, it became clear how rotational ground motions can affect a building’s seismic
performance. The results of drift ratios and plastic hinge patterns were then evaluated using the performance limits
and damage states set by the Turkish Earthquake Code (TBDY 2018), helping us judge whether the current
structure meets safety requirements under realistic earthquake conditions.

In the nonlinear time history analysis, the Newmark-$ method is used for numerical time integration. The
parameters y=0.5 and = 0.25 are calculated according to the constant mean acceleration method and f=0.25 is
chosen. This method is generally applicable to the analysis of nonlinear structures with large deformations and
inelastic behavior.

Loads Applied

Load Type Load Name Function Scale Factor
v U1 ~ | X-maras ~ |9.81
I
Add
uz y-maras
u3 Z-maras
R2 t-maras Modify
Delete
[[] Show Advanced Load Parameters
Time Step Data
Mumber of Output Time Steps 7800
Qutput Time Step Size 0.01
Other Parameters
Damping Proportional Modify/Show..
Time Integration Hilber-Hughes-Taylor Modify/Show.
Monlinear Parameters Default Modify/Show.

Fig. 6. Time history load case definition for translational and rotational ground motion
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Classical proportional damping considered using Rayleigh damping. The damping matrix [ ¢ ] is defined as
the combination of the mass and stiffness matrices:
c=oam+ Bk (2)
where o and f are the Rayleigh damping coefficients. The modal damping ratio {,. for each mode r was calculated
as:

¢r= 5 (ag+Bor) 3)
where w, is the circular natural frequency of mode r.
To define appropriate damping across critical vibration modes:
For combined translational and rotational ground motions, the first mode (T = 0.95 sec) and the third mode (T
= 0.84 sec) were captured for torsional effects as shown in Fig. 7.
A 5% critical damping ratio ({ = 0.05) was specified for both selected periods.

E Direct Integration Damping

Viscous Proportional Damping
Mass Proportional Stiffness Proportional
Coefficient Coefficient
() Direct Specification

© Specify Damping by Period 0.351 tisec | T.095E-03 sec

() Specify Damping by Frequency

\: Specify as Period Ratio, T/T_mode, for This Mode

Period Damping
First 085  sec 0.05 Recalculate

Second 0.84 sec 0.0 Coefficients

Fig. 7. Damping model

3. Results
The results from the nonlinear time history analysis show that rotational ground motion does not affect every part
of the structure in the same way. For example, at Joint 13, as seen in Table 4, there's a slight increase in
displacement when rotational ground motion is included—indicating a small rise in drift at this location.
Meanwhile, at Joint 145, the opposite occurs: the displacement slightly decreases under rotational input. This
pattern is also evident in the Duzce 1999 earthquake results (Table 5) and the Izmit 1999 earthquake results (Table
6). These differences suggest that the effect of rotational motion varies across the building, with certain areas
experiencing increased drift while others experience reduced drift depending on the direction and location.

This variation in drift behavior is also illustrated in Fig. 8 and Fig. 9, which compare the X- and Y-axis drift
values at Joints 13 and 145 under different ground motion cases.

Table 4. Mw7.7 Kahramanmaras (Elbistan) 2023 maximum drift ratio

Joint  GMs Type OutputCase Ul U2 X-axis (Drift)  Y-axis (Drift)
13 Translational Time History-maras 0.23408  0.19322  1.9507 1.6102

13 Rotational Time History-T-maras 0.23798  0.19329  1.9831 1.6108

145 Translational Time History-maras 0.22426  0.18974  1.8689 1.5812

145 Rotational Time History-T-maras 0.22077  0.18452  1.8397 1.5376

Table 5. Mw7.1 Duzce (Bolu) 1999 maximum drift ratio

Joint  GMs Type OutputCase Ul U2 X-axis (Drift)  Y-axis (Drift)
13 Translational Time History-maras 0.1647 0.1115 1.3725 0.9292

13 Rotational Time History-T-maras 0.16503  0.1094 1.3753 0.9116

145 Translational Time History-maras 0.16064  0.1134 1.3387 0.945

145 Rotational Time History-T-maras 0.15768  0.10969 1.314 0.9141
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Table 6. Mw 5.8 Izmit (Kocaeli) 1999 2023 maximum drift ratio

Joint  GMs Type OutputCase Ul U2 X-axis (Drift)  Y-axis (Drift)
13 Translational Time History-maras 0.01797  0.01138  0.14975 0.0948
13 Rotational Time History-T-maras 0.018 0.01164  0.150017 0.097
145 Translational Time History-maras 0.01806  0.0132 0.150533 0.11
145 Rotational Time History-T-maras 0.01811  0.01311  0.150925 0.1093
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4. Discussion
This study finds that rotational ground motions have relatively little effect on the overall seismic response of the
precast industrial building. Rotational effects sometimes caused a drift reduction slightly, such as at Joint 145, but
at others, like Joint 13, a slight increase was felt.

This implies that the torsional effect does not function equally and sometimes, aid in the redistribution of forces
within to reduce lateral displacement. Despite their little magnitudes compared to translational accelerations,

rotational components can even have a slight influence, mainly in large floor plan structures.

Fig. 9. Joint 145 drift comparison under ground motions

However, the findings suggest that for symmetric and regular precast buildings, rotational motion effect is
negligible. Therefore, while it may not be necessary to consider rotational movements in all design scenarios, it
can improve accuracy in performance analyses, particularly in sensitive or unconventional structural
configurations.
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5. Conclusions

The research on the influences of rotational ground motions on the seismic response of a single-story precast RC
industrial building using nonlinear time history analysis was the object of this research. The study indicated that
although the overall influence of rotational components is minor, they can affect structural response by the minimal
change of drift values at specific points.

The analyses confirmed that the interaction between translational and rotational motions produces a non-
uniform seismic demand, even in ordinary structural configurations. This emphasizes the necessity of considering
more than a single component of motion to gain a more complete understanding of structural behavior under
earthquake loading.

Lastly, although rotational motions are not critical for all designs, their inclusion provides a more realistic
representation of seismic demands. The conclusion is especially beneficial for performance-based design and
analysis of industrial facilities where safety and continuity of operations are of utmost importance.
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Abstract. This study evaluates the efficiency of a rapid and hybrid seismic strengthening technique using
prestressed iron-based shape memory alloy (Fe-SMA) plates. Two 1/3-scale RC bridge piers were prepared for
this study. The first column remained unstrengthened for baseline comparison. The second column was
strengthened with external vertical prestressed Fe-SMA plates on both sides of the column to significantly enhance
its flexural and seismic performance. In addition, circumferential Fe-SMA welded plates were utilized around the
column for active confinement. All Fe-SMA plates were thermally activated above 250°C, inducing vertical
prestressing and active confinement effects in the second column. Under quasi-static lateral cyclic loading, the
vertical Fe-SMA plates alone improved the column’s lateral strength, energy dissipation, and displacement
ductility by 35.97%, 107.29%, and 55.16%, respectively. Thereby, the addition of vertical and lateral prestressed
Fe-SMA significantly improved the lateral cyclic response of the second column, alongside with reducing its
residual displacements, and effectively suppressing damage in its plastic hinge region. This study pioneers the
application of novel prestressed flexural and active confining strengthening systems on RC piers, addressing a
significant gap in the area of seismic strengthening. As the first experimental investigation of its kind, it marks a
breakthrough in utilizing prestressed Fe-SMA plates as hybrid strengthening to enhance the seismic performance
of RC piers. Additionally, the study provides a detailed methodology for the rapid implementation of the proposed
hybrid strengthening system, making it highly suitable for scenarios requiring quick bridge rehabilitation and
minimal service disruption.

Keywords: Seismic strengthening; Fe-SMA; Prestressed; Plastic hinge; Hybrid

1. Introduction

Previous pioneering studies (Chail, Priestley, & Seible 1991; Priestley & Seible 1995) have shown that reinforced
concrete (RC) bridge columns built before the 1971 seismic code revisions have suffered from poor ductility and
low lateral strength due to inadequate design practices. These issues included widely spaced transverse
reinforcement that fails to provide sufficient concrete confinement and short lap splice lengths that prevent full
yielding of the columns’ longitudinal reinforcements. As a result, such deficiencies posed serious risks to the
structural integrity and post-earthquake functionality of bridges. To address these problems, various strengthening
systems have been explored, especially focusing on external confinement techniques, which can be classified into
passive and active systems. Passive confinement engages only after the column witnesses damage and deforms
circumferentially, while active confinement engages instantly after its utilization, thereby providing the deficient
RC column with an early increase in strength and enhancement in its performance, even before damage occurs.

Traditional confinement methods like concrete or steel jacketing are labour-intensive, non-durable, and
incapable of providing active confinement. Therefore, heavy attempts to use prestressed steel strands, like in
(Saatcioglu & Yalcin 2003), or fiber-reinforced polymer (FRP) prestressed belts, like in (Nesheli & Meguro 2006),
have been conducted to utilize the great benefits of active confinement and enhance the seismic performance of
deficient RC bridge piers. However, such attempts required complex strengthening hardware and installation, and
careful design due to challenges like creep rupture in FRP.

In the past three decades, Shape Memory Alloys (SMAs) have emerged as promising materials for seismic
strengthening, owing to their unique thermo-mechanical properties (Lagoudas 2008). Notably, (Shin & Andrawes
2011) were the first to introduce Nickel-Titanium-Niobium (NiTiNb) SMA 0.58 mm spirals to apply active
confinement around deficient RC columns. Their study showed that the NiTiNb-SMA active confinement
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significantly increased the column’s displacement ductility, energy dissipation, and drift capacity. Consequently,
their findings demonstrated the SMA's high potential in enhancing the seismic performance of deficient RC piers.

However, while SMA-based active confinement significantly enhances the ductility and energy dissipation of
deficient RC bridge piers (Shin & Andrawes 2011), it contributes little to the column’s lateral strength, which is a
common observation reported by many researchers (ElGawady, Endeshaw, McLean, & Sack 2010; Saeed, Aules,
& Rad 2022; Sause, Harries, Walkup, Pessiki, & Ricles 2004; Shin & Andrawes 2011), whether for actively or
passively confined RC columns. As such, flexural strengthening has become important in noticing a significant
enhancement in the column’s lateral strength and addressing strong-beam weak-column conditions. Countless
studies have attempted to utilize flexural strengthening systems on deficient RC columns; however, prestressed
flexural strengthening systems have never been attempted before due to its heavy practical challenges in applying
prestress forces externally along the column’s vertical plane. As a result, passive systems like externally bonded
(EB) and near-surface mounted (NSM) reinforcements have gained traction due to their simplicity and ease of use.

In response to the limitations of prestressed flexural strengthening systems utilized on deficient RC bridge
columns, the current study builds on prior research by (Al Ekkawi & El-Hacha 2025a) (same authors of this
manuscript) who developed recently in 2025, a “practical and innovative prestressed flexural strengthening
technique using iron-based SMA (Fe-SMA) plates.” These plates were anchored on both sides of the column using
a welded-bolted system to achieve robust prestressing. Therefore, this study further investigates the performance
of this prestressed Fe-SMA flexural strengthening system on another RC column, combining it with active
confinement techniques using the same Fe-SMA plates. Correspondingly, two seismically deficient RC columns,
representing 1/3-to-scale RC bridge piers, were tested under lateral cyclic loading to assess their lateral cyclic
performance in terms of the parameters mentioned in Section 2. The results confirmed the significant benefits of
the proposed "active hybrid systems," which integrate flexural and confinement strengthening using prestressed
Fe-SMA plates. The findings of this research fill a critical gap in the field of prestressed flexural strengthening
and active confinement of RC columns, thereby offering an insightful and better approach for further enhancing
the seismic performance of deficient RC bridge columns in the future.

2. Research objective
This study investigates the effectiveness of a novel active hybrid strengthening system using iron-based Shape
Memory Alloy (Fe-SMA) as a prestressed flexural external reinforcement and an active confining material to
enhance the seismic performance of deficient RC columns. The key performance metrics studied in this research
include lateral strength, hysteretic behaviour, displacement ductility, energy dissipation, recentering ability, and
accumulated damage. It also explores the benefits of incorporating active confinement using Fe-SMA plates
applied through a robust and quick welding approach, highlighting its convenience for emergency applications.
To achieve this, two circular RC columns with low transverse reinforcement — representing seismically
vulnerable 1/3-to-scale RC bridge piers — were tested under quasi-static lateral cyclic loading. The two columns
are shown in Fig. /. One column remained unstrengthened as a control (Fig. /a). The second column, named
“FlexSMA-CSW,” was strengthened and prestressed in flexure using prestressed Fe-SMA plates. In addition,
welded Fe-SMA plates were utilized around the column for active confinement (Fig. /b). Notably, the
aforementioned strengthening elements were applied along the columns’ estimated plastic hinge length
(determined later in another section). By comparing the performance of these columns, the study demonstrates the
effectiveness of the Fe-SMA prestressed flexural strengthening system combined with the confining Fe-SMA
welded plates in improving the column’s lateral cyclic response.

3. SMA: brief overview
Shape Memory Alloys (SMAs) have gained significant attention in structural strengthening over the past
decade due to their unique smart behaviour and superelasticity.

Welded Fe-
SMA plates

Vertical Fe-SMA for
flexural enhancement

s ..,-.A. —— e _k L
(a) As-built (b) FlexSMA-CSW
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Fig. 1. Column testing matrix

These properties stem from a reversible crystallographic transformation between two phases: austenite (4) and
martensite (M). Notably, temperature governs this transformation, with the alloy becoming martensitic upon
cooling below the martensite start (M) and finish (My) temperatures and transforming back to austenite when
heated above the austenite start (4,) and finish (A) temperatures.
When fully austenitic, SMAs exhibit superelastic behaviour characterized by a flag-shaped stress-strain curve,
shown in
Fig. 2, where deformations are fully recoverable upon unloading. In contrast, martensitic SMAs behave similarly
to steel under loading but retain significant permanent deformations when unloaded, as presented in

Fig. 2. These deformations, however, can be reversed by heating the alloy above Ay, triggering the shape
memory effect (SME). However, if the SMA is restrained during this transformation, it generates significant
“recovery stresses,” which are crucial for prestressing applications.

Noteworthy, an SMA with a wide thermal hysteresis (A; — M) can maintain its recovery stresses even after
cooling, making it highly effective for long-term structural use. These distinctive thermo-mechanical behaviours
position SMAs as powerful materials in advanced prestressing and seismic strengthening strategies.

Stress 4

T< er

Stress Martensitic SMA

Residual strains

4

Strain

T> A

Austenitic SMA

. Heating
Fig. 2. Mechanical behaviour of SMA under different crystallographic structures

4. Research materials: mechanical characterization

4.1 Concrete

The foundations were cast first, with the columns poured a few months later to replicate a realistic construction
timeline. The average compressive strength (f.) of the columns was measured in accordance with ASTM
C39/C39M, yielding values of 44.86 MPa at 28 days and 42.49 MPa at the time of testing. The 28-day strength
was determined using 100x200 mm concrete cylinders cured in a humidity-controlled room at 95% humidity,
while the strength at the testing age was obtained from uncured cylinders of the same dimensions.

4.2 Steel rebars

In both column specimens, 10M and 20M rebars are used as shear and longitudinal reinforcement, respectively.
The 10M bars have a nominal diameter of 11.3 mm, while the 20M bars have a nominal diameter of 19.5 mm.
Both types of reinforcement have a specified yield strength of 400 MPa. To determine the actual yield strength,
four to six samples of each rebar type were tested under uniaxial tension in accordance with ASTM A370. The
average yield strength obtained was 439 MPa for the 10M rebars and 404.4 MPa for the 20M rebars.

4.3 Fe-SMA plates

The Fe-SMA plates used in this study were previously characterized by (Shahverdi, Michels, Czaderski, &
Motavalli 2018), who conducted extensive mechanical testing on the same material. Their results, summarized in
Table 1, form the basis for this study’s material properties. While Shahverdi et al. thoroughly assessed the
mechanical behaviour of the Fe-SMA, they did not investigate its use in prestressed flexural or active confinement
applications for RC columns, underscoring the novelty of the current research. The Fe-SMA, composed of Fe-
17Mn-5Si-10Cr-4Ni-1(V,C) by mass, was supplied in plate form (1.5 mm thick, 120 mm wide) and pre-strained
to 2% at room temperature, retaining 1.25% residual strain after unloading. Its transformation temperatures,
reported by (Lee et al. 2013), are listed in Table 2. Notably, this research adopted the high-precision results from
the aforementioned studies since advanced thermal monitoring, controlled heating systems, and Differential
Scanning Calorimetry (DSC) were heavily used to ensure reliable and accurate material characterizations.

golden light
.‘ pubhshmg
41


http://www.goldenlightpublish.com/

Table 1. Mechanical properties of the Fe-SMA plate
Yield Ultimate Recovery

Austenitic elastic =~ Martensitic elastic strength strength Rupture stress Stress

1 (V) 0,

modulus (GPa) modulus (GPa) (MPa) (MPa) strain (%) (MPa) losses (%)
75 160 534.58 981.32 42.92 386.71 9.6
Table 2. Transformation temperatures of the Fe-SMA plate
Martensitic finish temp. Martensitic start temp. Austenitic start temp. Austenitic finish temp.
(M, °C) (Ms, °C) (4s, °C) (45 °C)
-64 -60 103 163

4.4 Carbon FRP wraps

Unidirectional CFRP wraps were applied as secondary confinement to the upper portions of the deficient RC
column to strengthen specific anchorage regions and to conform with the strengthening confinement requirements
of the CSA S6-19 standard. These wraps, identified as SikaWrap Hex-230 C®, have a thickness of 0.38 mm and
manufacturer-reported properties of 801 MPa tensile strength, 74.70 GPa elastic modulus, and 1.01% rupture strain
("Sika Canada. SikaWrap Hex-230 C" 2018). Tensile tests conducted on CFRP coupons in accordance with
ASTM D3039/D3039M, yielded average values of 710 MPa for tensile strength, 68.9 GPa for elastic modulus,
and 1.29% for rupture strain, as tested by (Abdelrahman 2017).

5. Design of column specimens

The two circular RC columns, designed as 1/3-scale bridge piers, were constructed to evaluate the proposed
seismic strengthening systems. Each column has a diameter of 300 mm and a clear height of 1600 mm, supported
by a 600 mm thick RC foundation. To simulate realistic construction practices, the foundations were cast months
before the columns, allowing the columns to be anchored through protruding reinforcement bars without using
chemical bonding agents. This setup ensured load transfer occurred solely through mechanical interlock at the
column-foundation interface. The cast is shown in Fig. 3.

Both columns were built with seismic deficiencies, featuring widely spaced transverse reinforcements that
were positioned at 150 mm spacing, thereby falling short of the 75 mm maximum spacing required by CSA S6-19
for ductile performance. The reinforcement detailing is presented in Fig. 3 as well. This low confinement level
replicates outdated construction practices that have historically contributed to RC column failures during
earthquakes. The columns were reinforced with 8-20M longitudinal bars evenly distributed around the perimeter,
resulting in longitudinal and transverse reinforcement ratios of 3.40% and 1.16%, respectively. Concrete covers
were 30 mm for columns and 50 mm for foundations.

Dimensions in
mm

¢10@180mm\

6020@245mm._ | (e

500

Fig. 3. Reinforcement detailing and columns' casting
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6. Description of the lateral cyclic loading regime

Both RC columns were tested under quasi-static lateral cyclic loading applied at their tops using a 250 kN
displacement-controlled actuator, with an effective height of 1425 mm, as shown in Fig. 4. The loading protocol,
also illustrated in Fig. 4, followed the FEMA testing guidelines to capture key structural responses such as
cracking, reinforcement yielding, and strength degradation. A total of 49 pull-push cycles were applied. Initial
cycles were conducted at small displacements (0.5-3 mm) with a rate of 0.25 mm/sec. The displacement was then
increased in stages — first by 3 mm up to 12 mm, then by 8 mm up to 68 mm, and finally by 15 mm up to 126 mm,
with corresponding increases in loading rate, ending at 2 mm/sec. At the aforementioned rate, the columns were
left to cycle until failure.

A constant axial load was also applied to simulate gravity effects, as presented in Fig. 4. It ramped from zero
to -160 kN before lateral loading began. The axial load was equal to 5% of the column’s gross concrete
compressive strength, which falls within the axial load limits specified in CSA A23.3-19 for flexure-dominated
columns. Consequently, this low axial load level helped isolating the lateral cyclic response of the columns.

7. Strengthening procedure

7.1 Determination of the columns’ plastic hinge length (L)

The critical plastic hinge length (L,) of the RC columns was determined using established equations from key
studies on plastic hinge behaviour, with values ranging between 0.48h and 0.96h (Chail et al. 1991; Corley 1966;
Priestley & Park 1987) (h is the column’s diameter). However, the CSA S6-19 standard recommends a fixed L,,
of 2h for such columns. Therefore, to simplify implementation and ensure safety, the authors adopted a
conservative estimate of 2h (approximately 600 mm) for all specimens. This choice aligns with the code
requirements and mirrors similar decisions in other studies (Miralami, Esfahani, & Tavakkolizadeh 2019; Shin &
Andrawes 2011) that used L, values between 1.5h and 2h.

7.2 Utilization of the confining Fe-SMA welded plates
The FlexSMA-CSW column features lateral Fe-SMA plates designed to provide active confinement once
activated. These plates are cut, bent, and tightly fastened around the column using hose clamps to eliminate any
gaps and ensure a snug fit. The confining Fe-SMA welded plates are installed along the column’s 600 mm plastic
hinge region. For installation, only the overlap region — set to twice the plate width (2w), or 240 mm — is welded,
as shown in Fig. 5.

Following the installation of the confining plates, vertical Fe-SMA plates are added to the FlexSMA-CSW
column, following the procedure described subsequently in Section 7.3.

7.3 Utilization of the vertical Fe-SMA plates for prestressed flexural strengthening

In this study, 1100 mm long Fe-SMA plates were vertically installed on opposite sides of the FlexSMA-CSW
column, aligned with the direction of the lateral loading. These plates were welded to stiffened steel base plates
(Fig. 6a), which were anchored to the column foundations using six cast-in anchors per side (Fig. 6b). The anchors
were 16 mm in diameter, Grade 36 steel, and embedded 210 mm deep. While cast-in anchors were used here for
ease of testing, real-world applications would employ post-installed wedge anchors or concrete screws capable of
withstanding the high tensile demands of the vertical Fe-SMA plates during seismic events.
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At the top, the plates were fixed to the FlexSMA-CSW column using six post-installed 9.5 mm wedge anchors
(Fig. 6¢). The effective plate length of the vertical Fe-SMA plates in the FlexSMA-CSW column was 560 mm to
match the 600 mm expected plastic hinge length. To prevent anchorage failure in the wedge anchors at the top of
the FlexSMA-CSW column due to shallow anchor embedment and moderate concrete strength, two CFRP layers
were added (Fig. 6d). A schematic representation of the flexural strengthening system is shown in Fig. 6e.

Though the system may seem complex, it can be simplified for field use by replacing cast-in anchors in the
foundation with threaded screw concrete anchors.
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Fig. 6. Process of the utilization of the vertical Fe-SMA plates in the FlexSMA-CSW column
7.4 Estimation of the Fe-SMA active confinement pressure
The confining Fe-SMA welded plates are designed to achieve a target confinement pressure of 4.05 MPa. This
value is determined based on the ductility requirements outlined in the CSA S6-19 standard for FRP-confined
systems, specifically from Chapter 16. Other equations from (Mander, Priestley, & Park 1988) were also used to
accurately estimate the confinement pressure exerted by the confining Fe-SMA welded plates. Notably, these
equations are lengthy and cannot be presented herein for brevity purposes; however, some of the equations are
detailed in the author’s recent publication (Al Ekkawi & El-Hacha 2025b). As a result, a clear spacing of 30 mm
between adjacent Fe-SMA plates was obtained to provide a 4.05 MPa confinement pressure, as shown in Fig. 5.
Additionally, a 50 mm gap is maintained between the lowest Fe-SMA plate and the column base to prevent
dislocation and to align with similar spacing requirements found in FRP confinement practices.
Similarly, the two layers of CFRP added at the remaining height (800 mm) of the FlexSMA-CSW column also
provide a 4.05 MPa confinement pressure, thus maintaining a uniform confinement pressure along the columns’
entire effective height.

7.5 Activation of the Fe-SMA plates

The vertical and confining Fe-SMA plates were heated above 163 °C using a flame torch to activate their shape
memory effect (SME), as shown inFig. 7. Since the plates were anchored at both ends, their shape recovery was
restrained, inducing vertical prestressing and active confinement in the FlexSMA-CSW column. Two to three
thermocouples were attached to each vertical plate to monitor temperatures during heating. An example of
temperature results from the FlexSMA-CSW column's south plate is shown inFig. 7, which shows a consistent
temperature measured by the two thermocouples, with occasional spikes caused by direct flame contact. Similar
temperature behaviour was observed on the other Fe-SMA plates; however, these results are not presented here
for brevity.

The peak temperatures reached were 334.9 °C for vertical plates and 500.38 °C for confining plates — which
were well above the required activation threshold of 163 °C. This ensured temperatures remained elevated and
higher than 163 °C for an average of 12.67 minutes post-heating, thereby enabling a full martensite-to-austenite
transformation.

7.6 Estimation of the recovery stresses in the Fe-SMA plates: Brief explanation only

The recovery stress of the Fe-SMA plates was estimated at approximately 450 MPa based on the activation
temperature—recovery stress relationship established by (Shahverdi et al. 2018). To evaluate prestress losses, strain
gauges (SGs) were attached at the mid-length of the Fe-SMA plates. Using the strain data collected and applying
the analytical approach developed by (Al Ekkawi & El-Hacha 2025a) — which allows for accurate estimation of
recovery stress from measured strain — the effective recovery stresses were calculated. The results showed that
the vertical and confining Fe-SMAs reached an average recovery stress of 264 MPa and 398 MPa, respectively.

8. Results

8.1 Lateral strength
The lateral strength of the tested columns was defined as the peak lateral load attained during the cyclic loading
protocol.

Fig. 8 presents the lateral strengths measured in both the push and pull directions for each column.

A It i
% golden light
publishinge
45


http://www.goldenlightpublish.com/

350 Two readings from the
300 | thermocouples
S 250 attached on the south
g vertical Fe-SMA plate
g 200
Z
= 150
E 100
5
B 50

=]

0 1000 2000 3000 4000 5000
Time (seconds)

F1g 7. Actlvatlon of the Fe- SMA plates and temperature versus time curves measured by thermocouples

The as-built column exhibited the lowest average lateral strength, reaching 91.53 kN at an average drift of
4.74%. As the drift demand increased beyond this point, a significant decline in strength was observed, driven
primarily by severe crushing of the concrete and pronounced buckling of the longitudinal reinforcement. By the
end of the test at 8.84% drift, the as-built column experienced a substantial 65.68% reduction in its lateral load
capacity after sustaining 42 cycles.

In contrast, the FlexSMA-CSW column, which included both vertical and confining Fe-SMA welded plates,
recorded a 35.97% increase in average lateral strength, peaking at 5.55% average drift. Despite the occurrence of
a localized rupture in its vertical Fe-SMA plates (

Fig. 8), the column maintained sufficient strength throughout the test, showing only a 19.69% drop at 8.84%
drift and at the 49" cycle. This result illustrates the beneficial role of the vertical and confining Fe-SMA plates in
enhancing both lateral resistance and damage resilience of seismically deficient RC columns. However, the authors
suggest that adding welded Fe-SMA confinement had limited influence on the column’s lateral load capacity,
though it may have contributed to improved post-peak behaviour.

8.2 Hysteretic response
The full load-displacement and load-drift responses recorded during the lateral cyclic tests are presented in

Fig. 9. All columns initially responded elastically until concrete cracking occurred, which was observed at an
average lateral load of 12.24 kN and a corresponding drift of approximately 0.12%. As the drift increased, a
consistent rise in lateral load was recorded for both specimens up to the point of longitudinal reinforcement
yielding.

For the as-built column (

Fig. 9a), the maximum lateral strength was reached at an average drift of 4.74%. Beyond this point, further
increases in drift did not result in a significant gain in lateral capacity. Additionally, the hysteretic loops became
increasingly pinched and unstable due to severe crushing of the concrete core and substantial buckling of the
longitudinal steel bars. By the 42™ cycle, at 8.84% drift, the column exhibited global instability due to its extensive
degradation in its lateral strength in both directions, thereby prompting an early termination of the test to prevent
damage to the hydraulic loading system.

The FlexSMA-CSW column (

Fig. 9c), which combined vertical Fe-SMA plates with confining Fe-SMA welded plates, similarly exhibited a
stable and ductile hysteretic behaviour throughout the test. Although a temporary load drop was observed at 4.77%
drift in the pull direction during the 34™ cycle due to the rupture of the north vertical Fe-SMA plate, the load
capacity recovered as the confining plates engaged more fully. Peak lateral strength was achieved at 5.55% average
drift, and the column maintained its structural integrity until the onset of flexural cracking at 8.84% drift. The
cyclic test was completed after the 49'™ cycle, with only a modest degradation in load response during the final
loading stages.

Overall, the FlexSMA-CSW column maintained a well-defined and wide hysteretic envelope, highlighting the
effectiveness of vertical and confining Fe-SMA plates in enhancing damage suppression and displacement
capacity of the seismically deficient RC column. The hysteretic responses of the latter remained stable through the
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entire lateral cyclic test until reaching the maximum drift level of 8.84%. In contrast, the as-built column began to
exhibit serious degradation beyond 4.74% drift. These results underscore the critical role of the vertical Fe-SMA
plates in improving the displacement capacity, ductility, and cyclic stability of seismically deficient RC columns,
particularly under large inelastic deformations. Moreover, the confining Fe-SMA welded plates acted as a second
line of defense in enhancing the lateral cyclic response of the FlexSMA-CSW column, right after the rupture of
the column’s vertical Fe-SMA plates.
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Fig. 9. Lateral cyclic hysteretic response of the columns

8.3 Displacement ductility (u,)

The displacement ductility index (), defined as the ratio between the ultimate drift (A, ) and the yield drift (4,),
serves as a critical metric for evaluating the capacity of RC columns to undergo inelastic deformations without
experiencing rapid strength degradation (Priestley & Park 1987).

In this study, A, is defined as the drift level at which the lateral load declines to 85% of its peak, indicating a
15% loss in lateral strength. On the other hand, Ay is identified based on the onset of longitudinal bar yielding,
determined from the strain gauge readings attached to the internal reinforcement. The calculated values of Ay, Ay,
and p, for all tested specimens are summarized in Table 3.

Table 3. A, A, and i, of the tested columns

Column Average A, (%) Average A, (%) Disp. ductility pu, % increase in U,
As-built 2.50 7.41 2.96 NA
FlexSMA-CSW 1.93 8.84 4.59 55.16

On the other hand, the FlexSMA-CSW column exhibited a significantly higher p, value compared to the as-
built column, recording an outstanding increase of 55.16%, which corresponds to a value of 4.59. This
enhancement is largely attributed to the reduction in the column’s yield drift, facilitated by increasing the column’s
yield stiffness due to the Fe-SMA welded confinement.
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As was shown in previous research (Al Ekkawi & El-Hacha 2025a), the utilization of vertical Fe-SMA plates
alone did not significantly boost the column’s displacement ductility due to absence of confinement. In contrast,
the confining Fe-SMA welded plates promoted more uniform stress distribution inside the column’s concrete core
and delayed damage localization, thereby significantly improving the column’s ductile performance.

Moreover, the FlexSMA-CSW column succeeded in surpassing the minimum displacement ductility
requirement (1, >4.0) stipulated by the CSA S6-19 standard for a single ductile column. This finding demonstrates
that the combination of vertical and confining Fe-SMA welded plates offers a promising strategy to meet modern
seismic performance standards by effectively improving both deformation capacity and structural resilience.

8.4 Cumulative energy dissipation capacity (E.y,m)

The energy dissipation capacity of the tested columns was evaluated to gain insight into their ability to absorb and
dissipate the cyclic input energy through reinforcement yielding and damage mitigation mechanisms. The
cumulative energy dissipation, denoted as E.,,,, was computed by summing the area enclosed within each
complete load-displacement hysteresis loop from the beginning of the test until failure, as per the method outlined
in (Hwang 1982). The resulting E,,,,, values for all specimens are presented in Fig. 10.

Overall, the FlexSMA-CSW column demonstrated improved energy dissipation capacity compared to the as-
built specimen, primarily due to its structural stability that remained up to 8.84% drift, allowing it to undergo more
cycles and larger inelastic deformations. The FlexSMA-CSW column showed a significant enhancement in its
cumulative energy dissipation — recording a remarkable increase of 107.29% relative to the as-built column. This
notable improvement confirms the effectiveness of the hybrid active strengthening system, incorporating
prestressed and confining Fe-SMA plates, in facilitating energy absorption and controlling damage progression,
making them highly suitable for seismic strengthening applications.
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Fig. 10. Increase in columns’ energy dissipation capacity with the increase in drift levels

The Fe-SMA welded plates likely provided sustained lateral pressure on the concrete core, thus minimizing
premature cracking and enabling the column to retain its structural integrity throughout the inelastic deformation
range and absorb further energy. As a result, it is concluded that the confining Fe-SMA welded plates promoted a
stable and energy-efficient hysteretic behaviour. Consequently, this finding offer promising potential for advanced
seismic retrofit strategies aimed at extending the service life and improving the post-yield performance and energy
absorption of vulnerable RC columns.

8.5 Column’s recentering ability (A,..s)

The elastic deformation capacity of Fe-SMA plates plays a critical role in improving the recentering capability of
seismically deficient RC columns. This characteristic helps reduce permanent displacements after significant
lateral deformation, thereby enhancing structural resilience under cyclic loading. To evaluate this, the progression
of average residual displacements, A,..,, with increasing drift levels, was tracked for all specimens and is illustrated
in Fig. 11.

As seen in Fig. 11, both columns maintained relatively low A,,s values up to approximately 2.53% drift,
reflecting elastic structural behaviour in the early cycles. Beyond this point, residual displacements began to
increase significantly, indicating the transition to an inelastic response and accumulating damage. With continued
drift beyond 2.53%, the columns exhibited generally comparable recentering behaviour, as evidenced by similar
trends in the average A,.s. However, as the drift levels increased beyond 6.88%, the as-built column began to
display a marked rise in residual displacement due to severe internal damage. At 8.84% drift, it reached a peak
average residual displacement of 74.55 mm, indicating substantial permanent deformation resulting from concrete
crushing and reinforcement buckling.
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A greater improvement was observed in the FlexSMA-CSW column, which recorded an average residual
displacement of 58.42 mm at 8.84% drift, representing a 21.63% reduction relative to the as-built column. This
highlights the effectiveness of vertical Fe-SMA plates in the column’s enhancing recentering ability through
suppression of damages. Additionally, the notable improvement in recentering performance is also attributed to
the active confinement provided by the confining Fe-SMA welded plates, which effectively restrained damage
propagation and preserved the integrity of the concrete core throughout the cyclic loading.
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Fig. 11. Increase in columns’ residual displacements with the increase in drift levels
Moreover, no abrupt increase in residual displacement was observed despite the rupture of vertical Fe-SMA
plates in the FlexSMA-CSW column at 4.77% and 7.93% drift levels in the pull and push directions, respectively
(see

Fig. 8). This further suggests that the primary enhancement in the column’s recentering ability was driven by
the confining Fe-SMA welded plates as the column approached high drift levels and its ultimate failure, in which
the confining plates continued to mitigate damage and maintain column’s stability even after the rupture of the
vertical Fe-SMA plates.

8.6 Damages accumulated

Among all tested specimens, the as-built column experienced the most severe damage. Concrete crushing initiated
at 5.82% drift, and at the maximum applied drift of 8.84%, the column exhibited significant crushing of the
concrete core and visible buckling of the longitudinal reinforcements (Fig. 12a). However, no reinforcement
rupture occurred by the end of the test.

The FlexSMA-CSW column exhibited much less damage. Both the concrete cover and core remained
undisturbed throughout the test, with no reinforcement buckling observed (Fig. 12b). The additional confinement
provided by the confining Fe-SMA welded plates further contributed to the column’s superior protection,
effectively suppressing damage even at high drift levels. Therefore, post-earthquake repair would be limited to
replacing the Fe-SMA plates and sealing surface cracks only, making this system particularly attractive for rapid
recovery applications.

First Fe-SMA

confining plate
was removed

T ¥
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¢
%

(a) As-built (b) FlexSMA-CSW
Fig. 12. Columns’ accumulated damage at the end of the lateral cyclic test

9. Conclusion
This experimental study yielded the following conclusions:
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e The as-built column experienced rapid strength degradation, extensive concrete core damage, and
reinforcement buckling at large drift levels, indicating limited ductility and poor energy dissipation.

e Strengthening with vertical and confining Fe-SMA plates significantly improved the lateral response,
flexural strength, and ductility of the columns. These plates also effectively limited damage to the concrete
core and prevented reinforcement buckling.

¢ Confining Fe-SMA welded plates played a major role in improving column’s stability under cyclic loading,
increasing energy dissipation, and reducing its residual displacements. This hybrid active system also
demonstrated a robust recentering capability and met critical ductility criteria for seismic applications.

e The hybrid active strengthening system provided excellent control over inelastic deformations, allowing
the columns to maintain structural integrity under high drift demands.

e Damage in the strengthened column was minimal and localized to the concrete cover. As a result, repairs
would be straightforward, primarily involving replacing external strengthening components such as Fe-
SMA plates and surface crack sealing.

e The proposed hybrid active system also support rapid post-earthquake repair and reuse, offering practical
advantages for resilience-based design and emergency recovery strategies.

In summary, using vertical Fe-SMA plates and confining Fe-SMA welded plates proved to be an effective and
reliable method for enhancing the seismic performance of vulnerable RC columns. Noteworthy, the proposed
strengthening system can be utilized within a few hours, thereby promoting the system as an effective rehabilitating
solution for bridges in emergency situations.

Acknowledgements

The authors acknowledge the financial support of the University of Calgary, the National Sciences and Engineering
Research Council of Canada (NSERC), the American Concrete Institute (ACI), and Mitacs. The authors appreciate
Re-fer for donating the Fe-SMA plates and Sika for donating the CFRP sheets.

References

Abdelrahman, K. (2017). Performance of Eccentrically Loaded Reinforced Concrete Columns Confined with
Shape Memory Alloy Wires. (Doctor of Philosophy), University of Calgary, Retrieved from
https://prism.ucalgary.ca/items/ba2961a9-ac6b-4339-8080-1913551a0810

Al Ekkawi, A., & El-Hacha, R. (2025a). Experimental comparative study on novel flexural strengthening systems
for seismically deficient RC piers: Prestressed Fe-SMA plates vs. externally bonded CFRP sheets. Engineering
Structures, 331, 119941. doi:https://doi.org/10.1016/j.engstruct.2025.119941

Al Ekkawi, A., & El-Hacha, R. (2025b). Experimental investigation on seismically deficient RC bridge columns
strengthened with prestressed vertical Fe-SMA plates and confined with CFRP wraps and UHPFRC jacket.
Engineering Structures, 332, 120010. doi:https://doi.org/10.1016/j.engstruct.2025.120010

Chail, Y. H.,, Priestley, M. J. N., & Seible, F. (1991). Seismic Retrofit of Circular Bridge Columns for Enhanced
Flexural Performance. ACI Structural Journal, 88(5), 572-584. doi:https://doi.org/10.14359/2759

Corley, W. G. (1966). Rotational capacity of reinforced concrete beams. Journal of the Structural Division, 92(5),
121-146.

ElGawady, M., Endeshaw, M., McLean, D., & Sack, R. (2010). Retrofitting of Rectangular Columns with
Deficient  Lap  Splices.  Journal of  Composites  for  Construction, 14(1),  22-35.
doi:https://doi.org/10.1061/(ASCE)CC.1943-5614.0000047

Hwang, T.-H. (1982). Effects of variation in load history on cyclic response of concrete flexural members. Urbana-
Champaign: University of Illinois.

Lagoudas, D. C. (2008). Shape memory alloys: modeling and engineering applications. New York: Springer.

Lee, W. J., Weber, B., Feltrin, G., Czaderski, C., Motavalli, M., & Leinenbach, C. (2013). Stress recovery
behaviour of an Fe—-Mn—Si—Cr—Ni—VC shape memory alloy used for prestressing. Smart Materials and
Structures, 22(12), 1-9. doi:https://doi.org/10.1088/0964-1726/22/12/125037

Mander, J. B., Priestley, M. J., & Park, R. (1988). Theoretical stress-strain model for confined concrete. Journal
of Structural Engineering, 114(8), 1804-1826.

Miralami, M., Esfahani, M. R., & Tavakkolizadeh, M. (2019). Strengthening of circular RC column-foundation
connections with GFRP/SMA bars and CFRP wraps. Composites Part B: Engineering, 172(-), 161-172.
doi:https://doi.org/10.1016/j.compositesb.2019.05.063

Nesheli, K. N., & Meguro, K. (2006). Seismic retrofitting of earthquake-damaged concrete columns by lateral
pre-tensioning of FRP belts. Paper presented at the 8th U.S. National Conference of Earthquake Engineering,
San Francisco, California.

Priestley, M. J. N., & Park, R. (1987). Strength and Ductility of Concrete Bridge Columns Under Seismic Loading.
ACI Structural Journal, 84(1), 61-76. doi:https://doi.org/10.14359/2800

golden light
.‘ pubhshmg
50


http://www.goldenlightpublish.com/
https://prism.ucalgary.ca/items/ba2961a9-ac6b-4339-8080-1913551a0810
https://doi.org/10.1016/j.engstruct.2025.119941
https://doi.org/10.1016/j.engstruct.2025.120010
https://doi.org/10.14359/2759
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000047
https://doi.org/10.1088/0964-1726/22/12/125037
https://doi.org/10.1016/j.compositesb.2019.05.063
https://doi.org/10.14359/2800

Priestley, M. J. N., & Seible, F. (1995). Design of seismic retrofit measures for concrete and masonry structures.
Construction and Building Materials, 9(6), 365-377. doi:https://doi.org/10.1016/0950-0618(95)00049-6

Saatcioglu, M., & Yalcin, C. (2003). External Prestressing Concrete Columns for Improved Seismic Shear
Resistance. Journal of Structural Engineering, 129(8), 1057-1070.
doi:https://doi.org/doi:10.1061/(ASCE)0733-9445(2003)129:8(1057)

Saeed, Y. M., Aules, W. A, & Rad, F. N. (2022). Flexural strengthening of RC columns with EB-CFRP sheets
and NSM-CFRP rods and ropes. Composite Structures, 301(-), 1-24.
doi:https://doi.org/10.1016/j.compstruct.2022.116236

Sause, R., Harries, K., Walkup, S., Pessiki, S., & Ricles, J. (2004). Flexural behavior of concrete columns
retrofitted with carbon fiber-reinforced polymer jackets. ACI Structural Journal, 101(5), 708-716.
doi:https://doi.org/10.14359/13393

Shahverdi, M., Michels, J., Czaderski, C., & Motavalli, M. (2018). Iron-based shape memory alloy strips for
strengthening RC members: Material behavior and characterization. Construction and Building Materials,
173(-), 586-599. doi:https://doi.org/10.1016/j.conbuildmat.2018.04.057

Shin, M., & Andrawes, B. (2011). Lateral cyclic behavior of reinforced concrete columns retrofitted with shape
memory spirals and FRP wraps. Journal of Structural Engineering, 137(11), 1282-1290.
doi:https://doi.org/10.1061/(ASCE)ST.1943-541X.0000364

Sika Canada. SikaWrap Hex-230 C. (2018). Retrieved from
https://can.sika.com/dam/dms/ca01/f/SikaWrapHex230C_pds.pdf

golden light
.‘ pubhshmg
51


http://www.goldenlightpublish.com/
https://doi.org/10.1016/0950-0618(95)00049-6
https://doi.org/doi:10.1061/(ASCE)0733-9445(2003)129:8(1057
https://doi.org/10.1016/j.compstruct.2022.116236
https://doi.org/10.14359/13393
https://doi.org/10.1016/j.conbuildmat.2018.04.057
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000364
https://can.sika.com/dam/dms/ca01/f/SikaWrapHex230C_pds.pdf

A’l 4t International Civil Engineering & Architecture Conference

ICEARC25s 17-19 May 2025, Trabzon, Turkiye

The effect of solar power panels on industrial structure’s
seismic performance
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Abstract. In recent years, the use of solar panels has become quite widespread in our country. In particular, many
factories want to meet some of their high electricity consumption with the electricity they produce within
themselves. Additionally, solar panels are renewable energy sources. Significant damage was observed in many
industrial structures in the Kahramanmaras earthquake. Some of the damaged and destroyed factories had solar
energy panels. Especially the effects of the presence of solar panels on roofs on the earthquake performance of
buildings should be carefully examined. It is known that panels, in particular, affect seismic weight by increasing
dead weight. In this study, solar panels were added to one of two existing buildings, while the other was left as is.
In this way, it is aimed to measure the seismic effect of the panels. SAP2000® software is used for the study. In
order to compare the effects of solar panels performance-based assessment is carried out with respect to Turkish
Seismic Design Code. While analyzing structures, moving loads of cranes, snow loads, wind loads are also taken
into account. Performance levels of structure with/without solar panels, drift ratios, base shear forces, steel
elements capacities are checked. The finite element method used in the study is a valid way of seismic performance
levels of structures. With this study, the impact of the solar power panels on seismic performance levels and the
required precautions can be perceived.

Keywords: Performance based design; Solar energy panels; Seismic design of industrial structures; Retrofit of
steel structures; Cranes design

1. Introduction

As businesses embrace renewable energy sources to lower operating costs and carbon footprints, the incorporation
of solar panels into industrial buildings has become increasingly popular. Usually mounted on rooftops or other
approved mounting locations, solar panel systems pose a special set of engineering difficulties, especially in
seismically active areas. Solar energy has long been known to have positive effects on the environment and the
economy, but in order to guarantee safety and resilience, a thorough analysis of how solar panel installations affect
the seismic performance of industrial facilities is necessary.

Systems with solar panels add heft to the building, which may change how it responds to earthquakes. In
addition to raising the dead load, the additional weight may shift the center of gravity of the structure, increasing
its vulnerability to seismic forces. According to research, the distribution of mass might increase base shear and
overturning moments, which can intensify seismic effects, especially when panels are concentrated in places
(ASCE, 2022). Additionally, ill-planned installations may result in unequal loading, which could jeopardize
structural integrity due to localized stress concentrations.

The dynamic implications of solar panel systems for the seismic performance of structures are crucial, even
beyond static load considerations. Both solar panels and their mounting mechanisms have inherent frequencies.
Resonance may arise when these frequencies coincide with the structure's inherent frequencies, intensifying
vibrations and raising the risk of structural damage. In order to reduce such dangers, it is crucial to make sure that
the dynamic characteristics of the solar panel system are compatible with the host structure, according to studies
by Walters et al. (2012).

The seismic performance of industrial buildings is greatly impacted by the way solar panels are fastened to
them. Mechanically anchored mounts, which are fixed directly to the structure, and ballasted mounts, which use
weight to secure the panels, are examples of common mounting systems. Although ballasted systems are useful
for reducing roof penetrations, instability may result from shifting during seismic activity. However, to prevent
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water intrusion and guarantee long-term durability, mechanically anchored systems must be carefully designed,
even though they offer higher seismic resilience (Baker et al., 2012).

Guidelines for incorporating solar panel systems into industrial facilities are provided by seismic design
standards and building codes like ASCE 7 (2022) and Eurocode 8 (2003). With a focus on securing panels to
prevent dislodgment and making sure their addition does not jeopardize structure safety; these standards address
seismic loading considerations for rooftop solar installations. The new rules in the regulation (ASCE, 2022),
provide precise criteria for wind and seismic loads on solar systems, emphasizing the importance of compliance
to protect both the panels and the underlying structure (ASCE, 2022).

Retrofitting old industrial facilities with solar panel installations creates new obstacles. Older buildings may
be unable to withstand the increased bulk and dynamic forces caused by the panels. Structural assessments are
required to determine the building's load-carrying capacity and identify any necessary reinforcements. Advanced
approaches, like as finite element modelling (FEM), are increasingly being utilized to predict the seismic
performance of retrofitted structures, providing information on potential weaknesses and ideal remedies (Chopra,
2011).

While solar panel installations help to achieve sustainability goals, their impact on seismic resilience must be
carefully monitored. Proper planning, material selection, and attention to design requirements can ensure that solar
panels improve a structure's energy efficiency while maintaining its earthquake resistance. Innovative
technologies, such as lightweight panel materials and vibration-damping systems, present intriguing opportunities
for reducing earthquake risk.

The incorporation of solar power panels into industrial facilities represents a significant step toward sustainable
energy solutions. However, it brings complications in seismic performance that must be carefully considered
during the design, installation, and retrofitting phases. Engineers can ensure that solar panels are structurally safe
in seismically prone areas by addressing added mass, dynamic impacts, and correct mounting solutions. Adhering
to revised seismic design standards and utilizing advanced technical techniques will be key in attaining this balance
and opening the road for safer, more environmentally friendly industrial infrastructure.

In this study, the same structure with and without solar panels were compared by considering the Turkish
Regulations (TBDY, 2019; CYTHYE, 2016) drift ratios, base shear forces, steel element capacities, and structure
performance levels with and without solar panels are examined as described in the relevant studies (Kilig, 2024;
Kilig et al., 2022; Kilig et al., 2021).

2. General Information about solar panels usage on roofs of buildings

In the Maras earthquake in 2023, many residential, commercial and public buildings were destroyed, as well as
industrial buildings. In some of the shared images of industrial buildings, as seen in Figure 1, it is noticed that
buildings with solar panels were heavily damaged, which are very common today. In recent years, solar power
plants have been subsidized by the state due to being a renewable energy source. However, especially when they
are installed on existing buildings, their effects on the seismic behavior of the buildings must be examined in detail.

Fig. 1. Damaged Industrial Building with Solar Panels After Maras Earthquake (Industrial Damage, 2024)
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In practice, the static design of these solar panels is usually done by the supplier companies. The structural
engineers are provided with layout drawings and distributed load values. Figure 2 shows a finite element model
made by a solar energy supplier company. The constructions of solar panels can be manufactured from hot or cold
rolled steel profiles as well as aluminium. The dead, live, seismic, snow and wind load of these structures are also
made independently. While it is seen that many secondary situations such as the presence of panels or eaves on
roofs are examined in the regulations (TS-EN 1991-1-4, 2007; TS-EN 1991-1-3, 2007), there is no special
explanation regarding the presence of solar panels. Figure 3 shares a visual of wind analyses performed in the
study (Hachem et al., 2024) on solar panels using the computational fluid dynamics method. For these reasons, the
effects of newly designed panels with solar panels or panels added to an existing structure on the structural
performance were evaluated within the scope of this study.

Fig. 3. Wind Loads for Solar Panels (Hachem et al., 2024)

2.1. Linear Models of Industrial Building with/without Solar Panels

In industrial structures consisting of steel trusses pinned on cantilever columns, a performance evaluation request
was made due to the increase in crane capacity. In addition, it was planned to place solar panels on the existing
structure during this process. For this reason, the seismic evaluation of the relevant structure was made separately
for both cases.

Fig. 4. Snow Cleaning Method Vlews of Solar Panels (Cleaning Methods, 2024; Solar Panels, 2024)
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It is very important to keep solar panels constantly clean in practice. Otherwise, electricity production will be
interrupted. Therefore, manual and automatic snow cleaning methods are shown in Figure 4. The average loads of
solar panels vary between 15-35 kg/m?. The full snow load considered in this structure is 75 kg/m?. Sometimes,
the fact that snow is constantly cleaned, especially with automatic systems, leads to hesitations about whether the
snow load is considered. Considering the coefficients in the loading combinations, it gives the impression that the
distributed load of the solar panel is lower than the snow load and that it is on the safer side. However, while the
snow load is calculated with a 0.3 live load participation coefficient when calculating the seismic weight, this
coefficient is 1 when solar panels are evaluated as dead load. For this reason, seismic evaluation must be done. In
addition, during the design, crane loadings as a moving load were renewed and wind and snow loads were revised
according to the relevant standards and affected the structure (TS-EN 1991-1-4, 2007; TS-EN 1991-1-3, 2007). In
Figure 5, Finite element components are presented. Solely, cantilever columns are for lateral seismic forces. Thus,
only columns are evaluated under earthquake loads.

N

CONCRETE
COLUMNS

GALLERY
SHEAR WALLS

Fig. 5. Finite Element Model of Structure (SAP2000, 2021)

2.2. Result Review of Linear Finite Element Models

Table 1 shows the summary of certain results of the finite element model for two identical buildings with and
without solar panels. Here, T, indicates the dominant period in both directions, and drift indicates the maximum
lateral relative displacements. While the addition of solar panels increases the seismic mass of a structure, it causes
an increase in the base shear force and also causes a decrease in the base shear force due to the period shift. When
Table 1 is examined, it is seen that the dominant period in the x direction does not change much with this addition,
while the dominant period in the y direction is extended. For this reason, the base shear force in the x direction has
increased, while it has decreased in the y direction. From here, it is expected that there will be very large changes
in the base shear forces acting on the columns whose performance levels are important in buildings in which
seismic loads are fully resisted by single-story frames with columns hinged at top. The decrease in the base shear
force is not very important, but it is predicted that the increase in one direction may worsen the performance level
of the elements located especially at the boundaries. When the lateral drift ratios are examined, a striking result
emerges. When the base shear forces and dominant periods are close to each other, it is seen that the building with
solar panels is shifted to the negative side in lateral drifts. The reason for this is that a very large mass is added to
the weight of the roof with solar panels, which causes the upper end of the columns to displace more. This structure
was evaluated with this method because it meets the performance analysis criteria with the linear calculation
method defined in 15.5.3 of regulation (TBDY, 2019). The most important factor determining the performance of
a column in this method is lateral drift. Therefore, due to the two determinations made at the end of this paragraph,
in case a solar panel is added to the roof of an existing industrial structure, a performance analysis must be
performed and if necessary, retrofit must be made.

Table 1. Summarized Information for Industrial Building’s Model with/without Solar Panels
Solar Panels  Tp(x) Tp(y) Base Shear-X Base Shear-Y Drift-X Drift-Y Average Steel PMM Ratio
With 0.8165s 0.7173s 5263 kN 5982 kN 1.75% 1.13% 0.44152
Without  0.8165s 0.6952s 5198 kN 6101 kN 1.19%  0.95% 0.42937
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Figure 6 shows the Steel PMM Ratios of Roof Elements (SAP2000, 2021). According to the results, all roof
elements in both structures meet the strength requirements and do not exceed the deflection limits. However, the
20 kg/m? increase in dead load caused small increases in the PMM ratios of many elements. According to Table
1, the average PMM ratio of the structure without solar panels is 0.42937, while the average PMM ratio of the
structure with solar panels is 0.44152.

[ [5= Steel P-M Interaction Ratios (AISC 360-10) 1 - X

Fig. 6. Steel PMM Ratios of Roof Elements (SAP2000, 2021)

3. Performance based assessment of industrial building with/without solar panels

Since the structure is an existing building, all material research was carried out according to regulation (TBDY,
2019). Enough cores were taken, and the average concrete compressive strength was found to be 40.29 MPa. It
was determined that the reinforcement realization rate was 1 with destructive and non-destructive examinations.
In addition, it was seen in the stripping that the reinforcement was ribbed. The building's survey was checked, and
it was seen that it was exactly compatible with the static project designed in 2014. Comprehensive knowledge
level is accepted. Performance analyses of the structure were made by considering all the information.
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Fig. 7. EKO (Impact/Capacity) Ratios of Column Elements in Model with Solar Panels (Excel 2022)
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The impact/capacity ratios, heights, and absence of B3 irregularity of the structures provided the linear
performance analysis conditions. When the situation without solar panels was compared with the situation with
them, it was seen that both structures provided the controlled damage performance level. In addition, no element
was brittle in the shear force control. In this section, the EKO ratios of the elements were compared and presented
in Figure 7 and 8 for both structures.

IMPACT/CAPACITY (EKO) RATIOS-WITHOUT SOLAR PANELS

WEKO-X mEKO-Y

2,00
1]
8 150
=
M
o
o 100
h4
wl
0.50 ‘h
0.00 L
AN g OO A NMT N WOUNSO0NO ANMNT N ON00NO A NM T N O
o0 00000 dddeddddddedn NN NN MM
L I I I I I I I B I I I I I I I I I I I B I B I I T I O I I I I I I |
QO OO OQLOOOUL0LLL0L0UQLOL0Lo0LLO0L000000000 000000
L T T ¥ o T T o ¥ o RV T Ty RV Ty Ty s R R T ¥ T T B ¥ TV T B ¥ OV T IV O T ¥ OV R ¥ B ¥ TR T Vs R ¥ B Vs TR I Py |

Column Names

Fig. 8. EKO (Impact/Capacity) Ratios of Column Elements in Model without Solar Panels (Excel 2022)

Table 2 shows the summary of column damage levels where Table 3 illustrates the shear force ratio of columns
passing into advanced damage zone to total shear force. In tables 10, LS, CP and CZ refer to immediate occupation,
life safety, collapse prevention and collapse damage zones successively. Both structures satisfy the conditions for
controlled damages performance level. According to regulation (TBDY, 2019) 15.8.4 (b), the total contribution of
vertical elements in the collapse prevention zone to the total shear force carried by the vertical elements on each
floor must be less than 20%. In the model without panels, there is no element in this damage zone, but in the model
with panels, there are eleven columns in this zone in y direction. So, Table 3 is given below in order to show this
limit which is 12.76% lower than 20%. In x direction all elements in both models are in the IO and LS zones.

Table 2. Summary of column damage levels

Solar Panels Direction  Total Number 10 LS CP Ccz Performance Level

With X 37 11 26 0 0 Controlled Damage

Y 37 11 15 11 0 Controlled Damage

) X 37 12 25 0 0 Controlled Damage
Without

Y 37 11 26 0 0 Controlled Damage

Table 3. Shear force ratio of columns passing into advanced damage zone to total shear force

Columns Direction Vi (kN) SVi (kN) SV (kN) SVi/SVir
SC101 Y 533.287
SC102 Y 57.979
SC103 Y 137.227
SC104 Y 147.124
SC105 Y 148.667 “ < ©
SC106 Y 148.879 K N o
SC107 Y 148.855 ~ - S
SC108 Y 147.618
SC109 Y 137.639
SC110 Y 56.613
SCl111 Y 532.614
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4. Conclusions
With respect to the results obtained from this study, the conclusions are summarized below:

e Average EKO ratios of columns in model without solar panels are 1.16 in the x direction, 0.41 in the y
direction; are 0.91 in the x direction, 1.07 in the y direction in model with solar panels. They are lower than
3 which is defined as linear calculation method boundary in regulation (TBDY, 2019) 15.5.3 article. In x
direction values are close to each other, however in y direction the values in the model containing solar
panels are greater than the other model due to base shear increase as expected.

e When we look at the damage conditions in the columns, it is seen that 11-12 columns in both models in the
x direction have 10 damage, while the remaining columns remain in LS damage zone. In the y direction,
the numbers are the same as in the x direction in the model without panels, while in the y direction with
solar panels, it is seen that 11 columns are in IO damage level, 15 columns are in LS zone, and 11 columns
are in CP level. Since this building is relatively new, it may have provided controlled damage performance
levels, but in structures built in older years with low material quality, the desired performance level could
not be achieved, and serious damages could have occurred.

e Changes in EKO values, element damage status obtained from performance analysis, and period, base shear
force, drift and average PMM values obtained from linear analysis reveal the fact that structures where
solar panels are placed must be subjected to a new seismic assessment. Retrofit work may be required to
eliminate deficiencies that may occur after solar panel usage.
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Abstract. This paper presents a comprehensive evaluation of empirical and analytical models used to predict the
compressive behaviour of Fibre Reinforced Polymer (FRP)-confined concrete cylinders subjected to uniaxial
compression. The study compares theoretical predictions with experimental data, with particular emphasis on
ultimate axial strength, ultimate axial strain, and the overall stress—strain behaviour of confined concrete. Seven
widely recognized FRP confinement models are investigated, including the empirical models proposed by Fardis
and Khalili (1982), Toutanji (1999), Lam and Teng (2003), Berthet et al. (2005), and Fahmy and Wu (2010), as
well as the analytical models developed by Spoelstra and Monti (1999) and Teng et al. (2007). The findings reveal
notable disparities in predictive accuracy across models, underscoring the importance of selecting confinement
models that align with the specific material properties and confinement configurations in question. By identifying
the strengths and limitations of each model, this study offers valuable guidance for their practical application in
structural design and contributes to the broader understanding of the mechanical behaviour of FRP-confined
concrete.

Keywords: FRP-confined concrete; Compressive behaviour; Empirical and analytical models; Ultimate axial
strength; Ultimate axial strain

1. Introduction

The application of Fiber Reinforced Polymer (FRP) composites for the confinement of concrete has received
considerable attention due to the significant improvements in compressive strength and ductility that it offers. Over
the past few decades, various empirical and analytical models have been developed to predict the behaviour of
FRP-confined concrete. These models aim to capture the complex interaction between the FRP jacket and the
concrete core under axial loading, providing critical insights for structural design and analysis.

Empirical models, such as those developed by Fardis and Khalili (1982), Toutanji (1999), and Lam and Teng
(2003), derive their predictive expressions from experimental data specific to their respective studies. On the other
hand, analytical models, including those by Spoelstra and Monti (1999) and Teng, Yu and Wong (2007),
incorporate theoretical frameworks to simulate the confinement effects. Despite their contributions, these models
often exhibit varying degrees of accuracy, particularly when predicting the ultimate axial strength and strain of
FRP-confined concrete.

This study focuses on evaluating the performance of these existing models by critically comparing their
theoretical predictions against experimental results obtained from 12 sets of concrete cylinders confined with
Carbon Fiber-Reinforced Polymer (CFRP) and Steel Fiber-Reinforced Polymer (SFRP). The analysis examines
the ultimate axial strength, ultimate axial strain, and overall stress-strain response, aiming to identify the limitations
of the current models and provide recommendations for their application in structural design.

2. Methodology

2.1. Review of existing confinement models

The performance of various empirical/analytical confinement models are analyzed in this section to assess their
accuracy in predicting the ultimate axial strength, ultimate axial strain and the stress-strain behaviour of CFRP-
and SFRP-confined concrete cylinders. The confinement models under consideration are summarized in Table 1.
Each model is assigned a unique designation ID, as shown in the second column of Table 1 and will be used
hereafter when referring to these models in any discussion that follows. The confinement effectiveness coefficient,
k;, adopted by each model is summarized in Table 2.
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Table 1. Summary of empirical/ analytical confinement models
Model

Models Designation Theoretical f, Theoretical e,
Fardis and E
Khalili FK-R fr — f/ [1 + 4. lfl_u = 0.002 + 0.001 L2 fe. frptfrp
(1982), ae feo Dffo
Fardléiand £
Khalili FK-N fiw = fio [1 +3.7 [ ’”] ] =0.002 + 0.001 f;” iss
(1982), co feo
Toutanji TTJ 143 (fmy’ Eew = £co |1+ (310.57¢,, + 1.9) fc—” -1
(1999) feu = Jeo |1 4357 = £co Fro "
Lam and Teng feu fua Ecu fu, a] [Sfrp,a]0'45
LT o _ 143322 =175+ 12
(2003) fCO fCO SCO fco SCO

féu = féo t kifiu
k; =3.45,20 < f., <50 MPa

Berthet et al. (gfrp - ”cEw)

(2005) BFH k= G )1/4 50 < f, Ecu = €co y
<200 MPa
fou = o+ ltfu oy = Jo
Fah < 40MP 2
\x?ur?zyo?rtl)c)i v I;f 4257?} ‘”fc; S Ey = my(245.61f2,"" + 0.6728E;)
Leei e 2 soMp my = 0.5,m, = 0.83if f/, < 40 MPa
a m, = 0.2,m, = 1.73if £, > 40 MPa
Spoelstra and 1-Esec
Monti, Exact SM-E fou = Esecu€cu e —¢ [Esec [Eco Egec u] co
cu cc
(1999) Esec,u [Eco - Esec]
Spoelstra and
Monti flu fur\” Ecuc _ fu) . °
) SM-A —_oz+30( ) - 125—(—)
z?lfg;g’;. feo feo €co feo \feo
Teé%g;)al' THY f;"” —1+3. 5}{—1 e 417, 5;—1
co co co co
fc,u = 0-85fc,0 + klkcflu
k, = 6-7(kcflu)_o'17
CAN/CSA 2terpPrrpfrrp
S806-12 fu=—""">1H
_ 2tyryp0-006Es,
= D
CAN/CSA feu S q{ + Zf}u
t -
S6-14 fru = prDpr fro

For clarity and consistency in the notation and symbols used in this table, readers are encouraged to consult
the original work, as referenced herein, for comprehensive definitions and context.

All the aforementioned confinement models, except SM and THY, are empirical models in which the ultimate
axial strength and ultimate axial strain prediction expressions were derived based on their author’s own
experimental data sets. Furthermore, only four of these models have expressions to predict the entire axial stress-
axial and lateral strain curve. These four models are TTJ, BFH, SM and THY models. The rest propose expressions
for the axial stress-axial strain curve only.

The two models of FK are the only models, out of the nine, which was developed based on models developed
for steel-confined concrete. SM and THY models were based on an actively-confined concrete model by Popovics.
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TTJ and BFH utilized a model originally developed by Sargin and modified by Ahmad and Shah for concrete
confined by steel spiral, while LT based their model on the four parameter curve by Richard and Abbot (1975).
Of the nine confinement models reviewed in this section, five models, namely, FK-R, LT, BFH, FW, and THY
models, have an ultimate strength expression that is based on an expression originally proposed by Richart,
Brandtzaeg, and Brown (1928). The strength enhancement coefficients,k; ,used in the models are summarized in
Table 2. The last two FRP confinement models in the table are adopted by the Canadian building code (CSA S806-
12) and bridge code (CSA S6-14). Both models are based on a model originally developed by Richart, Brandtzaeg,
and Brown (1928), however, CAN/CSA S806-12 adopts a modified version of the model that was proposed by
Saatcioglu and Razvi (1992). Neither code has yet adopted any model for ultimate axial strain prediction.

Table 2. Strength enhancement coefficient, k;, for FRP-confined concrete
Confinement Effectiveness Coefficient

Model k
)
Fardis and khalili (1982), (Richart) 4.1
Farids and Khalili (1982), (Newman) 3.7 (f“‘)
feo
f -0.15
Toutanji (1999) 35 ( l )
feo
Lam and Teng (2003) 33
k, = 3.45,20 < f!, <50 MPa
9.5
Bel'thet et al. (2005) kl — : 1/ ’50 S f(;’o S 200 MPa
(feo) 74
k, = 4.5f," %, f), < 40MPa
Fah d Wu (2010 t u_ 3Jeo
ahmy and Wu (2010) k, = 3.75f,, %, f1, > 40MPa
Teng et al. (2007) 3.5

3. Results and discussions

3.1. Performance analysis of confinement models

The experimental results versus the theoretical predictions of the various confinement models are first summarized
and tabulated for each confinement configuration. The performance of each of these models is then evaluated
graphically by plotting the experimental results versus the corresponding theoretical values, with the 45° reference
line representing the exact match between experiment and theory is also plotted for comparison. Points falling
above the 45° line imply that the theoretical predictions are lower than the experimental values and, hence, indicate
conservative predictions while points falling below the line imply that the theoretical predictions are higher than
the experimental values and hence indicate unconservative predictions.

3.1.1. Models’ performance in prediction of f,

The experimental results versus the theoretical predictions of the ultimate axial strength, f'., for empirical and
analytical confinement models are reported respectively in Table 3 and Table 4. The experimental results versus
the theoretical predictions of the ultimate axial strength, f'., for building and bridge Canadian design codes are
reported in Table 5.
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Table 3. Empirical models prediction of f,

c Exp. FK-R FK-N TTJ LT BHF FW
on.ﬁnerr.lent (ave.) £ , , , , ,
Designation /5 (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
C37.3-CFRP1 514 55.4 59.3 58.6 51.9 52.5 50.0
C37.3-CFRP2  69.5 73.5 77.3 75.7 66.5 67.8 58.0
C37.3-CFRP3  92.4 91.7 94.0 91.5 81.0 83.0 64.8
C37.3-SFRP1  94.5 102.3 103.5 100.4 89.7 92.0 68.5
C37.3-SFRP2  146.8 167.4 157.4 151.1 142.0 146.8 87.9
C37.3-SFRP3 194.6 232.4 207.5 197.9 194.4 201.5 104.5
C42.4-CFRP1  59.6 60.5 64.8 64.1 57.0 57.6 53.0
C42.4-CFRP2 75.8 78.6 83.1 81.5 71.6 72.9 59.6
C42.4-CFRP3 94.6 96.8 100.1 97.6 86.1 88.1 65.3
C42.4-SFRP1 98.8 107.4 109.8 106.7 94.8 97.1 68.4
C42.4-SFRP2 153.9 172.5 164.7 158.4 147.1 151.9 84.6
C42.4-SFRP3  200.4 237.5 215.7 206.1 199.5 206.6 98.4

Table 4. Analytical models prediction of £,

Confinement Exp. (avg.) SI,VI_E SI,\/I_A T}—IY
Designation (MPa) (MPa) (MPa) (MPa)
C37.3-CFRP1 514 57.7 46.0 49.0
C37.3-CFRP2 69.5 75.8 61.9 65.9
C37.3-CFRP3 92.4 89.1 74.2 81.8
C37.3-SFRPI 94.5 94.8 80.4 90.4
C37.3-SFRP2 146.8 121.7 110.7 145.8
C37.3-SFRP3 194.6 136.5 133.9 201.0
C42.4-CFRPI 59.6 64.3 49.5 50.1
C42.4-CFRP2 75.8 83.7 66.6 68.5
C42.4-CFRP3 94.6 98.0 79.6 84.8
C42.4-SFRP1 98.8 104.5 86.3 93.2
C42.4-SFRP2 153.9 134.6 1185 148.6
C42.4-SFRP3 200.4 152.2 143.2 203.5
Table 5. Analytical models prediction of f,
CAN/CSA S806-12 CAN/CSA S6-14
Conﬁnement Exp. (avg.) £ £
Designation (MPa) (liZPa) (f\‘/h)a)
C37.3-CFRP1 51.4 43.6 44.4
C37.3-CFRP2 69.5 52.8 514
C37.3-CFRP3 92.4 61.3 58.5
C37.3-SFRPI 94.5 62.8 *
C37.3-SFRP2 146.8 86.9 *
C37.3-SFRP3 194.6 109.0 *
C42.4-CFRP1 59.6 47.9 49.5
C42.4-CFRP2 75.8 57.2 56.5
C42.4-CFRP3 94.6 65.6 63.6
C42.4-SFRP1 98.8 67.1 *
C42.4-SFRP2 153.9 91.2 *
C42.4-SFRP3 200.4 113.3 *

The experimental and theoretical ultimate axial strength are normalized by being divided by their respective
cylinders unconfined concrete strength values and are compared respectively for empirical and analytical models
in Figure 1 and Figure 2 and for design codes confinement models in Figure 3.
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Fig. 1. Empirical models’ performance in predictingf.,,/fz,

The FK models generally overestimate the ultimate axial strength of FRP-confined concrete, with FK-R
showing particularly poor accuracy for cylinders with higher lateral confinement pressure ratios due to its use of
a high confinement effectiveness ratio more suited for actively confined concrete. In contrast, FK-N offers better
predictions. Models such as TTJ, LT, BFH, and THY provide accurate predictions across different confinement
levels, whereas FW and SM-A models significantly underestimate the ultimate axial strength. The SM-E model
performs well for weakly and moderately confined cylinders but shows high prediction errors for highly confined
ones, unlike the THY model, which accurately predicts the strength of highly confined cylinders but slightly
overestimates it for weaker confinement levels.

The overall accuracy of the empirical, analytical and design codes confinement models in predicting the
ultimate axial strength is summarized in Table 6 and plotted in Figure 4. The average, standard deviation (SD) and
coefficient of variation (COV) of the absolute average error in the prediction are shown for the whole experimental
set and for the two distinctive sets of CFRP- and SFRP-confined concrete cylinders, providing insights into the
models' predictive performance across different confinement configurations.
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Fig. 2. Analytical models’ performance in predicting f,/f.,
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Fig. 3. Canadian codes confinement Models’ performance in predicting f,/fz,

Figures 4(a) and (b) illustrate the accuracy of various confinement models in predicting the ultimate axial
strength of FRP-confined concrete cylinders. The models by BFH, LT, and TTJ demonstrate the highest accuracy
for the whole set, with average absolute errors of 3.4%, 4.5%, and 5.6%, respectively. Notably, BFH, LT, TTJ,
and THY models perform better for SFRP-confined cylinders, while FK-R, SM-E, SM-A, and FW excel in
predicting CFRP-confined cylinders, highlighting the influence of lateral confinement ratio sensitivity. Both
Canadian design codes, CAN/CSA S6-14 and CAN/CSA S806-12, underestimate the ultimate axial strength, with
S6-14 slightly outperforming S806-12. However, S6-14 lacks provisions for SFRP sheets, limiting its applicability.
The higher errors for SFRP-confined cylinders in S806-12 are attributed to its calibration based on CFRP, GFRP,
and AFRP data. These findings emphasize the need for refinement in both codes to improve predictions for SFRP-

confined concrete.
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Table 6. Confinement models accuracy in the prediction of £,

Predictions of f, Predictions of f;, (CFRP)  Predictions of f, (SFRP)
Confinement (whole set)
Model Avg. SD COoVv Avg. SD Ccov Avg. SD COV
(%) () (%) (%) (%) (%) (%) (%) (%)
FK-R 8.6 6.2 72.4 3.7 2.8 76.4 13.5 43 32.1
FK-N 8.5 32 38.1 8.8 43 48.5 8.2 1.6 19.4
TTJ 5.6 3.9 69.6 7.1 4.7 66.1 4.1 2.2 54.4
LT 4.5 35 78,4 6.1 4.1 68.0 2.9 1.9 66.9
BFH 34 3.8 111.7 4.8 3.8 80.2 2.1 24 115.5
FW 294 14.1  48.1 18.7 10.0 53.7 40.1 8.4 20.9
SM-E 11.4 13.7  120.8 7.8 53 67.0 14.9 12.6 84.4
SM-A 18.4 6.7 36.5 143 34 23.6 22.5 6.7 29.9
THY 6.3 53 84.3 9.5 3.8 40.6 32 32 102.0
CAN/CSA S806-12  31.8 9.1 28.6 24.6 6.2 254 39.1 4.6 11.8
CAN/CSA S6-14 25.2 8.1 32.0 25.2 8.1 32.0 * * *
* Resistance reduction factor for SFRP sheet is not provided by code
45 - , 1 50
mCFRP
40 77 777777 SN S SN S—— 45 1| mSFRP |

40

35
35

30

25 30

25

20

15

Average Absolute Error (%)

Average Absolute Error (%)

H 2 oy z 2 w g 3 @
= B E ¢ § 2 :Ege
[ B T BT 73]

(=] (&2
BFH r
1

Theoretical Confinement Models

Theoretical Confinement Models
(a) (b)
Fig. 4. Confinement models accuracy in f;;, predictions for: (a) the whole experimental
set (b) CFRP and SFRP experimental sets

3.1.2. Models’ Performance in Prediction of &,
The experimental results versus the theoretical predictions of the ultimate axial strain, &, for empirical and
analytical confinement models are reported respectively in Table 7 and Table 8.

The experimental and theoretical ultimate axial strain are normalized by dividing them by the unconfined
concrete strain at peak values and compared the results for various empirical and analytical models in Figure 5 and
Figure 6, respectively. The analysis revealed that prediction errors for ultimate axial strain, &, are significantly
larger than those for ultimate axial strength, f'., consistent with previous research. Among the nine models
evaluated, the SM-E and THY models performed well for weakly and moderately confined concrete, with SM-E
underestimating and THY overestimating the strain for highly confined cylinders. The TTJ model excelled for
highly confined cylinders but underestimated strain for weaker confinement. Other models generally performed
poorly, often underestimating the strain.

The overall accuracy of the models in predicting ultimate axial strain is summarized in Table 9, and shown in
Figure 7 with the metrics including the average, SD, and COV of the absolute average error for both CFRP- and
SFRP-confined concrete cylinders.

It can be concluded that the models that exhibit superior performance when it comes to &, prediction are SM-
E, TTJ and SM-A, which have average absolute errors respectively of 15.6%, 18.8% and 34%. All models seem
to fail in predicting the ultimate axial strain with reasonable accuracy.
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Table 7. Empirical models prediction of &,

Confinement Exp. FK-R FK-N TTJ LT BHF FW
Designation (avg.) Ecu Ecu Ecu Ecu Ecu Ecu
C37.3-CFRP1 0.0147 0.0065 0.0065 0.0089 0.0066 0.0090 0.0089
C37.3-CFRP2 0.0193 0.0109 0.0109 0.0144 0.0096 0.0131 0.0128
C37.3-CFRP3 0.0254 0.0154 0.0154 0.0195 0.0127 0.0166 0.0152
C37.3-SFRP1 0.0321 0.0162 0.0162 0.0242 0.0151 0.0192 0.0170
C37.3-SFRP2 0.0437 0.0304 0.0304 0.0420 0.0268 0.0293 0.0209
C37.3-SFRP3 0.0545 0.0445 0.0445 0.0585 0.0384 0.0378 0.0223
C42.4-CFRP1 0.0107 0.0059 0.0059 0.0072 0.0056 0.0077 0.0083
C42.4-CFRP2 0.0115 0.0098 0.0098 0.0115 0.0081 0.0112 0.0103
C42.4-CFRP3 0.0155 0.0138 0.0138 0.0155 0.0106 0.0141 0.0111
C42.4-SFRP1 0.0270 0.0145 0.0145 0.0192 0.0126 0.0163 0.0122
C42.4-SFRP2 0.0332 0.0269 0.0269 0.0331 0.0221 0.0248 0.0125
C42.4-SFRP3 0.0474 0.0394 0.0394 0.0460 0.0316 0.0320 0.0122
Table 8. Analytical models prediction of &,
Conﬁnement Exp. (ave.) SM-E SA THY
Designation Ecu Ecu Ecu
C37.3-CFRP1 0.0147 0.0167 0.0093 0.0116
C37.3-CFRP2 0.0193 0.0219 0.0130 0.0172
C37.3-CFRP3 0.0254 0.0258 0.0158 0.0229
C37.3-SFRP1 0.0321 0.0305 0.0194 0.0281
C37.3-SFRP2 0.0437 0.0392 0.0273 0.0498
C37.3-SFRP3 0.0545 0.0439 0.0333 0.0716
C42.4-CFRP1 0.0107 0.0108 0.0072 0.0103
C42.4-CFRP2 0.0115 0.0141 0.0100 0.0150
C42.4-CFRP3 0.0155 0.0165 0.0122 0.0197
C42.4-SFRP1 0.0270 0.0194 0.0150 0.0242
C42.4-SFRP2 0.0332 0.0250 0.0211 0.0423
C42.4-SFRP3 0.0474 0.0282 0.0257 0.0604

Table 9. Confinement models accuracy in the prediction of &,

Predictions of &,

Predictions of €., (CFRP)

Predictions of €., (SFRP)

Confinement (whole set)
Model Avg. SD Cov Avg. SD Cov Avg. SD COoV
(%) (%) (%) (%) (%) (%) (%) (%) (%)
FK-R 32.5 15.2 46.7 34.9 16.3 46.8 30.1 13.5 44.8
FK-N 32.5 15.2 46.7 34.9 16.3 46.8 30.1 13.5 44.8
TTJ 15.7 15.3 97.3 20.1 15.1 75.1 11.3 13.2 117.4
LT 421 9.8 233 44.0 9.7 22.1 40.2 9.5 23.7
BFH 28.8 11.2 38.8 24.1 13.4 55.5 33.5 5.2 15.4
FW 43.7 17.5 40.0 29.0 10.3 35.6 58.3 8.6 14.8
SM-E 15.6 18.5 118.2 9.9 7.6 77.1 21.3 11.6 54.6
SM-A 34.7 8.9 25.8 28.9 9.0 31.2 40.4 34 8.5
THY 18.8 19.6 104.2 17.1 19.6 114.8 20.5 18.0 87.8
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Figure 5. Empirical models’ performance in predicting of &.,/.,

3.1.3 Axial stress-strain behaviour prediction

The performance of two empirical models, TTJ and BFH, and two analytical models, SM-E and THY, was assessed
to predict the stress-strain behaviour of FRP-confined concrete cylinders. These four models were selected as they
uniquely provide predictions for the entire axial stress-axial strain and axial stress-lateral strain responses. Other
models under consideration were excluded from this evaluation as they only provide partial predictions.

The TTJ model, shown in Figure 8(a), demonstrated notable accuracy in predicting the transition point of the
axial stress-lateral strain behaviour, particularly in terms of stress level and the radius of curvature at the transition.
However, it exhibited significant limitations in predicting the axial stress-axial strain response. Specifically, it
overestimated the radius of curvature at the kinking point and underestimated the ultimate axial strain, leading to
inaccuracies in the overall response.

The BFH model, shown in Figure 8(b), effectively captured the experimentally observed upward-shift of the
transition point as FRP lateral stiffness increased. Despite this, it tended to overestimate the axial stress-axial strain
behaviour, particularly in highly confined cylinders, due to an overestimation of the stress at the transition point.
Additionally, the model predicted the smallest radius of curvature at the kinking point, which aligned well with
experimental data for weakly to moderately confined cylinders but was less accurate for highly confined cases.
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Fig. 7. Confinement models accuracy in ecu predictions for: (a) the whole experimental
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Among the models evaluated, the SM-E model, shown in Figure 8(c), provided the most accurate predictions
for weakly and moderately confined cylinders. It successfully captured key aspects of the stress-strain response,
including the transition point, initial and final slopes, and ultimate stress and strain. However, the model
significantly underestimated the overall stress-strain behaviour of highly confined concrete, highlighting its
limitations under extreme confinement conditions.

The THY model, shown in Figure 8(d), while reasonably accurate overall, failed to capture the upward-shift
of the transition point with increasing FRP jacket stiffness. It assumed the transition point occurred at stress levels
close to unconfined concrete, which deviates from experimental observations. Nonetheless, the model accurately
predicted the increase in the radius of curvature at the kinking point as lateral stiffness increased, contributing to
its reasonable performance in predicting the overall stress-strain response.
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This analysis underscores the variability in the predictive capabilities of empirical and analytical models across
different confinement levels. While some models excel under specific conditions, others require refinement to
improve their accuracy, particularly for highly confined concrete.
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Figure 8 Continued

100 1767 100 1767
90 / / 1590 %0 caz.q-cnk\' C42.4-CFRP3 1500
80 1414 80 |CA2.4-CFRP2 \\ C42.4-CFRP2 1414
e &
570 CILACRP 1 1257 70 S 1237
[ — T R 7 =
E 60 1060 Z % 60 |[CA2.4-CFRPL-. 2 C42.4-CFRP1, S 1060 i
] - o
2 50 CFRP1 | gg4 g @ 50 884 8
g § ¢ I S
D 40 07 5 ® 40 f 707 8
2 ¥ E 1 3
< 30 530 < %30 530
20 i ‘ ~Test C37.3-CFRP ‘ 353 0= ced i ice 353
10 ] Spolestra and Monty, 1899 || 477 10 —=— Spolestra and Monty, 1999 || 477
Lateral Strain «<—— § ——> Axial Strain ‘ Lateral Strain «<— —> Axial %train
0 t T 0 0 0
-20 -1.0 0.0 20 3.0 20 -10 0.0 1.0 20 30
FRP Strain (%) FRP Strain (%)
225 T 3976 225 3976
200 |C37.3-SFRP3 37.3-SFRP3 .~ 3534 200 |- le-ﬁjﬁji \ __EA24-SFRP3 | apo,
175 3093 175 3093
F1s0 | csr.esFRPZ RP2_| 2651 o F1s0 | C42,4-5FR 12.4-SFRP2 2651 o
= = = =
“ 125 2209 '§ @ 125 2209 E
Eqo0 |car.a-seReL 1767 2 E1pp | capase G324 SHRPA 1767 =
@ ~ s 7} ®
= = 1 E
g 75 135 < .% 75 3 1325 <
50 884 50 884
——TestCa7 5-SFRP
—«— Spolest d M . 1999 ~Test C42 4-SFRP
2 | | = lm oy 442 25 ‘ Spolestra and Monty, 1999 || 442
Lateral Strain<— —— Axial Strain | Lateral Strain <—— ——> Axial Strai
0 - - ; 0 0 + 0
40 -30 20 -10 00 10 20 30 40 50 60 70 40 30 20 10 00 10 20 30 40 50 60 70
FRP Strain (%) FRP Strain (%)
(c)
100 1767 100 1767
90 Ymukp& 1590 90 | caz.a.cRP3 cracres 190
80 S 1414 80 1414
\4-CFRP2
E 70 1237 E 70 K 1237 _
=6 1060 Z = 60 1060 €
= - o
ﬁ 50 g4 T g 50 | C42.4-CFRP1 €42.4-CFRP1 @84 S
g o @ a
a2 4 707 3 in 40 07§
5 e s 1
%30 530 < %30 530
20 20 353
1 ° in < - —[—Test cazdCFRP || 177
Lateral Strain <—— J —> Axial Strain 0 Lateral Strain Axial Stra|n\+_w"gM[ 0
0 0 i L =
20 10 0.0 10 20 30 -2.0 -10 00 10 20 3.0
FRP Strain (%) FRP Strain (%)
225 3976 225 - 3976
200 |C37.3-5FRP3 3534 200 __MJ_H.FLL: Y CA2.4-5FRP3 | 35y
175 3003 3003
€37.3-SFRP2 = T - _
& 150 |37 3-SFRE 2651 g SFRP: 2651 5
5 = x
2 125 2209 E a 2209 'E
£100 |cszsserPL 1767 3 2 FRP1 1767 2
[ ~ © 0 ]
= = = ]
275 1325 < 2 1325 <
< ) Al /
50 884 50 : + ¢ 884
25 442 25 | e M2
Lateral ateral Strain «<—— | — Axial Strain Teng et al., 2007
0 t + + + + T t + 0 0 - - 0
-40 30 -20 -10 00 10 20 30 40 50 60 7O 40 30 20 10 00 10 20 30 40 50 60 70
FRP Strain (%) FRP Strain (%)

(d)

4. Conclusions

This study performed a comprehensive evaluation of widely used empirical and analytical models for predicting
the compressive behaviour of FRP-confined concrete, including both CFRP and SFRP confinement systems. The
models were assessed based on their ability to predict ultimate axial strength, axial strain, and full stress—strain
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behaviour. Comparative analysis with experimental data revealed significant variation in predictive accuracy
among models and identified areas requiring refinement. The key conclusions are:

e Empirical models such as BFH, LT, and TTJ demonstrated the highest overall accuracy in predicting
ultimate axial strength, with average absolute errors of 3.4%, 4.5%, and 5.6%, respectively.

e The TTJ and THY models provided reliable predictions across a range of confinement levels, particularly
for SFRP-confined concrete, while FK-R and SM-A tended to over- or underestimate strength values
significantly.

e The Canadian design codes (CAN/CSA S806-12 and S6-14) consistently underestimated ultimate axial
strength, especially for SFRP-confined cylinders, due to a lack of calibration with SFRP data.

e Strain predictions showed higher variability than strength predictions across all models. While the SM-E
and TTJ models achieved relatively lower average error (~15%), most models—including BFH and FW—
underperformed for strain predictions, particularly under high confinement.

e Analytical models SM-E and THY showed better performance for moderately confined cylinders, but
exhibited limitations in predicting the behaviour of highly confined concrete, especially in axial strain
capacity.

e The TTJ and BFH models offered the best approximations for the stress—strain response of confined
concrete, although each had limitations in capturing specific behaviours like curvature or transition points
under high confinement.

e No single model demonstrated consistent accuracy across all performance metrics and confinement levels,
reinforcing the need for model selection based on the specific type and level of confinement and for further
refinement of existing models.

e This study highlights the necessity of refining design code provisions, particularly for SFRP confinement,
and encourages the development of hybrid or adaptive models that can improve prediction accuracy for a
broader range of FRP systems and concrete strengths.
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Abstract. Earthquakes are among the most devastating natural disasters, causing substantial destruction to human
life and the built environment. In recent years, the increasing frequency and intensity of seismic events worldwide
have made it imperative to re-evaluate the seismic performance of existing building stock and to implement
appropriate retrofitting measures where necessary. Structures located in high seismic risk zones are often found to
be inadequate in terms of strength and ductility, particularly those constructed according to outdated design
standards. In this context, performance-based seismic assessment methods play a vital role in ensuring life safety
and minimizing economic losses in the event of an earthquake. This study investigates the seismic performance of
an existing three-story reinforced concrete (RC) building using a two-dimensional (2D) frame model developed in
SAP2000 software. The building’s response to lateral loads was evaluated through a nonlinear static pushover
analysis. Analysis results revealed that the original structure exhibited insufficient load-bearing capacity and
deformation ability. To address these deficiencies, a retrofitting strategy involving column jacketing was proposed
and implemented. Separate models were created for both the original and the retrofitted structure, and pushover
analyses were conducted for each. Additionally, seismic fragility curves were developed to quantify the probability
of damage at various limit states. The findings demonstrate a notable improvement in the seismic capacity of the
retrofitted structure, with a significant reduction in damage probabilities, particularly at extensive and collapse-
level damage states. This study highlights the effectiveness of column jacketing as a practical and efficient
retrofitting technique for improving the seismic resilience of existing RC buildings.

Keywords: Seismic retrofit, Seismic vulnerability, Pushover analysis, Fragility curves, Seismic resilience.

1. Introduction

Earthquakes are among the most devastating natural disasters, causing sudden and widespread destruction. Due to
its geographical location, Tiirkiye is situated on active fault lines and frequently experiences destructive
earthquakes. Recent major events, such as the 2023 Kahramanmaras earthquakes, have once again revealed the
vulnerability of the country's existing building stock. The severe loss of life and property has underscored the
critical importance of evaluating and improving the seismic safety of structures.

A significant portion of Turkey’s building stock was constructed according to outdated seismic codes and often
without adequate engineering supervision. Many of these structures exhibit poor construction quality, insufficient
detailing, and inadequate material properties, making them highly susceptible to seismic damage. Particularly for
older buildings, continuous evaluation is necessary due to factors such as the deterioration of material properties
over time, exposure to environmental effects, engineering errors during design, deficiencies in inspection and
control mechanisms, and evolving engineering standards (Avci, 2025). Therefore, assessing the current
performance of these buildings and implementing appropriate strengthening measures when necessary is of utmost
importance for public safety.

One of the widely used methods for evaluating the seismic performance of existing structures is the pushover
(static nonlinear) analysis. This method simulates the progressive nonlinear behavior of a structure under
increasing lateral loads, revealing plastic hinge formations and performance levels. Based on the results of
pushover analysis, fragility curves can be developed to estimate the probability of reaching various damage states
under different levels of seismic intensity. This approach not only enables a detailed assessment of the current
performance but also allows for evaluating the effectiveness of proposed strengthening strategies.

In this study, the seismic performance of a three-story reinforced concrete building with a two-dimensional
frame system was analyzed using the SAP2000 software, and fragility curves were developed based on the
obtained data. Subsequently, a strengthening strategy involving jacketing of columns was proposed, and the
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building's performance was re-evaluated after the strengthening. Both conditions, before and after retrofitting,
were compared to assess the improvements. The aim of this study is to contribute to the enhancement of seismic
resilience in existing structures by proposing and evaluating practical strengthening methods.

This study seeks to contribute to the analytical evaluation of the seismic performance of existing buildings
through the development of fragility curves. By comparing the structural behavior before and after retrofitting, it
aims to provide objective data on the effectiveness of strengthening strategies. Thus, the study aspires to establish
a scientific basis for improving the earthquake resilience of reinforced concrete structures and for mitigating
potential seismic risks.

2. Materials and methods

In this study, the performance analysis of a 3-story reinforced concrete frame structure with a two-dimensional
configuration is conducted using static pushover analysis. The analysis is performed using SAP2000, a widely
used structural analysis software. The primary objective of this study is to investigate the behavior of the structure
under lateral loads and to develop fragility curves for both pre- and post-strengthening conditions. The
strengthening strategy involves the application of external insulation to the columns to improve the overall
structural performance. All necessary models for the existing and strengthened conditions have been created and
analyzed in SAP2000. Additionally, fragility curves have been developed to assess the structure's sensitivity under
various loading conditions. The results obtained from these analyses will be compared to evaluate the effectiveness
of the proposed strengthening method and to assess the extent to which the capacity of the existing structure can
be increased.

2.1. Existing structure characteristics

In this section, the material properties and cross-sectional specifications of the modeled existing building are
detailed. A three-story reinforced concrete structure with a two-dimensional frame system was modeled for the
purposes of this study. Each story has a height of 3 meters, resulting in a total building height of 18 meters. The
structure consists of three spans, with each span having a 6-meter bay width. The cross-sectional layout are
presented in Fig. 1.

Given that the building is assumed to be an older structure, the material strengths and section dimensions were
defined to reflect this condition. The concrete class was taken as C16/20. The material properties assigned to this
concrete class are detailed in Table 1. The columns were modeled with cross-sectional dimensions of 30 cm X 30
cm, designed deliberately with a reinforcement ratio below the minimum code requirements to represent the
deficiencies typical of aging structures. S220 grade reinforcing steel was used, with 6@12 mm longitudinal bars
placed in each column. The stress-strain characteristics of concrete and reinforcing steel, intended for use in the
structural behavior model, were obtained by modeling the beam and column cross-sections through the "Section
Designer" tool in the SAP2000 (Computers and Structures, Inc., 2023) software. The cross-sectional and material
properties of the columns are illustrated in Fig. 2 and Fig. 3. Additionally, the stress strain curve for C16/20
concrete is presented in Fig. 4.

Fig. 1. The cross-sectional layout of the structure
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Table 1. The material properties corresponding to C16/20 concrete and S220 reinforcement steel

Material

Parameter

Value

C16/20

S220

Concrete Compressive Strength (f7¢)
Modulus of Elasticity

Minimum Yield Stress (Fy)
Minimum Tensile Stress (F.)

16 Mpa
27000Mpa
220 Mpa
340 Mpa

Name Rectangle!

Waterial 1620
Color
X Center )
Y Center [)
Heignt 03
Wth 03
Rotation [)
Core Dimensions Program Determined
Width Major 024
Wicth Minor 024
Depth Major Pos. 027
Depth Wajpr Neg 027
Depth Minor Pos. 027
Depth Minor Neg 027
Reinforcing No
Conc. Model Mander-Unconfined
C Model

-

Fig. 2. Cross-sectional properties of the column
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Fig. 4. The stress strain curve for C16/20
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Fig. 5. Cross-sectional properties of the column
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Fig. 7. The stress strain curve for S220

In the beam design, care was taken to ensure that the reinforcement ratio exceeded the minimum requirements.
The beams were modeled as T-shaped sections, with an overall depth of 50 cm. The flange width was defined as
60 cm, and the web width as 25 cm. Similar to the columns, S220 grade steel was used for beam reinforcement,
with twelve @18 mm longitudinal bars provided. Special attention was paid to avoiding a strong-beam weak-
column configuration, and the beams were modeled accordingly. Furthermore, based on the assumption that each
story carries an approximate total load of 360 kN, a uniformly distributed load of approximately 20 kN/m was
applied to each beam element. The detailed cross-sectional and material properties of the beams are provided in
Fig. 5. In addition, the material properties and the stress-strain curve for the S220 steel used as reinforcement are
presented in Fig. 6 and Fig. 7, respectively.
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2.2. Analysis of the existing structure

The existing structure was modeled in SAP2000 based on the properties described above, and its seismic behavior
was assessed through a nonlinear pushover analysis. Furthermore, to simulate the nonlinear behavior of structural
elements and to evaluate their responses when exceeding load-carrying capacities, plastic hinges were assigned to
the load-bearing members. Since only flexural effects were considered in the beams, plasticity was assumed to
occur solely around the bending moment axis (M3). In contrast, due to the combined effects of axial force and
bending moments in the columns, P-M2-M3 plastic hinges were defined (Kirat, 2025). Considering these
parameters, plastic hinges were assigned to the columns and beams in the SAP2000 program to model the plastic
behavior of structural elements. The details of the hinge assignments are presented in Fig. 8 and Fig. 9.

After assigning hinges to the relevant sections, the necessary loadings for the pushover analysis have been
established. For the nonlinear pushover analysis, a horizontal loading is applied in the X direction (PUSHX). In
the first step, the pushover target was set to approximately 5% of the building's height. However, the pushover
analysis was not completed up to this value. In such cases, as the value can be reduced to continue the analysis
(Ekmen, 2005). In the pushover analysis, the target displacement was defined as approximately 0.45 m,
corresponding to 5% of the total building height. However, the analysis terminated at a displacement level of
approximately 0.20 m, indicating that the structure could not be pushed further due to numerical instability. This
suggests that the structural system reached its collapse mechanism and lacked additional lateral load capacity. The
pushover curve reveals a distinct peak followed by a sharp decline in base shear, demonstrating a significant
reduction in lateral strength. This behavior is indicative of widespread plastic hinge formation and a subsequent
loss of structural stability. The results clearly demonstrate the necessity for structural strengthening. Based on the
analysis results, the necessity for structural strengthening was established. Additionally, the pushover curve
obtained from the pushover analysis is presented in Fig. 10.

Cancet

Fig. 9. Beam hinge detail
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Fig. 10. Pushover curve of existing structure

2.3. Properties of the retrofitted structure

In recent years, column jacketing has become a widely used strengthening technique for reinforced concrete
buildings, especially those that do not meet current seismic design requirements. This method enhances both the
axial and shear capacity of columns by increasing their cross-sectional area and improving confinement. According
to studies in the literature, jacketed columns show significant improvements in ductility and energy dissipation
capacity under seismic loading (Altun & Anil, 2007; Sezen & Moehle, 2004). In this study, the retrofitting strategy
involves reinforced concrete jacketing of the existing columns, aiming to improve the structural performance and
ensure compliance with current code requirements.

According to the Turkish Earthquake Building Code (TBDY, 2018), the minimum confinement thickness for
reinforced concrete columns should be 10 mm. All reinforced concrete column elements were jacketed with a 15
cm layer on all four sides. During the jacketing process, the plaster on the surface of the existing columns was
removed and the surface was roughened to eliminate any remaining plaster residues. The surface was then cleaned
using pressurized air to remove dust particles, and a bonding agent was applied between the existing and new
concrete layers in order to enhance adherence. This procedure ensures monolithic behavior between the old and
new concrete.

The retrofitted column model was developed using Section Designer. In older structures, the reinforcement in
structural elements is often subjected to corrosion, leading to a reduction in cross-sectional area. Therefore, in
strengthening calculations, the existing reinforcement in columns is typically not included in the analytical models.
It is generally assumed that these reinforcements have lost their structural effectiveness (Karabacak, 2020). In this
study, the existing column reinforcements were not included in the model, and C30/37 grade concrete was used
for the jacketing. In addition, S420 grade reinforcing steel was utilized. The properties of these materials are
summarized in Table 2. The columns, originally with cross-sectional dimensions of 30 cm % 30 cm, were enlarged
to 60 cm x 60 cm through jacketing. Since no deficiencies were identified in the beam elements, no strengthening
was deemed necessary. Therefore, the beams were modeled as shown in Fig. 5. In the retrofitted column elements,
32 reinforcing bars with a diameter of 16 mm were used. Furthermore, the cross-sectional and material properties
of the retrofitted column is presented in Fig. 11 and Fig. 12. Additionally, the stress strain curve for C30/37
concrete is presented in Fig. 13.

Table 2. The material properties corresponding to C30/37 concrete and S420 reinforcement steel

Material Parameter Value

C30/37 Concrete Compressive Strength () 30 Mpa
Modulus of Elasticity 33000 Mpa

420 Minimum Yield Stress (Fy) 420 Mpa
Minimum Tensile Stress (F.) 540 Mpa
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Fig. 11. Cross-sectional properties of retrofitted column
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Fig. 12. Material properties of the column
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Fig. 13. The stress strain curve for C30/37
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Fig. 14. The stress strain curve for S420

2.4 Analysis of the retrofitted structure

In this section, the nonlinear pushover analysis of the retrofitted building was conducted and the results were
evaluated. The retrofitted structural model was created by assigning the previously mentioned material properties
to the relevant cross-sections. To simulate the nonlinear behavior of structural elements, plastic hinges were
assigned to columns and beams. The details of the hinge assignments are presented in Fig. 15 and Fig. 16. As in
the analysis of the existing structure, a lateral load was applied in the X-direction, and the analysis was completed.
The resulting pushover curve is presented in Figure 17.
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Fig. 17. Pushover curve of retrofitted structure

As illustrated in the pushover curve, the retrofitted structure demonstrates a significant increase in base shear
capacity, indicating improved lateral load resistance. Furthermore, the structure exhibits enhanced deformation
capacity, reflecting an increase in overall ductility. These results confirm that the applied strengthening strategy
effectively improves the seismic performance of the building.

3. Comparison of fragility curves for existing and retrofitted structures

Fragility curves are widely used in seismic risk assessment to represent the probability of a structure reaching or
exceeding a specific damage state under varying levels of ground motion intensity. These curves provide a
quantitative basis for evaluating the vulnerability of structures and comparing the seismic performance of different
structural configurations (Cornell et al., 2002; FEMA, 2009). In this study, fragility curves were developed for
both the existing and the retrofitted building models using pushover analysis results. The comparison aims to
highlight the improvements in seismic resilience achieved through the column jacketing technique.

3.1. Development of fragility curve for the existing structure

In this section, the process of deriving the fragility curves of the existing structure based on the results of the
pushover analysis is explained. The roof displacements corresponding to the yield and ultimate points of the
structure were obtained from the SAP2000 model and converted into spectral displacements as yielding
displacement Dy and ultimate displacement D, using Equation (1). For the determination of the fragility curves,
four distinct damage states have been considered: slight damage, moderate damage, extensive damage, and
complete damage. The standard deviations of the Sd values for these damage states, categorized by building height,
have been determined (HAZUS, 2003). Using these values, the mean of the Sd values is obtained. All of these data
are summarized in Table 2 and 3. The obtained spectral displacement values are substituted into Equation (2),
thereby creating the fragility curves for the structure and the fragility curves for different damage states are
illustrated in Fig. 18.

Roof displacement in first mode

Sd = 1st mode participation factor x 1st modemodal displacement roof (1)
DS\ _ Ln(Sd)—-Ln(A)
P(5) =0 (55 @
Table 2. Values of the Dyand Dy
Roof Displacement (m) D
Yield point 0,0164 0,020676
Ultimate Point 0,2 0,054007

Table 3. Values of the spectral displacement of existing structure

Number Damage State Displacement Mean of S (in) Standart Deviation of

Sa (in)
1 Slight 0.7Dy 0.569811024 0.81
2 Moderate Dy 0.814015748 0.84
3 Extensive Dy +0.25 (D — Dy) 1.142076772 0.86
4 Complete D. 2.126259843 0.81

golden light
.‘ pubhshmg
81


http://www.goldenlightpublish.com/

PRE-RETROFITTING STATE

PROBABILITY OF EXCEEDANCE

SPECTRAL DISPLACEMENT

Fig. 18. Fragility curve of existing structure

3.2. Development of fragility curve for the retrofitted structure

In this section, the fragility curves for the strengthened structure have been derived using Equation (1) and
Equation (2). The procedures for obtaining these curves are the same as those described in the previous section.
Since the yield and ultimate displacements change after strengthening, the spectral displacements have been
recalculated. The calculated displacement values are summarized in Table 4 and 5. The obtained spectral
displacement values are substituted into Equation (2), thereby creating the fragility curves for the structure and the
fragility curves for different damage states are illustrated in Fig 19.

Table 4. Values of the Dyand D,

Roof Displacement (m) D
Yield point 0.0215 0.034858
Ultimate Point 0.041 0.210092
Table 5. Values of the Dyand D,
Number Damage State ~ Displacement Mean of Sq (in) Standart Deviation of Sq (in)
1 Slight 0.7Dy 0.960653543 0.81
2 Moderate Dy 1.372362205 0.34
3 Extensive Dy +0.25 (Du—Dy) 3.097106299 0.86
4 Complete D, 8.271338583 0.81

POST-RETROFITTING STATE

——slight Damage = Moderate Damage Extensive Damage Complete Damage

PROBABILITY OF EXCEEDANCE

[} 0,05 0,1 0,15 0,2 0,25 0,3 0,35

SPECTRAL DISPLACEMENT

Fig. 19. Fragility curve of retrofitted structure

4. Conclusion
This study aimed to evaluate the impact of retrofitting interventions on the seismic fragility of a reinforced concrete
frame structure. A comparative analysis was conducted by comparing the fragility curves of the structure before

.
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and after retrofitting. As an illustrative example, the spectral displacement level of 0.15 m was selected to observe
how the probability of exceeding various damage states changed due to retrofitting. The results regarding the
damage probabilities at this displacement level are as follows:

e The probability of exceeding the slight damage state was approximately 90% before retrofitting and reduced
to around 85% after retrofitting. This minor decrease suggests that the retrofitting intervention had limited
influence on mitigating low-level damage.

e For the moderate damage state, the probability of exceedance decreased from about 85% in the pre-
retrofitting condition to approximately 78% post-retrofitting. This result indicates a modest improvement,
implying that the retrofitting provided some level of reduction in the likelihood of moderate damage.

¢ In the case of extensive damage, a more noticeable change was observed, as the exceedance probability
dropped from nearly 80% before retrofitting to around 65% after retrofitting. This reflects the effectiveness
of the intervention in significantly reducing the probability of severe structural damage.

e The most significant improvement was observed in the complete (collapse) damage state, where the
probability of exceedance at 0.15 m spectral displacement fell from approximately 70% before retrofitting
to about 45% afterward. This substantial reduction demonstrates the critical role of retrofitting in enhancing
the structural resilience and minimizing the risk of collapse under seismic excitation.

e Opverall, these results demonstrate that retrofitting, applied via jacketing, significantly reduces the
likelihood of severe damage and collapse, thereby greatly improving the seismic performance and durability
of the structure.
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Abstract. Turkey has a high seismicity and a considerable number of densely populated cities that are located
along active faults. This paper investigates the nonlinear design parameters of steel moment frames at different
sites in Turkey to evaluate the proportionality between the design parameters of the structure and those of the
spectrum with the aim of enhancing the building design. For this purpose, steel moment frames are modeled using
SAP2000; all the systems have the same characteristics except the span to height ratio. Then, the capacity spectrum
method based on the ATC-40 procedure is performed to calculate the nonlinear behavior parameters for each
system, including the effective damping ratio, stiffness ratio, ductility and reduction factor. Additionally, four
different demand spectra that include different elastic design spectrum characteristics are used, precisely, the
horizontal elastic design acceleration spectrum corner period Tp and the peak ground acceleration (PGA).
Afterward, the comparison of the results yields substantial findings regarding the nonlinear behavior of the steel
moment frame and the overall building design. This paper provides significant information to the designers about
the structural behavior in terms of design parameters. In addition, it offers very important recommendations for
researchers to conduct more relevant studies to develop new practical approaches to optimize the building design.

Keywords: Nonlinear behavior parameters; Steel moment frame; Design spectrum parameters; Capacity spectrum
method; Reduction factor

1. Introduction

Turkey has a high seismicity rate and a considerable number of densely populated cities that are located along
active faults. On February 6, 2023, a series of earthquakes occurred in the Eastern Anatolia region, resulting in
varying degrees of damage to various types of buildings and significant human victims. It is worth noticing that
the Northwestern region of Turkey is particularly vulnerable to large-scale seismic events(Vuran et al., 2024;
Aydin et al., 2025). In this regard, enhancing the design process of the building is imperative to avoid the
undesirable drawbacks from both the life safety and economic perspectives.

There are several methods of analyzing the building for the purpose of design. Among them, nonlinear time
history analysis has been demonstrated to produce the most accurate results. However, conducting this type of
analysis takes a long time and requires precise modeling and interpretation of results, which can present challenges
in practical design(Izadinia et al., 2012; Loulelis et al., 2018). In response to these challenges, various simplified
methods are used in the codes to design buildings through linear analysis, where the nonlinear behavior of the
building is taken in consideration through constant value known as the reduction factor (Loulelis et al., 2018;
Boussa et al., 2022). The reduction factor reduces the elastic design spectrum to inelastic design spectrum, in other
words, reducing the base shear in the building (Loulelis et al., 2018; Hassan, 2022). In general, the value of the
reduction factor is determined based on the resistant system type and certain code specifications (Hassan, 2022;
Loulelis et al., 2018). In reality, the value of the reduction factor is proportional to several conditions, making its
determination a significant challenge(Boussa et al., 2022). Since the 1960s, a substantial volume of experimental
and numerical studies has been conducted to ascertain the values of the reduction factor employed in the design.
These studies have considered the site conditions, the level of ground motion, the characteristics of structural
systems (Hassan, 2022).

The structure has several types of resisting systems used to withstand seismic forces. The steel moment frames
are widely used due to the advantages of the high ductility capacity, their architectural flexibility, and simple
applied construction (Ozkula, 2023; Yilmaz & Bekiroglu, 2023). However, the steel moment frames can be
exposed to significant damage in cases of severe earthquakes, as was observed in the 1994 Northridge and 1995
Kobe earthquakes (Miller, 1998; Mahin, 1998; Nakashima et al., 1998; Watanabe et al., 1998). This event
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encourages a rigorous investigation of the behavior of steel moment frames. The seismic resistant steel frame has
been studied by several researchers, Ozhendekci et Ozhendekci, 2012 mentioned that the span to height
approximately 2 is suitable for both the steel moment frames capacity and economy considerations, On the other
hand, using a long span to height greater than 2.5 can lead to damage in the lower stories (Ozhendekci &
Ozhendekci, 2012). In addition, the performance of the steel moment frame can be evaluated through the reduction
factor value. Ferraioli et al., 2012 concluded that the average of the reduction factor for irregular steel moment
frames is 5.2 and 6.5 for regular steel moment system(Ferraioli et al., 2012). Other studies reported that the
reduction factor reduces as number of stories or span length increases and discussed that the effect of number of
spans on the reduction factor is related to the number of stories(Hassan, 2022). In most seismic codes, the reduction
factor for steel moment frames is specified based on the level of ductility or the type of steel moment frame. In
Turkish Building Seismic Code (Code, 2018), the reduction factor (R) value is 8 for steel moment frame with high
ductility level, and 4 for the steel moment frame with limited ductility level. Based on previous research, this
constant value can be overestimated or underestimated, which significantly affects the design of buildings.

This paper investigates the nonlinear design parameters of steel moment frames at different sites in Turkey to
evaluate the proportionality between the design parameters of the structure and those of the spectrum with the aim
of enhancing the building design. For this purpose, steel moment frames are modelled using SAP2000; all the
systems have the same characteristics except the span to height ratio. Then, the capacity spectrum method based
on the ATC-40 procedure is performed to calculate the nonlinear behavior parameters for each system, including
the effective damping ratio, stiffness ratio, ductility and reduction factor. Additionally, four different demand
spectra that include different elastic design spectrum characteristics are used, precisely, the horizontal elastic
design acceleration spectrum corner period Tz and the peak ground acceleration PGA. Afterward, the comparison
of the results yields substantial findings regarding the nonlinear behavior of the steel moment frame and the overall
building design.

2. Methodology

2.1. Analysis of the nonlinear behavior of steel moment frame using the capacity spectrum method

Fig.1 illustrates the steps to analyze the nonlinear behavior of structures using the Capacity Spectrum Method. A
nonlinear static procedure, known as the Capacity Spectrum Method, is employed based on the ATC-40
procedure(Council, 1996) to analyze the nonlinear behavior of the steel moment frame.

~ Analyze the nonlinear behavior of a steel moment .
- frame using the Capacity Spectrum method

/7 \

Structure Step (1) Earthquake

Pushover Analysis curve Horizontal Elastic Spectrum
(Based on the selected seismic site or region)

Eiasic Design Spectum

B shesr (FN)

placement (m}) Tim

Step (2)
Convert the curves to ADRS format

_ Capacity curve in ADRS fomat 1o Ssismic nd i s =t
;!u — e
T 12
i :
] / es
@ o
" Spoctral displacament (m) ) Spociral Displacement (m) )
Step (3)
Plotting the seismic demand and the capacity curve together to determine the performance point
P —— Capacity Spectrum
She ! Demand Spectrum
B14 [
Eu- | erformance point|
Tl e -
fos T2 e ]
Bos ] '
L '
02 ! A
00 e

00 0.1 02 03 04
Spectral Displacement (m)

Fig. 1. Steps of the capacity spectrum procedure used to analyze the nonlinear behavior of steel moment frames
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The system is pushed according to the first mode pattern up to the target displacement of 0.36 m (4% of the total
height of the structure) to obtain the inelastic capacity curve, also known as the pushover curve. It should be noted
that this pushover curve characterises the performance of the structure independently of any specific seismic
demand (Council, 1996). In this regard, to evaluate the system's performance based on seismic demand, the
capacity curve and the specified horizontal elastic design spectrum are transformed into the spectral acceleration—
displacement domain (ADRS format). In this way, the capacity curve and the demand curve in spectral acceleration
displacement can be plotted together. The intersection of these curves is the performance point of the structure that
represents the maximum displacement demand from the system for a specified earthquake. The procedure
described in Fig.1 is performed in this study using the SAP2000 software (Computers and Structures Inc. SAP2000
Basic Analysis Reference Manual, n.d.).

2.2. Estimating the nonlinear behavior parameters of a steel moment frame
In this study, the following nonlinear parameters are investigated:

o Effective damping ratio; serves as an index of the amount of energy dissipated by the system.

o Stiffness ratio; representing the degradation in the system’s strength.

o Ductility; defined as the capacity of a structure to undergo plastic deformation without collapsing.

e Reduction factor; a critical parameter used to reduce the elastic design spectrum to account for the inelastic

behavior of the system in the design process.

The bilinear representation has been used to facilitate the calculation of nonlinear parameters of interest in a
simplified manner. To achieve this, the capacity curve extended up to the performance point is approximated by a
bilinear representation. Based on Chapter 8 of the ATC-40 document (Council, 1996), the flowchart in Fig. 2
illustrates the procedure for converting the nonlinear capacity curve into a bilinear curve, along with the equations
used to estimate the aforementioned parameters. It should be noted that, according to the Turkish Building Seismic
Code (Code, 2018), the overstrength factor D is taken as 3 (used in this study) for steel moment frames with high
ductility and 2.5 for those with limited ductility.

Estimation of the Nonlinear Behavior
Parameters of a Steel Moment Frame
Step (1)
Convert the capacity spectrum curve at the performance point into a bilinear representation

Since the value of the effective damping ratio B¢ is provided by SAP2000, rearranging the effective damping
ratio formula (Equation 8-7 in Chapter 8 of ATC-40) yields the following equation to determine the yield point
from the nonlinear capacity spectrum curve:

ai * (B

d'.zi

Nonlinear Capacity Curve Bilinear Representation

Step (2)

From SAF2000 Nonlinear behavior

parameters

Equations §-9 and 8-10 in Chapter § of the ATC-40 document

Fig. 2. Flowchart illustrating the calculation of nonlinear behavior parameters
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2.3. Numerical study

2.3.1 Benchmark model

A steel moment frame is modeled using SAP2000 (Computers and Structures Inc. SAP2000 Basic Analysis
Reference Manual, n.d.) and is taken as the benchmark for this study (Fig. 3). The system consists of three spans
and three stories, with HE240B columns and IPE3000 beams with each section meshed into eight parts. To achieve
the objectives of the study, 15 frames are modeled based on this benchmark. The span length of these frames is
incrementally increased by 0.3 meters, starting from 3.3 meters and extending to 7.5 meters. This procedure results
in a series of steel moment frames that are identical in all properties except for the span-to-height ratio.

Table 1. Presentation of additional characteristics of the steel moment frames
Characteristics Dead load(kN/m) Live load(kN/m) Hinges Material type
For all systems 13.2 9 Fiber model Steel material

1 1) 1] 1

LA B | c | D

Fig. 3. Two-dimensional model of the steel moment frame

2.3.2 Seismic demands

As illustrated in Fig. 4, the four seismic demands have been selected to represent earthquake loads. The selected
horizontal elastic design spectra are obtained from the AFAD seismic hazard map for different seismic regions in
Turkey (Database. & Https://deprem.afad.gov.tr/, n.d.). The demand spectra used correspond to an earthquake
ground motion level with a 10% probability of exceedance in 50 years (recurrence period of 475 years), specifically
Earthquake Ground Motion Level DD-2. The spectra are defined by a variety of characteristics, including peak
ground acceleration (PGA), the corner period of the horizontal elastic design spectrum( Tg), and the soil type. It
is evident that the seismic demands exhibit variation with respect to high spectral acceleration and earthquake
duration. These distinctions enable the investigation of the effect of the external loads on the nonlinear behavior
parameters of the system.

3.0
Istanbul:PGA=0.3g, Tg=0.5s, ZD
2.5 Kocaeli:PGA=0.7g, Tg=0.5s, ZD
Kocaeli:PGA=0.7g, Tz=0.34s, ZC
Sakarya:PGA=0.6g, Tg=0.8s, ZE
2.0
C
D 1.5
@©
w
1.0 H
0.5 +
0.0

T T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 55 6.0 6.5 7.0 7.5 8.0
T(s)

Fig. 4. Horizontal elastic design spectra for different seismic regions in Turkey
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3. Results and discussion

3.1. Effect of the span to height ratio on the nonlinear behavior of steel moment frames under different seismic
demands

The effective damping ratio values of the different steel moment frames subjected to four seismic demands are
illustrated in Fig. 5. Then, it’s clear that the increase in span to height ratio increases the initial period of the system,
in this manner, the effective damping ratio is getting higher. In addition, the increment degree of the effective
damping ratio is affected by the characteristics of seismic demand, more precisely, when we compare the cases of
Kocaeli (ZD), Kocaeli (ZC) that have the same PGA and different T, it’s observed that the systems have high
damping when Tj is longer and significantly with large span to height ratio. On the other side, in the Istanbul and
Kocaeli ZD cases, we observe that for the same T period (Same soil type) and different PGA, the systems have
high damping level with the high PGA. Moreover, for the span to height ratio less or equal 1.9, there are no
observations of plastic hinges in the columns in all the cases. On the other hand, when the span to height ratio
exceeds the value 1.9, the plastic hinges are observed in the columns in the Sakarya case. It is worth noticing that
in the Sakarya case, the increment in the effective damping ratio is dramatically compared to other cases. From
periods insight, in the Sakarya case, the initial period of the system is less then Ty, the increase of the span to
height ratio results to increase in the initial period, in this manner, the initial period of the structure goes more
close to Ty of seismic demand, that results to high effective damping ratio due to long vibration term with the
formation of the plastic hinges in columns, this is the crucial case where the column sway mechanism can be
happen. In other cases, most of the initial periods are greater than Ty, the increase of the span to height ratio
increases the initial period, that makes the later far from Tz and provide more effective damping without
observation of plastic hinges in the columns.

Initial period (s)
0.450.48 0.5 0.53 0.550.58 0.61 0.63 0.66 0.68 0.71 0.73 0.76 0.78 0.81
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Fig. 5. Effective damping ratio with respect to the span to height ratio and initial period of steel moment frames
under different seismic demand cases

Fig. 6 presents the stiffness ratio of the systems in terms of span to height ratio and initial period under different
seismic demands. The degradation of the stiffness is increased with the increase of the span to height ratio and
initial period, significantly, when Ty and PGA of seismic demand are larger. Furthermore, the degradation of the
stiffness is significant and dramatic in the Sakarya case compared to other cases, where after the span to height
ratio 1.9, the degradation of stiffness exceeds 15% with the formation of the plastic hinges in the columns, this is
due to the increase of the initial period of the structure results from the increase of the span ratio make it close to
Tg. In contrast, the plastic hinges in columns are not observed in the other cases. This due to the increase of span
to height ratio that increases the initial period, but makes it more greater than T}y, this makes the system in safe
zone and reduce the external load effect, the comparison of the Kocaeli cases confirm that, we observed for same
PGA and initial period, the degradation of the stiffness of Kocaeli ZD ( Tz = 0.5s) is greater than the case of
Kocaeli ZC( Tz = 0.34s); the initial period is more closer to Tg. In general, the results of the stiffness ratio confirm
the comments of the effective damping ratio.
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Fig. 6. Stiffness ratio with respect to the span to height ratio and initial period of the steel moment frames under
different seismic sites

The ductility of the studied systems presented in Fig. 7 in terms of span to height ratio and initial period of the
systems for four seismic regions. The trend of change of the ductility with the variation of the studied parameters
is not so clear in this curve; however, in general, it’s observed that the ductility value is changed with the variation
of the span to height ratio, initial period, and the seismic demand type. The ductility value varies approximately
from 1.2 to 2 for the systems that experienced nonlinear behavior, perhaps, we can classified the systems in the
same level, but from other insight, if we compare the results of ductility with effective damping ratio and stiffness,
we observe that small variation in ductility value has significant effect in the amount of energy dissipation of the
systems and also the plastic hinges at the column can be occurred despite the systems have so close ductility level.
This observation suggests that the concept of ductility deserves a more precise classification.
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Fig. 7. Ductility with respect to the span to height ratio and initial period of steel moment frames under different
seismic demand cases

Fig. 8 illustrates the modal participation mass ratio with respect to the span to height ratio and the initial period
of the first mode of the different steel moment frames under four seismic demands. It’s visible that the modal
participation mass ratio is decreased with the increase of the span to height ratio and the initial period. The use of
the long span increases initial period of the system and significantly leads to the occurrence of the plastic hinges
in columns in earthquakes with long duration, this is clear in the case of Sakarya (T = 0.8s ) after the span to
height ratio exceeds 1.9.
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Fig. 8. Modal participation mass ratio of the first mode of the systems with respect to the span to height ratio and
initial period of the different seismic cases

The effective damping ratio with respect to ductility of the steel moment frames considered in this study is
shown in Fig. 9. It’s visible that the effective damping ratio is changed significantly under short range of ductility
values. Furthermore, it’s clear that the high effective damping ratio can be result from the plastic hinges in the
columns. The results of Fig. 9 indicate that the same system type can provide significantly different level of
effective damping ratio although there is a small variation in the ductility value. In addition, the high effective
damping ratio can not be always acceptable, since it can be provided through the formation of the plastic hinges
in the columns.
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Fig. 9. Effective damping ratio with respect to ductility of the systems in different seismic sites

3.2. Assessment over the reduction factor value within the design with TBEC-2018

Fig. 10 shows the reduction factor of the steel moment frames studied in this paper in terms of the span to height
ratio and the initial period. The results in Fig. 10 show that the reduction factor of the studied cases varied in range
from approximately 4 to 6. The reduction factor is influenced by the span to height ratio and initial period of
structure, additionally, the seismic region. In contrast, TBEC-2018 considers the reduction factor for the steel
moment frame type as constants values based on ductility level, the results of Fig. 10 indicate that the reduction
factor can take different values for the same system type based on several conditions.
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Fig. 10. Reduction factor values with respect to span to height ratio and initial period of the steel moment frames
under different seismic demands

The reduction factor values with respect to the period ratio ( Ty /T;) of the different cases of the steel moment
frames are illustrated in Fig. 11. In the range where the period ratio ( Tg/T;) is greater than one, the reduction
factor value varies with both the span to height ratio and the period ratio ( T /T;). It ranges approximately from a
minimum value of 4 to a maximum of 5.5. In addition, the plastic hinges are observed in the columns when the
long span to height ratios are used, as mentioned earlier, this is the crucial case that’s observed in this study, in
fact, this case represents the column sway mechanism in real world scenario and can lead to the total collapse of
the building. In the other range, the reduction factor value varied between approximately 4 to 6, without any
observation of plastic hinges in the columns. Further, we observe some systems have the same period ratio ( T /T;)
but different reduction factor, it should be mentioned that those cases have different span to height ratio, most
straightforward, the span to height ratio increases the initial period T; and with the change of T, we obtained
some system with the same period ratio ( T /T;) and different span to height ratio. Overall, when we compare the
cases with the same period ratio ( T /T;) and different span to height ratio as highlighted in Fig. 11, the reduction
factor is affected by the span to height ratio.
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Fig. 11. Reduction factor with respect to the period ratio(T/T;) of the systems in different seismic regions

4. Conclusions

This paper investigates the nonlinear behavior of the steel moment frames that have the same characteristics and
different span to height ratios subjected to four different seismic demands. For this purpose, the capacity spectrum
method was used to obtain the nonlinear parameters of the systems. The comparisons and the investigations of the
results can reach to the following points:

The long Ty period value of the soil demands a large damping from the system, the later can lead to the
formation of the plastic hinges in columns when the long span to height ratio is used, consequently, the
structure can collapse due to the column sway mechanism.
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e The nonlinear behavior of the steel moment frame is so proportional with the span to height ratio, in
addition, the span to height ratio changes the distribution of the plastic hinges, in this regard, the span to
height ratio should be optimized to reach high performance of the steel moment frame.

o Increasing the span to height ratio increases high deformation of base floor in the first mode. This is because
the plastic hinges can occur in the columns in long period earthquakes when the span to height ratio is more
than 1.9 for steel moment frames.

e The reduction factor value is affected by the span to height ratio and the period ratio ( T /T;). The variation
of those parameters can change the reduction factor value.

e For the same system type and similar level of ductility, the reduction factor value can be significantly
different, as a result, assuming a constant value of the reduction factor base on the system type and level of
ductility in TBEC-2018 (Code, 2018) can be overestimated or underestimated, which significantly affect
the design. In response to these challenges, the reduction factor value should be checked at the end of
the design process.

This paper provides significant information to the designers about the structural behavior in terms of design

parameters. In addition, it offers very important recommendations for researchers to conduct more relevant studies
to develop new practical approaches to optimize the building design.
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Abstract. Earthquakes have been one of the greatest threats in human history due to the devastating effects of
movements in the Earth's crust. The Kahramanmaras earthquakes that occurred in 2023, with their large scale and
destructiveness, have led us to question the seismic performance of not only modern structures but also historical
artifacts. Such disasters have once again revealed the importance of protecting our cultural heritage as well as
increasing the resistance of structures to earthquakes. Historical structures require a special approach in terms of
engineering as well as their architectural and aesthetic values. Slender and tall structures such as minarets are more
vulnerable to earthquakes; therefore, a detailed evaluation of their seismic performance is necessary. Analyses
performed for historical masonry structures provide critical information in terms of understanding the current
durability of structures and developing the right reinforcement solutions. Ensuring the safety of minarets is not
only an engineering problem, but also a necessity for carrying cultural heritage into the future. This study aims to
determine the seismic assessment of the historical minaret of Nebi Mosque. For this purpose, a finite element
model and seismic analysis of the minaret were carried out using the ANSYS finite element software with the
macro modeling technique. The nonlinear analysis method in the time history was applied to the minaret using the
of the February 6, 2023 Pazarcik-Kahramanmaras earthquake (M, = 7.7). The dynamic response of the minaret
was evaluated. The maximum tensile and compressive stresses in the minaret were determined, and the possible
locations of the first damage were investigated.

Keywords: Masonry structure; Minaret; Numerical analysis; Finite Element Method

1. Introduction

On 6 February 2023, two major earthquakes with M, = 7.7 and M, = 7.6 struck the Pazarcik and Elbistan districts
of Kahramanmaras, Tiirkiye, causing widespread damage in eleven cities and affecting approximately 15 million
people. The earthquakes severely damaged more than 230,000 buildings, including historical structures (Ozmen
etal., 2024; Ince, 2024; Atar et al., 2024). Mosques are particularly vulnerable to earthquakes due to their structural
characteristics, such as slender minarets and massive masonry walls (Eronat et al., 2024). Protecting these unique
and irreplaceable buildings and other structures for future generations is a key responsibility. In this context,
numerical studies play an important role in the preservation, maintenance, and rehabilitation of historical
structures.

Historical mosques are among the most important religious monuments in the world's cultural and architectural
heritage. Over time, these structures are subject to various forms of deterioration due to natural disasters, strong
ground movements, aging of materials, and adverse environmental conditions. These factors often lead to
structural deficiencies that eventually cause partial or total collapse. Protecting these unique and irreplaceable
buildings for future generations is a key responsibility. In this context, numerical studies play an important role in
preserving, maintaining, and rehabilitating historical structures (Bayraktar et al. 2018). Tiirkiye is home to many
historic mosques, many of which are located in seismically active regions. These structures typically consist of
massive masonry walls, central domes, semi-domes, and slender minarets that form an integrated architectural
system. The domes are typically constructed of materials such as brick, timber, or stone bonded with mortar, and
the minarets - tall and slender masonry towers - are particularly vulnerable during seismic events due to their
geometric slenderness and height. One of the primary objectives of structural engineering is to understand and
evaluate the behavior of historic mosques under different loading conditions. There has been a growing interest in
such structures conservation and seismic assessment in recent years, with numerous numerical studies focusing on
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their dynamic characteristics and potential vulnerabilities. The literature provides various examples of structural
assessments of historic mosques and their minarets, emphasizing the importance of preserving these heritage assets
architectural and structural integrity (Lourengo et al., 1995; Mangia et al., 2016; Karaton & Aksoy, 2018). Sezen
et al. After the 1999 earthquakes in Diizce and Kocaeli, the damage and vulnerability of 64 reinforced concrete
and masonry minarets were assessed (Sezen et al. 2008). Altunisik investigated the dynamic behaviour of a
masonry minaret before and after strengthening with FRP (fibre reinforced polymer) composite. For this aim, the
1992 Erzincan earthquake was used to analyse and investigate the analytical model of the minaret. (Altunisik
2011). Yurdakul et al. conducted a study to investigate the seismic performance of a historic minaret in Bayburt,
Tiirkiye. Three acceleration records (1992 Erzincan, 1999 Kocaeli-Duzce and 2011 Van-Ercis) were used to
evaluate the seismic behaviour of the historic minaret (Yurdakul et al. 2021). Cubuk et al. focus on the seismic
evaluation of the historical Murat Bey Bridge in Kiitahya, which was built in 1460. The bridge was evaluated using
numerical methods and time-history analysis. The highest displacement and stress values were obtained from the
acceleration records of the 2011 Van earthquake, which were used to evaluate the dynamic behaviour of the bridge
(Cubuk et al.2022). Tas et al. aimed to determine the seismic assessment of the historical Nebi Mosque (Tas et al.,
2024).

This research aims to evaluate the seismic characterization of the historic minaret of the Nebi Mosque. In order
to achieve this objective, a finite element model and seismic analysis of the minaret were carried out using ANSYS
finite element software with macro modeling methodology. The nonlinear time history analysis technique was
applied to the minaret using the recordings of the 2023 Pazarcik-Kahramanmaras earthquake (My, = 7.7). The
dynamic behavior of the minaret was evaluated. The maximum tensile and compressive stresses within the minaret
were identified, and the potential location of initial damage was investigated.

2. The minaret of the Nebi Mosque

The Nebi Mosque is one of the oldest and most remarkable mosques in the Mesopotamian region still in active use
in Diyarbakir, a city in southeastern Tiirkiye (Fig. 1). Constructed during the Akkoyunlu period in the early 15th
century, the architect of the mosque remains unknown (Diyarbakir Provincial Directorate of Culture and Tourism,
2025). The minaret of the Nebi Mosque is located in the northeastern part of the structure.

Fig. 1. Location map of Nebi Mosque and minaret location map of Nebi Mosque and minaret (Google Maps)

The historic minaret and mosque were built using basalt stone and mortar for the walls, while the vault, dome,
and arches of the Nebi Mosque were built using stone and brick. Stone was used as the primary building material
in the construction of the Nebi Mosque. The properties of the structural masonry and mortar used in the mosque
were evaluated. The mechanical properties of these materials, such as Young's modulus (E=25000 MPa), Poisson's
ratio (v=0.2), and material density (p=1600 kg/m?), were taken into account for the seismic analyses. The north
and south views of the mosque are shown in Fig. 2 and Fig. 3, respectively. A plan view of the mosque is also
shown in Fig. 4. The minaret has a square prismatic shaft, which is alternately clad with black and white basalt
stones up to the balcony. Above the balcony, a cylindrical shaft has been added.
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Fig. 2. North view of Nebi Mosque and Minaret Fig. 3. South view of Nebi Mosque and Minaret
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Fig. 4. Plan view of Nebi Mosque and Minaret (Tas et al., 2024)

3. Finite element modelling and analysis

Studying the structural behavior of historical structures using analytical methods requires many assumptions and
methods. There are three primary modeling techniques for masonry structures: micro modeling, simplified micro
modeling, and macro modeling. The detailed micro-modeling approach represents brick and mortar as separate
materials. For the finite element modeling of the mosque minaret, the SOLID65 element, a three-dimensional solid
element available in the ANSYS software (Fig. 5), was used (ANSYS, 2015). The SOLID65 element consists of
eight nodes with three degrees of translational freedom. This element can be used for linear and non-linear static
and dynamic structural analyses. The three-dimensional (3D) solid model of the minaret is shown in Fig. 6.

Tetrahedral Option
(not recommendad)

Fig. 5. Geometry of SOLID65 element (ANSYS, 2015)

4 goldenlight
.‘ pubhshmg
95


http://www.goldenlightpublish.com/

he

a b c

Fig. 6. a) Three-dimensional geometric representation, b) finite element mesh, and c) internal staircase model of
the Nebi Mosque Minaret

According to the literature review, the macro modeling technique is more advantageous for large-scale
structural models because of the results' low computational effort and accuracy. It has been used in many studies
(Carpinteri, Invernizzi, & Lacidogna, 2005; Sayin, 2016; Erdil, Tapan, Akkaya, & Korkut, 2018). In this study,
the macro modeling technique was selected to model the historical minaret. Three-dimensional geometric
representation, finite element mesh, and internal staircase model of the Nebi Mosque Minaret are shown in Fig. 6.
A 3D finite element model of the minaret was created using the ANSY'S finite element software, which included
81,949 nodes and 449,845 eclements. All degrees of freedom were also assumed to be fixed at the foundation level.

4. Modal analysis

A modal analysis was conducted to comprehensively understand the dynamic behavior of the minaret and to
identify its principal vibration modes, the corresponding mass participation ratios, and the associated periods. This
study selected the macro modeling technique to model the minaret. Modal analysis of the minaret's first three mode
shapes and their frequencies is shown in Figure 7. The first 20 frequencies of the minaret of the Nebi Mosque are
shown in Table 1. A 3D finite element model of the mosque was created using the ANSYS finite element software,
which included 26680 nodes and 116445 elements in the three-dimensional finite element model of the Nebi
Mosque. All degrees of freedom were also assumed to be fixed at the foundation level.

Table 1. Modes and frequencies of the Nebi Mosque Minaret

Mode no Frequency (Hz) Mode no Frequency (Hz)
1 1.62 11 28.25
2 1.65 12 33.44
3 7.90 13 38.26
4 7.94 14 38.58
5 9.56 15 44.13
6 13.16 16 45.20
7 13.26 17 46.50
8 16.02 18 47.55
9 23.43 19 47.72
10 24.04 20 50.45
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a) Mode 1 (fi=1.62 Hz) b) Mode 2 (f>=1.65 Hz) ¢) Mode 3 (f;=7.90 Hz)

Fig.7. Modal analysis of the Nebi Mosque Minaret: First three mode shapes and their frequencies

5. Linear dynamic time history analysis

In this study, the acceleration records of the 6 February 2023 Pazarcik-Kahramanmaras earthquake (Mw=7.7) were
used for dynamic analyses to evaluate the seismic performance of the minaret. The most effective 20 seconds of
the earthquake were used for time-history analyses of the minaret (Fig. 8 - Fig. 9). In the dynamic analyses, the
north-south (N-S) and east-west (E-W) acceleration records of the earthquake were applied to the x and y directions
of the minaret, respectively. The principal tensile and principal compressive stresses obtained from the time history

analyses are shown in Fig. 10. The time-displacement graphs of the top point of the minaret are also presented in
Fig. 11 and Fig. 12.
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Fig. 8. Pazarcik-Kahramanmarag North-South component (acceleration station 2101)
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Fig. 9. Pazarcik-Kahramanmarag North-South component (acceleration station 2101)
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Fig. 11. Time-displacement graphs of the top point of the Nebi Mosque Minaret for E-W direction
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Fig. 12. Time-displacement graphs of the top point of the Nebi Mosque Minaret for N-S direction
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Conclusions
This study aims to determine the seismic assessment of the historical minaret of Nebi Mosque. For this objective,
a finite element model and seismic analysis of the minaret were executed utilizing the ANSYS finite element
software with macro modeling methodology. A linear time history analysis method was employed for the minaret,
and the 2023 Pazarcik-Kahramanmarag earthquake records (My = 7.7) were selected. The dynamic response of
the minaret was evaluated. The maximum tensile and compressive stresses that developed in the structure were
assessed, and potential areas for initial damage were investigated.
e  When the analysis results are examined, it is observed that compressive and tensile stresses are
concentrated in the bottom parts of the minaret.
e  Although the structural system of the minaret is predominantly subjected to compressive forces, the base
regions where tensile stresses occur are critical in terms of structural damage risk.
e It is planned to make experimental measurements of the minaret in future studies. Experimental and
numerical results will be compared.
e In this study, linear analysis of the minaret was performed. In future studies, it is aimed to determine the
damage formation and progression with non-linear analysis.
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Abstract. This study investigates the performance of a building model equipped with a tuned liquid damper
through a series of shaking table tests under varying excitation directions. To assess directional effects, the model
was rotated in 15-degree increments from 0° to 180°, while the excitation direction remained fixed. Acceleration
and displacement time histories were recorded for each orientation to evaluate the damper’s effectiveness. The
results demonstrate that the TLD effectively reduced both accelerations and displacements of the structure.
However, its efficiency declined progressively as the excitation angle increased from 0° to 90°.

Keywords: Different excitation direction; Shake table test; Tuned liquid damper; Vibration control

1. Introduction

Tuned Liquid Dampers (TLDs) are passive control devices widely used in structural and mechanical engineering
to mitigate vibrations and enhance the dynamic performance of structures. These systems typically consist of a
fluid-filled container and a tuned mass connected to the structure through a spring mechanism. The fluid provides
damping through motion or viscosity, while the mass-spring assembly introduces stiffness, allowing the system to
be tuned to specific frequencies. By carefully adjusting these parameters, TLDs can effectively reduce structural
responses to dynamic loads such as wind or seismic activity. Two primary types of TLDs are commonly employed
in buildings: sloshing TLDs, which dissipate energy through fluid motion, and viscous TLDs, which rely on the
fluid’s viscosity for damping. Depending on design considerations such as fluid depth, container geometry, and
function, TLD systems are further categorized into Tuned Liquid Dampers (TLD or TSD-rectangular section),
Tuned Liquid Column Dampers (TLCD), Hybrid TLCDs (HTLCD), and Double TLCDs (DTLCD), each offering
unique performance characteristics for vibration control.

TLDs offer several notable advantages over other passive damping systems, making them an attractive solution
for structural vibration control. Their design is inherently simple, involving no complex mechanical components,
which contributes to lower installation and maintenance costs. Furthermore, TLDs are highly adaptable and can
be tuned to target a broad spectrum of frequencies, allowing them to perform effectively under various dynamic
loading conditions. This versatility makes them suitable for a wide range of applications, including tall buildings,
long-span bridges, and offshore structures exposed to wind, wave, or seismic forces. Despite these strengths, the
performance of TLDs can be limited in environments characterized by extremely large-amplitude vibrations,
where nonlinear effects may reduce damping efficiency. Additionally, in regions with low seismic or dynamic
excitation, the benefits of TLDs may be marginal, potentially making them less justifiable compared to other
control systems. Nonetheless, their cost-effectiveness, simplicity, and adaptability continue to make TLDs a
valuable option in modern structural engineering.

The concept of using fluid-based systems for structural vibration control dates back to the mid-20th century.
One of the carliest theoretical foundations was laid by Housner (1954), who explored the influence of earthquake
incidence angles on structural seismic response-paving the way for passive control systems such as TLDs. During
the late 1950s to early 1970s, researchers began to systematically investigate the use of liquid-filled containers as
damping devices to mitigate vibrations in buildings and other structures. Significant advancements occurred in the
late 1980s (Miyata et al.,1989; Sakai & Takeda 1989; Sakai et al., 1989; Sun et al.,1989). In the mid-1990s,
numerical analysis became prominent (Zhao & Fujino, 1993; Balendra et al.,1995). Subsequent studies further
explored adjustable and tunable fluid damping systems. Researchers such as Sun et al.,1992; Gao et al., 1997; and
others (Reed et al., 1998; Kanok-Nukulchai & Tam, 1999; Yamamoto & Kawahara, 1999; Yu et al., 1999; Jin et
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al., 2007; Tait, 2008; Colwell & Base, 2009; Tait & Deng, 2010; Behbahani et al., 2016; Sonmez, 2016; Altunigik
et al., 2018) expanded the application scope and refined the analytical models of fluid-based dampers. Konar &
(Dey) Ghosh (2023) have contributed significantly to the field of structural vibration control by reviewing the
performance and development of TLDs. Their studies emphasize the dynamic behavior of TLDs under various
excitations, such as wind and seismic loads, and critically analyze the evolution of TLD design, including sloshing
mechanisms, hybrid configurations, and optimization techniques for improved efficiency. Similarly, Greciano et.
al., (2024) have conducted an in-depth review focused on the integration of passive control systems like TLDs in
civil structures. Their work highlights recent experimental advances, modeling techniques, and practical
implementation in tall buildings and bridges, with special attention to sustainability and adaptive damping
strategies. Collectively, these authors offer a valuable synthesis of current trends and future challenges in the
application of TLDs for structural vibration mitigation.

Although extensive research has been conducted on TLDs for mitigating structural vibrations under dynamic
loads, studies focusing on their performance under seismic excitations occurring at varying angles of incidence
remain limited. Most existing works consider idealized or unidirectional loading conditions, which may not
accurately reflect the complex nature of real earthquake events. To address this gap, the present study
experimentally investigates the effectiveness of TLDs in controlling structural responses when buildings are
subjected to earthquakes impacting from different directions. The findings aim to enhance the understanding of
TLD behavior under multi-directional seismic inputs and contribute valuable insights to the existing body of
literature on passive vibration control.

2. Building model and design of TLD

A single span three-story steel building model (0.90 x0.90 x 3.0 m, width x depth x height) was built in the
laboratory to simulate a dynamic response of a building (Fig. 1). The wight of the model was 172 kg. The model
building is designed to represent the behaviour of a mid-rise or relatively high-rise building. This was effective in
selecting the dimensions of the carrier elements. The model structure includes columns with dimensions of 20 x
20 x 1.5 mm, beams with a diameter of 8 mm (@8). The floor slab and base slab was constructed with 900 x 900
x 25 mm steel plate. To simulate the effect of an earthquake from different angles, the model was mounted on a
steel plate with holes drilled at 15-degree intervals. The model was also fixed to uniaxial shaking table using these
holes (Fig. 2). In this way, the building was rotated to angles of 0°, 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°,
150°, and 165°.

Fig. 1. Building model constructed in the laboratory
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Fig. 2. Base plate with holes drilled at 15-degree intervals and a representative
photo of the model on the shaking table

The dynamic characteristics of the building (mode shapes and natural frequencies) were obtained both
numerical and experimental. A Finite Element (FE) model of the building was constituted using SAP2000 software
(SAP2000, 2015). The experimental dynamic characteristics was detailed using ambient vibration test method.
During the test, a B&K 3560 data acquisition system with 17 channels and B&K 4506 type, 9 uni-axial
accelerometers having 0.5V/g sensitivity, uni-axial signal cables, PULSE and OMA software were used as the test
equipment. Enhanced Frequency Domain Decomposition (EFDD) was employed to extract the dynamic
characteristics Fig. 3 shows FE model, the accelerometer layout on the OMA model of the building and Singular
Values of Spectral Density Matrices (SVSDM) of the dataset. Fig. 4 present the numerical and experimental mode
shapes and corresponding natural frequency values. The mode shapes obtained for both cases included translational
and torsional modes. The first three natural frequencies were calculated as 0.59 Hz, 0.59 Hz, and 1.41 Hz for the
numerical model, and 0.52 Hz, 0.54 Hz, and 1.35 Hz for the experimental model. These results indicate that the
natural frequencies of the numerical and experimental models are in close agreement. It should be noted that the
first natural frequency of the building was used in the design of the TLD.

/
f

&

Fig. 3. FE model and OMA model of the building with the SVSDM of the dataset
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Fig. 4. Numerical (a) and experimental (b) mode shapes and corresponding natural frequencies

According to linear wave theory (Lamb, 1932), the fundamental natural frequency of liquid sloshing motion,
fw 1s given by:

1 [tXg
fw‘% I

where g is the acceleration due to gravity, L is the length of the tank, h is the depth of the liquid.

During the TLD design process, the sloshing frequency fw (sloshing frequency was set equal to the first natural
frequency of the building.

tanh(nTXh) (1)

1 |[txg TXh
= — _— —_— = = 2
fw o tanh( I )=10,59 = f (2)
In the TLD design, the ratio of water depth to tank length (h/L was taken as 0.1, which is within the typical
range of 0.1 to 5 for TLD applications. Based on this ratio and a tank length (L) of 0.67m, and the water depth (h)
was calculated as 0.067m (Fig.5). The required liquid mass was calculated as 13.47 kg, based on an 8% mass ratio

(range between 1% and 10%) relative to the total structural mass. The tank was constructed using 2.0mm thick
plexiglass sheets (Fig. 6).
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6.7cm

67cm

Fig. 5. Dimension of the TLD tank for the building

Fig. 6. Views of the TLD constructed using plexiglass.

3. Shaking table tests

A uniaxial shaking table (4.0m by 4.0m, 30tons capacity with accelerations up to 2g) was used to obtain seismic
excitations. Three sinusoidal waves with amplitudes of 3mm, 6mm and 9mm each consisting of 5 cycles (Fig. 7),
were selected as seismic excitations. During the shaking table tests (Fig. 8), the building was instrumented with
four accelerometers in both the X and Y directions-two placed at the base and two at the top of the structure-to
measure its dynamic response. To assess the effectiveness of the TLD at various orientations, the model structure
was rotated to angles of 0°, 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, and 165°, and tested on a shake
table under three different dynamic excitation scenarios. For each configuration, acceleration responses were
recorded at both the base and the top of the building. To analyze the structural response under varying seismic
orientations, the acceleration input for each test was resolved into components along the X and Y axes using
trigonometric transformations. At each rotation angle of the structure (ranging from 0° to 165° at 15° intervals),
the effective acceleration in the direction of shaking was computed using the formula, as can be seen in Fig. 9.
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Fig. 7. Shaking table tests of building with and without of TLD
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Fig. 8. Excitations for shaking table tests: (a) 3mm amplitude, (b) 6mm amplitude and (c) 9mm amplitude
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Accel. =X cos (0) + Y sin (0) Accel. = X cos (15) - Y sin (15) Accel. =X cos (30) - Y sin (30)

Accel. = X cos (45) - Y sin (45) Accel. = X cos (60) - Y sin (60) Accel. = X cos (75) - Y sin (75)

Accel. = X cos (90) - Y sin (90) Accel. = X cos (105) - Y sin (105) Accel. = (-X) cos (120) +(-Y) sin (120)

Accel. = (-X) cos (135)-Y sin (135)  Accel. = (-X) cos (150) -Y sin (150)  Accel. = -Xcos (165) -Y sin (165)

Fig. 9. Acceleration transformation for different structure orientations at 15° intervals.

4. Results and discussion

This section presents the acceleration values measured at the top of the building, both with and without the TLD
system, for each excitation angle. The acceleration time histories recorded at the top of the structure under various
excitation angles (ranging from 0° to 165° at 15° intervals) are presented for three different dynamic input
scenarios (Fig.10). It should be noted that when the TLD is positioned at 0 degrees, the direction of earthquake
excitation aligns with the natural sloshing direction of the water. In each case, comparisons are made between the
responses of the building with and without the TLD system. It is evident from the graphs that the presence of the
TLD leads to a noticeable reduction in peak acceleration amplitudes and a faster decay in oscillation amplitude
over time. This damping effect is particularly prominent during the initial response period and remains consistent
across all orientation angles. The results demonstrate that the TLD is effective in mitigating structural vibrations
regardless of the direction of seismic input, confirming its contribution to enhanced dynamic performance and
energy dissipation. The effectiveness is more distinguishable in excitation cases with stronger input amplitudes,
where the gap between the with-TLD and without-TLD curves becomes more pronounced. In addition, it can be
concluded that the TLD remains effective across all excitation angles. However, its efficiency slightly decreases
as the excitation angle increases from 0° to 90°, and then gradually improves from 90° to 180°. This behaviour is
also illustrated in Fig. 11. As can be seen in Fig. 11a, the displacement responses remain relatively high and
consistent across all angles, showing limited variation with changing direction of excitation. Fig. 11b demonstrates
that the structure equipped with a TLD exhibits a direction-dependent displacement response. The damping
effectiveness decreases as the excitation angle approaches 90°, where the motion is perpendicular to the sloshing
direction, and improves again as it approaches 180°. This pattern confirms that the TLD provides maximum
efficiency when aligned with the excitation direction, effectively reducing structural displacement through
directional energy dissipation.
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Fig. 10. Top-story acceleration responses with and without TLD at different excitation angles: (a) 3mm
amplitude, (b) 6mm amplitude and (c) 9mm amplitude
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Fig. 11. Comparison of peak displacement responses of the building: (a) without TLD and (b) with TLD under
varying excitation angles and input amplitudes.

5. Conclusion

This study investigated the effectiveness of a Tuned Liquid Damper (TLD) in reducing structural responses under
varying excitation angles using shake table experiments. A scaled model structure was tested with and without the
TLD at twelve different orientations ranging from 0° to 180°, under three levels of dynamic excitation.
Acceleration responses were recorded at both the base and the top of the structure, allowing for a detailed
comparison across configurations.

The results clearly demonstrate that the TLD significantly reduces acceleration responses, particularly when
the excitation direction aligns with the natural sloshing direction of the liquid (0° and 180°). While the damping
performance marginally decreased as the excitation angle approached 90°, it improved again beyond that,
confirming the directional dependency of the TLD system. This behavior was consistently observed across
different excitation amplitudes and was especially evident in the peak displacement data, where directional
effectiveness was most pronounced.

Overall, the findings highlight that even under varying seismic input directions, the TLD maintains its capacity
to mitigate structural vibrations, with optimal performance achieved when aligned with the excitation axis. These
results affirm the potential of TLDs as a practical and efficient passive control solution for enhancing the seismic
resilience of structures.

As a recommendation for future work, the study can be expanded by investigating the performance of
alternative TLD configurations, such as multiple tanks with varying orientations or dimensions. Incorporating
additional TLDs positioned along different axes may improve damping efficiency across a wider range of
excitation angles, thereby enhancing the overall seismic performance of the structure.
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Abstract. Arch dams, due to their complex geometry and interaction with reservoir water, are highly sensitive to
dynamic effects and long-term environmental influences. The Yusufeli Arch Dam, one of the highest dams in
Turkey, are equipped with Structural Health Monitoring (SHM) systems to assess their dynamic behavior and
ensure operational safety. Yusufeli Dam, with a height of 275 meters, was recently completed and began reservoir
impoundment. Its SHM system includes high-sensitivity accelerometers, temperature sensors, and displacement
measurement instruments to track changes in modal characteristics as the water level rises. These data are crucial
for understanding how hydrostatic pressure, temperature fluctuations, and external loads affect the dam's stability.
The SHM system deployed on the dam provides long-term records of seismic response, structural displacements,
and potential material degradation. Previous studies indicate that reservoir filling leads to a decrease in the natural
frequencies of the dam, confirming the influence of the added mass effect and changing boundary conditions.
Monitoring dam over time offers valuable insights into the structural integrity of high arch dams under real
environmental conditions. The collected data contribute to the development of numerical models that improve the
reliability of dam safety assessments. These case studies highlight the necessity of integrating SHM techniques
into large-scale infrastructure projects to mitigate risks associated with environmental and operational factors.

Keywords: Arch dam; Operational modal analysis; Structural health monitoring; Yusufeli arch dam

1. Introduction

Archaeological discoveries and prehistoric engineering studies show that dam construction dates back to the early
periods of human history. The Jawa Dam in Jordan, built around 3000 BCE, is recorded as the oldest known dam.
In Ancient Egypt, the Sadd el-Kafara Dam (Dam of the Infidels), built around 2650 BCE on the northern banks of
the Nile River, and the Hittite Dam (Alaca Hoyiik) in Anatolia, still functional and dating back approximately
3,200 years, are testaments to the ancient human effort to control and manage water (Uzen & Cetin, 2012). These
structures represent a significant milestone in the storage and management of water, enhancing humanity’s ability
to intervene in the natural water cycle. The evolutionary journey of dams throughout history has led to an increased
appreciation of water’s value and more efficient use of water resources.

Over time, the design and functionality of dams have significantly improved. In the Middle Ages, the use of
water power increased in Europe, leading to the widespread construction of dams. Notably, the arch dam,
discovered by the Mongols in the 13th century, made it possible to build stronger dams with less material
(Matthew, 2005). With the evolution of dam construction technology in the early 20th century, dams became more
complex structures and an important resource for hydroelectric power generation. The use of materials such as
concrete and steel enabled the construction of larger and more robust dams. Structures like the Hoover Dam and
Aswan Dam, built during this period, are regarded as significant milestones in the field of engineering
(Novokshchenov, 1997; Scott & Molyneux, 2001; Giroux, 2010).

The type and design of a dam to be constructed are determined by various factors such as geographical location,
geological conditions, the intended use of water, and environmental impacts. Each type of dam offers specific
advantages tailored to particular geological and environmental conditions. Arch dams are water retention structures
that effectively utilize the strength of concrete with their curved design. The primary working principle of these
dams is to transfer the hydrostatic pressure created by the water to the abutments and foundation through their
curved shape. Therefore, the bearing capacity of the foundation and abutments where the dam will be located must
be high. These characteristics make arch dams particularly preferred in narrow and steep valleys, providing a more
effective and economical solution compared to other dam types in such geographical conditions.

* Corresponding author, E-mail: ebrukalkan@ktu.edu.tr
https://doi.org/10.31462/icearc2025_ce_eqe_ 176

golden light
“ pubhshmge
112


https://doi.org/10.31462/icearc2025_ce_eqe_176

Today, the role of dams is not limited to water storage and energy production; they also serve various purposes
such as recreational use, water sports, and wildlife conservation. However, the environmental impacts and social
consequences of dams are also heavily debated. These discussions have made it necessary to integrate
sustainability and environmental protection measures into the design and operation of dams. Considering that
structures storing such large volumes of water could lose functionality if damaged, causing harm to the national
economy, and in the event of more significant damage, the collapse of a dam could result in the loss of many lives,
accurately determining the static and dynamic behavior of these structures during the design and planning stages
is of utmost importance.

The natural frequencies, mode shapes, and damping ratios, which describe the current structural condition of
arch dams and all other structures, are referred to as dynamic characteristics and are directly influential in
determining static and dynamic effects. The dynamic characteristics of such structures can be determined through
numerical and experimental methods. Experimental methods take into account factors directly affecting the
structures and test the accuracy of the data obtained from numerical methods, providing a realistic structural
assessment. Today, the Experimental Modal Analysis Method is used to experimentally determine the dynamic
characteristics of structures, such as their natural frequencies, mode shapes, and damping ratios, by placing
sensitive accelerometers at various points on the structure. Since the vibration signals collected via accelerometers
include signals from both the structure and the surrounding environment, they are separated using filtering
techniques, and the signals belonging to the structure are processed to determine the experimental dynamic
characteristics of the structures (Freyman et al., 1996).

Dams are critical infrastructure that serve various functions, such as water storage, energy production, and
flood control. As such, maintaining the safety and functionality of these structures is paramount. Structural Health
Monitoring (SHM) plays an essential role in ensuring the integrity of dams over time, enabling early detection of
potential issues before they evolve into critical failures. By continuously monitoring key parameters such as
vibrations, deformations, and crack growth, SHM systems facilitate the assessment of a dam's static and dynamic
behavior. This data is invaluable in identifying early signs of damage, deterioration, or unexpected behavior, which
might otherwise go unnoticed until they pose significant risks. Moreover, the use of advanced SHM technologies
allows for the remote monitoring of dams in real-time, providing a cost-effective alternative to traditional manual
inspections. The monitoring of dynamic characteristics, including natural frequencies and damping ratios, allows
engineers to evaluate how the dam responds to environmental factors such as water level changes, temperature
fluctuations, and seismic activity. Understanding these responses is crucial for predicting the dam's performance
under various loading conditions and ensuring its continued safety and functionality. The implementation of SHM
systems also aligns with modern engineering practices focused on sustainability, as it minimizes the need for
inspections and repairs, reducing both operational costs and environmental impact. SHM represents an essential
component of modern dam management, providing vital insights into the health and safety of these critical
structures. For this purpose, within the scope of the literature, researchers carry out studies on dams, including
operational and laboratory experiments (Darbre et al., 2000; Okuma et al., 2008; Sevim et al., 2012; Lew & Loh,
2013; Oliveira & Alegre, 2022; Hassan et al., 2024)

Within the scope of this study, long-term Structural Health Monitoring (SHM) efforts are aimed at determining
the structural behavior of the Yusufeli Arch Dam, which has a height of 275 meters, through experimental methods,
considering the effects of reservoir water and changing ambient temperatures. Sensitive accelerometers installed
on the dam, whose construction was completed in 2022, have been used to obtain long-term signal data, including
the condition where the reservoir is empty. This study is significant in terms of determining the changing dynamic
characteristics of a 275-meter-high arch dam as the reservoir begins to fill with water.

2. Yusufeli arch dam

The Yusufeli Dam, situated on the Coruh River in the Yusufeli district of Artvin, Turkey, stands as a remarkable
feat of modern engineering. Construction began in 2013, and the dam was officially completed in 2022, with the
reservoir impoundment commencing in November 2022. By November 2023, the dam's power generation
activities were underway, and the water level reached a height of +701 meters, with the crest elevation at +715
meters. With a total height of 275 meters, it is the tallest dam in Turkey and ranks as the third-tallest double-
curvature concrete arch dam type worldwide.

Boasting an installed capacity of 540 MW, the Yusufeli Dam contributes significantly, with an annual energy
output of 1.8 billion kWh. In addition to its energy-generating capabilities, the dam plays a vital role in irrigation,
water storage, and flood mitigation, with a reservoir that can hold up to 270 million cubic meters of water. The
Yusufeli Dam, through its sophisticated engineering design and technological advancements, delivers long-term
benefits, including energy production, environmental conservation, and disaster management. Some images of the
dam are shown in Fig. 1.
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Fig. 1. Views of Yusufeli Dam

2.1. Sensor installed and operational tests in the Yusufeli dam
Since environmental conditions can lead to structural changes over time in large engineering projects, it is crucial
to monitor these changes. To monitor these changes and assess the dynamic characteristics of the dam, ambient
vibration tests are employed. These tests use accelerometers placed at strategic points on the dam to capture natural
vibrations caused by factors such as water level changes, wind, ground motions, and the passage of heavy vehicles.
Upon the completion of the Yusufeli Dam in 2022, ambient vibration tests were conducted to assess the dam's
modal behavior with the reservoir empty. Seven accelerometers were used for each reference measurement along
the dam crest to capture vibration data, which was then processed using the OMA (2023) software to determine
the dam's dynamic characteristics (Fig. 2). The tests employed Sara SL06 three-axis accelerometers, which have
a dynamic range of 156 dB and a frequency range from 0 to 1500 Hz. These accelerometers were positioned along
the upstream-downstream axis of the dam crest to measure vibrations during the test. The results showed the first
six natural frequency values ranging from 1.881 Hz to 5.191 Hz, with corresponding mode shapes provided.

Referenced measurement-2

All measurement status

Fig. 2. Accelerometer placement for reference measurements at Yusufeli dam

In Fig. 3, the frequency values of the first six modes are given for the case when the dam reservoir is empty, and
the mode shapes corresponding to these modes are given.
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€) 5" mode (3.936 Hz) ) 6" mode (5.191 Hz)
Fig. 3. The first six mode shapes and corresponding natural frequencies

As the water level began to rise in the reservoir, the monitoring process continued with three accelerometers
installed on the dam crest for long-term monitoring (Fig. 4). These accelerometers provided valuable data on the
dam’s dynamic behavior at different water levels, using the baseline measurements taken with the seven
accelerometers as reference. The data from the three accelerometers, while sufficient for determining frequency
values, were not enough to fully characterize the mode shapes. Therefore, the initial detailed data set, obtained
when the reservoir was empty, was used to enhance the accuracy of ongoing measurements.

Fig. 4. Accelerometers layout plan

For continuous monitoring, a sensor setup was designed with three accelerometers spaced at equal intervals
along the dam crest. These accelerometers were integrated into a system with an industrial modem for real-time
online data transmission. The accelerometers were powered by an uninterrupted power supply and equipped with
a signal management kit for periodic activation. This setup ensures reliable data collection and monitoring of the
dam's dynamic properties, contributing to the long-term assessment of its structural health. Figure 5 shows visuals
of the accelerometer installation at the dam crest for continuous monitoring.
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Fig. 5. Accelerometers Instrumentation for continuous monitoring

2.2. Structural health monitoring in the Yusufeli dam

A comprehensive Structural Health Monitoring (SHM) study was carried out to evaluate the condition of the
Yusufeli Dam, a towering structure, during the process of filling the reservoir and under varying seasonal
conditions. The data collected from three accelerometers mounted on the dam were transmitted through an internet
connection to an online SHM system developed by Okur (2023) as part of a thesis. An image of the system's
interface, customized for Yusufeli Dam, is shown in Fig. 6. This web-based SHM system, together with its
integrated software, automatically processes the raw data from the accelerometers and computes the frequency
values corresponding to the identified modes. Additionally, the system can access regional air temperature data in
real-time. Time-dependent frequency variations for the first six modes, stored in the system’s database, are shown
in Fig. 7. When Figure 7 is examined, the trends of frequency values belonging to all modes are similar. It first
decreases in approximately the same date ranges, then increases, reaches the peak level and then decreases again.
In order to observe the effect of environmental parameters on this change, the frequency change of the 1st mode
is given in Fig. 8 together with the changes in reservoir water level and ambient temperature.

Sl e BN T

Fig. 6. Web-based structural health monitoring platform
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Fig. 7. First six frequency changes during the SHM

As depicted in Fig. 8, temperature data exhibited periodic fluctuations, while the water level steadily increased
due to the dam’s ongoing water retention process. A direct comparison of frequencies and temperature is
challenging, as the thermal conditions change continuously over time with the fluctuation in water level. It is clear
that the primary factor influencing the frequency changes is the amount of water in the reservoir. However, other
contributing factors also influence the frequency variations over time. One of these factors is the dam's curved
structure and daily temperature variations. The dam’s vertical construction joints are well known, and these joints
can open or close under loading. Literature commonly supports the idea that when the joints open, the dam's
stiffness decreases, which in turn reduces the frequency. Conversely, as the joints compress and close, the stiffness
increases, leading to higher frequency values.

Frequency values generally decreased until March, after which an upward trend began, continuing through
June. This increase in frequency values, despite the rising water levels, is likely attributed to the compression and
closing of the contraction joints, which enhances the stiffness of the dam. In March, the water level was at 68
meters, and by June, it had risen to 150 meters. This suggests that the compression of the joints in the double-
curved dam body, caused by the increasing water level between 68 and 150 meters, contributed to the rise in
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stiffness. Beyond 150 meters, as the water level continued to increase, the frequency values began to decrease,
which is consistent with the expected trend. It’s also worth noting that the rise in water levels in January was much
slower and almost stable, so the subsequent increase in frequency after this period may have been influenced by

the drop in temperature.
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Fig. 8. Changes in ambient temperature, water height and frequency values obtained from the long-term
Structural Health Monitoring of Yusufeli Dam

3. Conclusions
This study presents a comprehensive Structural Health Monitoring (SHM) approach to assess the dynamic
characteristics and structural integrity of the Yusufeli Arch Dam, which stands as one of the tallest dams in Turkey.
The SHM system implemented on the dam includes high-sensitivity accelerometers measurement sensors,
providing crucial data on the dam’s behavior as the reservoir fills and under varying seasonal conditions. The
results obtained within the scope of the study can be listed as;
e The frequency values obtained when the empty reservoir indicated that the dam's initial natural
frequencies ranged between 1.881 Hz and 5.191 Hz.
e The natural frequencies of the dam decrease as the reservoir fills, mainly due to the added mass of water.
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e Additional factors, such as the dam's curved shape and daily temperature fluctuations, also affect
frequency changes.

e The increase in frequency, despite the increase in water level, is due to the increase in hardness of the
dam as a result of the compression and closure of the contraction joints.

Overall, the SHM system provides valuable insights into the dam’s dynamic properties and allows for real-
time monitoring, contributing to the development of more accurate numerical models. These models, in turn,
enhance the reliability of dam safety assessments, ensuring the long-term stability and functionality of the
structure. This case study underscores the importance of integrating SHM systems into large-scale infrastructure
projects, not only for structural assessment but also for mitigating risks associated with environmental and
operational factors.
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Performance of reinforced concrete buildings built in Tunceli
during the period when the Turkiye Building Earthquake Code
1975 was in force: A case study
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Abstract. This article focuses on the seismic performance analyzes of 5 reinforced concrete buildings located in
different districts of Tunceli province and built during the period when the Tirkiye Building Earthquake Code
1975 (TBEC, 1975) was in force. For the numerical study, core samples were taken from the buildings whose
plans were prepared and the reinforcement in the structural elements were determined. Ground survey reports were
used to determine the ground conditions of the buildings. According to the samples taken from the buildings, it
was determined that the concrete strength of all buildings was below 10 MPa. In addition, it was determined that
the reinforcements in the structural elements had smooth surfaces and the stirrup spacing was more than 250 mm.
In the light of the data obtained, performance evaluation was made by performing nonlinear static pushover
analyzes of the buildings. According to the analysis results, it was determined that no building met the adequate
performance conditions defined in Tiirkiye Building Earthquake Code 2018 (TBEC, 2018).

Keywords: RC buildings; Seismic performance; Concrete strenght; Tiirkiye Building Earthquake Code 1975;
Ground servey

1. Introduction

In countries situated on active tectonic faults, such as Tiirkiye, it is crucial that both new and existing structures
are capable of withstanding potential earthquakes at the requisite performance level. However, the loss of life and
property resulting from the earthquakes has been an indication that the earthquake performance is inadequate.
Research conducted post-earthquakes identified the primary causes of damage in reinforced concrete structures as
soil effects, inadequate material strength, irregular design, errors in architectural planning, and non-compliance of
reinforcement with seismic codes. (Bayraktar et al., 2013; Demirel et al., 2022; Ertiirk et al., 2022; Ivanov and
Chow, 2023; Kocakaplan Sezgin et al., 2024; Onat et al., 2022; Say et al., 2021; Y6n et al., 2024). Damages and
losses of life occurring in earthquakes show the importance of earthquake-resistant and adequately safe building
design. To do this, it is possible to accurately determine the nonlinear behavior of building systems during
earthquakes with selection of accurate method. Reinforced concrete is a building material that is heterogeneous
and its behavior is inelastic. However, the change in behavior depending on time and load invalidates the
calculation methods developed with the assumption of ideal material in determining the behavior of this material.
It uses various models and analysis methods to determine nonlinear behavior.

The static pushover analysis method is an effective approach that facilitates the assessment of existing
buildings, the design of retrofitted structures, and offers insights to engineers in the design of new edifices (Hassan
and Reyes, 2020; Kimeze and Kyakula, 2023; Kuria and Kegyes-Brassai, 2023; Pierre and Hidayat, 2020; Zebua
and Koespiadi, 2022). Analysis: It is an estimated approach for exposing the structure to lateral forces that
incrementally grow with a uniform height distribution until the desired displacement is achieved. In nonlinear
static pushover analysis, structural systems are depicted using two- or three-dimensional analytical models. This
method the horizontal load-peak displacement relationship, which signifies the structural strength under
earthquake loads, in accordance with nonlinear theory concerning material and geometric alterations. In this
method, the structure is subjected to horizontal loads at the floor levels to simulate dynamic inertia forces. While
horizontal loads are applied, vertical loads concurrently exist within the structure. Static horizontal loads are
incrementally raised at each stage, maintaining a consistent ratio, until the structure attains a specific displacement
or collapse condition, so establishing the link between horizontal load and peak displacement of the structure. With
the effect of increased horizontal loads, one or more of the sections reach their carrying capacity and plastic hinges
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form in these sections. Sections formed by plastic hinges continue to rotate without any change in their bearing
capacity. The system behaves linearly-elastic between plastic hinges. By continuing to increase the horizontal
loads, the collapse load (limit load) is reached, which turns part or all of the structure into a mechanism. By
evaluating the plastic hinge distribution under this load and displacement, the damage status of the building and
whether the performance target is met are determined.

In this study, seismic performance analyzes of 5 reinforced concrete buildings located in different districts of
Tunceli province and built during the period when the TBEC 1975 was in force were performed using the static
pushover analysis method. For the numerical study, core samples were taken from the buildings and the
reinforcement in the building elements were determined. Ground survey reports were used to determine the ground
condition. In the light of the data obtained, non-linear analyzes of the buildings were solved in the STA4CAD
building analysis program and performance evaluation was made.

2. Materials and method

The locations of the buildings used in the numerical analysis are shown in Fig. 1. Looking at the location of the
buildings, it can be seen that they are very close to the faults. In addition, three-dimensional views of the buildings
and destructive tests performed on the buildings are presented in Figs. 2-6, respectively. When the structures are
examined, it is seen that the buildings were built with a reinforced concrete frame system and there are few or no
reinforced concrete shear walls.

Also, building information, materials properties, horizontal and vertical elastic spectrum of buildings are given
in Table 1 and Fig. 7, respecitvely. In this table, B, PB and GF define the Basement, Partial Basement and Ground
Floor, respectively. Also, the rightmost number shows the normal floor number. Upon this table was investigated,
it can be seen the compressive concrete strength of buildings under the 10 MPa. This value does not meet the
TBEC 2018 nor does it meet the TBEC 1975 in which the lowest concrete compressive strength is B225 (C18).
Also, transverse reinforcement spacings are well above the Code requirements. Upon Fig. 7 was investigated, it
can be seen the Model 5 has the largest spectral acceleration. However, the others models are unders effective
ground movements, too.

Fig. 2. Three-dimensional view of the Model 1 and destructive experiments in the building (39.1069705;
39.2188764)
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Fig. 3. Three-dimensional view of the Model 2 and destructive experiments in the building (39.0184334;
39.6034958)

Fig. 4. Three-dimensional view of the Model 3 and destructive experiments in the building (39.1813261;
39.8286052)

Fig. 5. Three-dimensional view of the Model 4 and destructive experiments in the building (39.3592767,
39.2143010)

\//Z golden light
w publishinge
122


http://www.goldenlightpublish.com/

L |
o
&
S
E
L4
-
K

w

=
h,
|

A\A\4\

B s n
_//,(‘:/,,,,:,3/4 (S/;'l”

4

4
\

Fig. 6. Three-dimensional view of the Model 5 and destructive experiments in the building (39.4851259;
39.8974192)

Table 1. Materials properties of the buildings

Building Number Soil  Concrete Rebar Diameter of Stirrup TBEC 1975
Name of Story Class Strength longitudiunal spacing (mm) Requirements for
(MPa) reinforcement Stirrup spacing
(mm) (mm)
Column Beam Column Beam Column Beam
Model-1 GF+2 ZC 9.45 S220 14 12 250 250 100 d/4
Model-2 B+GF+2  ZD 7.68 250 300 (d:beam
Model-3 B+GF+2  ZD 7.16 300 300 useful
Model-4 GF+1 ZD  9.18 300 300 height)
Model-5 PB+GF+2 ZD 4.34 250 250
a) 2500 b) 2,000
2,000 1500
= 1,500 C]
2 o 1,000
& 1,000 3
0,500
0,500
000 0'0000 000 0500 1,000 1,500 2,000 2,500
0,000 2,000 4,000 6,000 ’ ' ’ ' ’ '
T (sn) T (sn)

——Model-1 —Model-2 —Model-3 —Model-4 — Model-5

3. Results

——Model-1 —Model-2 —Model-3 —Model-4 —— Model-5

Fig. 7. a) Horizontal Elastic Design Spectrum; b) Vertical Elastic Design Spectrum

Structural performances of the models were determined by performing nonlinear static pushover analyses. The
capacity spectra and performance results obtained for the x and y directions are presented in Figs. 8-12,
respectively. Upon these results were examined, it was determined that all buildings could not provide the desired
performance level and collapsed because the capacity spectrum of the buildings was well below the demand
spectrum. The lack of reinforced concrete walls in buildings, very low concrete strength, and insufficient transverse
reinforcement spacing are the most important reasons for the decrease in the performance of these structures. In
addition, the proximity of the structures to active faults caused the structures to experience large earthquake

accelerations.
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\/ golden light
publishinge
124


http://www.goldenlightpublish.com/

Sa=19.993
Sd=57.48mm [

ma

,.
0
o

lo
|0
i

E

Sa=0.123, Sd=78.99mm Sa=0,169, Sd=61.43mm c
al1=0.121g, Ry=16.89 a1=0,1559, Ry=13.14
Cr=1.391 Cr=1.511

‘ ‘

= =
Ps : PS
/ S . / o M B S

Fig. 11. Performance evaluation for X and Y directions of Model 4

&

Sa Sa
Sa=23.291
J Sd=143.27mm
I |
| JI
|f |
| |
10 10
LS LS
Sa=0.113g, Sd=163.59mm cP H Sa=0,1g, Sd=53.45mm cp
al1=0.106g, Ry=22.55 | q a1=0.087g, Ry=27.57 |
Cr=1.0 : Cr=1.0
W o ¥y
L4 L4
PS s
Z — = o A =
| ~Srerreeber sd % : R sd

Fig. 12. Performance evaluation for X and Y directions of Model 5

4. Conclusions

In this study, 5 different reinforced concrete buildings built in Tunceli during the period when the TBEC 1975 was
in force were examined and the condition of the building stock of this period in Tunceli was evaluated. Core
samples were taken from 5 buildings selected for the numerical study and the reinforcement in the building
elements was determined. In addition, since there were no plans of the buildings, survey studies were carried out
and ground conditions were determined by ground surveys. Then, the buildings were modeled with the STA4CAD
building analysis program and nonlinear static pushover analyzes were performed. The results obtained from the
study are written below.

e The buildings examined do not even meet the requirements of the TBEC 1975.

e There are not enough reinforced concrete walls in buildings to restrict horizontal drift.

¢ One of the most important reasons for low structural performance is low concrete strength. Since ready-
mixed concrete was not used in the construction of the buildings, casting was done by hand. In the concrete
samples examined, river aggregate was used instead of crushed stone as aggregate and not enough cement
was used, which caused the concrete strength to be low.

e In the examination carried out in terms of reinforcement, it was determined that smooth surface
reinforcement was used in the structural elements. In addition, the large stirrup spacing caused the shear
stress resistance of these elements to decrease.

As a result, it is thought that the performance of similar buildings in Tunceli will not be sufficient in the
evaluation made on these buildings. In order to prevent loss of life and destruction, performance inspections of
buildings with inadequate engineering control and low concrete strength must be carried out. As a result of the
evaluation, it is recommended that the relevant buildings be strengthened or demolished and rebuilt.
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Onur Araz™', Mohammed M. A. Saif"

" Gumushane University, Department of Civil Engineering, 29100 Gumushane, Tiirkiye

Abstract. The loss of life and property caused by earthquakes has led researchers to work more intensively on
earthquake-resistant building design. One of the most effective methods used to reduce vibrations in structures
subjected to earthquake excitations is the tuned mass damper (TMD). The TMD is a single degree of freedom
(SDOF) system consisting of a mass, a stiffness, and a damping element. In order for the TMD to provide adequate
control performance, its mechanical properties must be properly determined. Therefore, the majority of studies
conducted on TMD are aimed at determining the optimum values of its mechanical properties. Another factor that
affects the effectiveness of TMD is the location of TMD. TMD is generally placed on the top floor of buildings
under dynamic loads (i.e., wind and seismic loads). Thus, the effect of TMD's location on the effectiveness and
optimum design of TMD is investigated in this study. For this purpose, TMD is placed on three different floors
(i.e., 1st floor, 2nd floor, and 3rd floor) in a 3-story shear building. The optimum parameters of TMD (i.e., the
optimum frequency ratio and damping ratio) are obtained using the genetic algortihm (GA). The optimum
parameters obtained in the frequency domain are then tested using twelve earthquake records in time domain
analyses. Numerical results show that TMD's location is important in reducing displacement and acceleration
responses of the structure affected by ground motions.

Keywords: Earthquake; Seismic response; Tuned mass damper; Vibration control

1. Introduction

Globally, over one million seismic events occur annually. Earthquakes in urban areas can cause structural shaking,
deformations, and harm to people (Ras, 2014). High levels of such vibrations may lead to discomfort for
individuals or disrupt certain systems. To address these dynamic effects on civil engineering structures, mitigation
measures are essential. Researchers have explored various damping systems, including active, semi-active, and
passive types (Kahya & Araz, 2019). Active and semi-active systems require external energy to function (Kaveh
et al., 2015), unlike passive systems. Among passive devices used in practice, the Tuned Mass Damper (TMD)
stands out (Fahimi Farzam et al., 2020).

The primary goal of integrating a TMD into a structure, like other passive systems, is to reduce the structural
elements' demand by dissipating part of the input energy (Araz & Kahya, 2021). This is achieved by transferring
vibrational energy from the structure to the damper. The concept of the TMD in contemporary applications traces
back to dynamic vibration absorbers studied by Frahm in 1909 (Araz, 2021a). In its simplest configuration, a TMD
comprises a solid mass and a spring connected to the structure (Araz, 2021b), as shown in Fig. 1. While proposed
for seismic design, TMDs have primarily been applied to mitigate wind-induced vibrations.

Several review papers discuss their practical applications, as well as lincar and nonlinear theories
(Mariantonieta & Hojjat, 2013; Rahimi et al., 2020; Sgobba & Marano, 2010). Numerous studies have analyzed
the performance of these systems (Garci et al., 2021; Takeshi et al., 2019), while others have focused on their
enhancement (Khatibinia et al., 2018; Lavan, 2017). Some research has proposed mathematical algorithms to
improve structural responses to seismic and wind loads (Gino & Marcus, 2019; Mohtasham et al., 2013). Kaveh
and Ardebili (2021) performed a comparative analysis of an optimal tuned mass damper for tall structures,
accounting for soil-structure interaction. The effect of different support conditions on the effectiveness of TMD
also has been addressed by many researchers (Zhao et al., 2019; Zhao et al., 2024; De Domenico et al., 2018; Araz
& Elias, 2024; Araz, 2024, Araz, 2025; Araz et al., 2023).

In this study, the effect of TMD in reducing the dynamic effects of a 3-storey building under earthquake effect
will be investigated. In this context, TMD will be placed on the 1st, 2nd and 3rd floors respectively. The dynamic
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responses obtained for each case will be compared with the dynamic responses in the uncontrolled case. Finally,
the control performance of TMD is compared for different situations.

2. Governing equations of motion

The structural model of a 3-story shear building with TMD is shown in Fig. 1. With the addition of TMD, the
degrees of freedom of the building increases from 3 to 4. Here, TMD is placed on the 1st, 2nd and 3rd floors of
the building, respectively. In the study, these are named as Case-1, Case2, and Case-3, respectively.
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Fig. 1. 3-story building equipped with TMD. a) TMD added to the 1st floor (i.e., Case-1); b) TMD added to the
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The equations governing the motion of the building model with a TMD (i.e., Case-3) are represented by
M (1) + Cx(1) + Kx() =—ZU (1)
Here, M, C and K are the (4x4) mass, damping and stiffness matrices, respectively. x denotes the (4x1) horizontal
displacement vector. The equations of motion for Case-1 and Case-2 can be derived by taking into account the

location of the TMD.

ml
m
M= :
m;,
m,
(e, +c, —c,
-c, ¢ +e G
-, o+e, —¢y
L —C4 Cq
k +k, -k,
—k, k,+k, —k,
-k,  k+k, -k,
_ka' kd

Z=[m1 m, m md]

T

x(t)=[x1 Xy X xd]T

()

€)

“4)

)
(6)

The floor masses, stiffness and damping values are represented as mi, k;, and c¢;, respectively. my, kg4, and cq are
the TMD mass, stiffness, damping coefficients, respectively.
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Fig. 2. Flowchart of GA
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The design parameters of TMD are obtained by using genetic algorithm (GA) in frequency domain. GA is powerful
optimization techniques inspired by the principles of natural selection and evolution, widely applied in engineering
to solve complex, non-linear problems. By iteratively evolving a population of candidate solutions through
selection, crossover, and mutation operations, GA efficiently explore large search spaces to identify optimal or
near-optimal solutions. Their robustness and adaptability make them suitable for diverse applications, including
structural design, control systems, and scheduling, where traditional methods may struggle. The aim of the
optimization is to minimize the amplitude value of the displacement at the top floor of the building. The flow chart
for the genetic algorithm is shown in Fig. 2.
The design parameters of TMD are expressed as follows
c, 1) m,

Su = poy=—t = 7

2m,w, , m, +m, +m,

Here, &,, 7, and u are the damping ratio, frequency ratio, and mass ratio of the TMD, respectively. Assuming

that the mass ratio of the TMD is known at the beginning, the optimum values of £, and y are investigated.

3. Numerical study
The proporties of the three-story building considered in the study are given in Table 1. The natural frequencies
corresponding to the first three modes of the building are given in Table 2. As can be seen, the obtained values are
in agreement with the literature.

The optimum values of TMD for each case considered are summarized in Table 3. In obtaining these values,
the mass ratio ( 1 ) is taken as 0.05. As can be seen, from Case-1 to Case-3, the damping values increase while the

stiffness values decrease. This situation causes a decrease in frequency ratio ( 7 ) and an increase in the damping
ratio (&, ). Optimization results obtained for each case are also presented in Fig. 3.

Table 1. Properties of 3-story building

Floor number Mass (t) Stiffness (MN/m) Damping (kNs/m)
1 20 3.5 21.98

2 15 2.5 15.67

3 10 1.0 6.28

Table 2. Natural frequencies (w;) of 3-story building (rad/s)

Mode Present Marian and Giaralis (2014)
1 6.38 6.37

2 13.02 13.02

3 20.57 20.57

Table 3. Optimum values of the TMD

Case ma (kg) ka (N/m) cq (kNs/m)
Case-1 2250 88.736 1.913
Case-2 2250 81.502 3.719
Case-3 2250 66.935 5.552

In order to examine in detail the changes that occur on the dynamic responses of the building when the TMD
is placed on different floors, 90 earthquake records are taken into account in the time history analysis. The features
of the selected earthquakes are given in Fig. 4.

Figs. 5 and 6 show the maximum displacements and accelerations obtained at the top floor of the building,
respectively. From these figures, it is seen that the responses in the uncontrolled condition are lower than the
responses in the controlled condition. When compared to Case-1 and Case-2, it is observed that the responses
obtained for Case-3 are lower.

The reductions obtained in displacement and acceleration reactions for the controlled cases are shown in Figs.
7 and 8, respectively. From these figures, it is seen that TMD is ineffective under some ground motions and even
causes an increase in dynamic responses. However, the number of these earthquakes is quite low. This is due to
the fact that the optimum parameters of TMD are obtained independently from earthquake records.

The average reduction ratios obtained for the displacement and acceleration responses are shown in Fig. 9. It
can be seen that the highest control performance is obtained for Case-3, Case-2, and Case-1, respectively. Also, it
is seen that TMD is more effective in reducing the displacement responses. This is because the goal of the
optimization is to reduce the displacements at the top floor.
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Figs. 10 and 11 show the time-dependent variation of displacement and acceleration at the top floor of the
building under a benchmark earthquake record (i.e., My = 6.63, Rj, = 25.14 km, and PGA = 0.12g), respectively.
The peak displacement and acceleration are reduced by 59.29% and 45.14%, respectively.

4. Conclusions

In this study, TMD was placed on the 1st, 2nd and 3rd floors of a 3-storey building, respectively, and the optimum
values of TMD for these locations are obtained. Then, the accuracy of the obtained optimum parameters is
investigated using 90 ground motions in the time domain. The main findings of the study are summarized below.

e Placing the TMD on different floors of the building causes significant changes in the design parameters of
the TMD. The highest stiffness value is obtained when the TMD is placed on the 1st floor (i.e., Case-1),
while the highest damping value is obtained for the 3rd floor (i.e., Case-3).

e The control performance of the TMD is significantly affected by the placement of the TMD on different
floors. The largest reduction ratio in dynamic response values is obtained when the TMD is placed on the
third floor (i.e., Case-3).

o When the TMD is placed on the 3rd floor of the building, the displacement and acceleration responses are
reduced by approximately 30% and 20%, respectively.
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Abstract. Finite element methods are widely recognized as reliable tools for evaluating the seismic performance
of historical structures. However, the accurate definition of parameters such as material properties, which often
involve significant uncertainties, is crucial for the validity of these analyses. In this study, the seismic behavior of
Malatya Yeni Mosque, which completely collapsed during the 2023 Kahramanmaras earthquakes, was
investigated by examining the impact of different material properties. A finite element model of the mosque was
developed, and two distinct sets of material properties recommended in the literature were assigned to the model.
The first model (Model-1) utilized material properties derived from previous studies on the structure. The second
model (Model-2) incorporated general material properties proposed in the literature for historical masonry
mosques. Both models were subjected to dynamic analyses using a ground motion record obtained in Malatya
during the Kahramanmaras earthquakes. The results of the dynamic analyses revealed that material properties
significantly influence the seismic performance of the structure. In Model-1, the structure exhibited no signs of
damage. However, in Model-2, considerable damage was observed in structural elements, closely resembling the
actual collapse mechanisms of the mosque during the earthquake. These findings highlight the critical importance
of accurately defining material properties in the seismic performance assessment of historical structures to predict
their behavior under seismic loading. Moreover, the study offers valuable insights into the calibration of analyses
and the planning of effective retrofitting strategies for such structures.

Keywords: Collapse mechanism; Malatya Yeni Mosque; Material properties effect; Time-history analyses

1. Introduction

In recent years, devastating earthquakes have made the preservation of cultural heritage structures a priority
research topic (Kocaman, 2023a; Mercimek, 2023; Yilmaz et al., 2024; Atmaca et al., 2024). These structures,
which reflect the craftsmanship, technical knowledge, and cultural fabric of past generations, hold critical
importance not only for their architectural and aesthetic value but also for preserving the collective memory of
societies. Turkey, with its rich cultural diversity and heritage from various historical periods, stands out as a
prominent representative of this legacy. According to data from the Turkish Ministry of Culture and Tourism,
approximately 120,000 immovable cultural assets with diverse functions have been registered. Of these, around
9% consist of historical mosques and churches. Furthermore, 19 sites in Turkey are listed as UNESCO World
Heritage Sites, with an additional 84 sites on the tentative list (KVMGM, 2005).

Turkey's location within the Alpine-Himalayan seismic belt presents a significant challenge to the preservation
of its cultural heritage. Historical masonry mosques are particularly vulnerable to seismic events due to factors
such as low tensile strength, limited energy dissipation capacity, weak connections between structural elements,
insufficient out-of-plane resistance, and material deterioration (Kocaman & Kazaz, 2023; Asikoglu et al., 2019).
In this context, seismic performance assessments of historical structures have become increasingly important for
developing effective retrofitting strategies to enhance their earthquake resilience (Sentiirk et al., 2022).

Finite element modeling, commonly used to investigate the seismic behavior of historical masonry structures,
employs micro- and macro-modeling techniques depending on the desired level of accuracy and the scale of the
structure. These methods provide valuable insights into potential collapse mechanisms and help improve the
earthquake resistance of such structures (Valente, 2023; Valente & Milani, 2018; Aghabeigi & Farahmand-Tabar,
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2021). These analyses contribute to the development of scientifically grounded strategies for preserving cultural
heritage.

In structural modeling studies, one of the most critical steps in the finite element method is the accurate
characterization of material properties. The non-homogeneous behavior of stone units, their prolonged exposure
to environmental effects, and the influence of stone dimensions on the mechanical properties of entire walls present
various challenges in this process. National and international codes propose different mechanical properties for
stone masonry walls; however, the literature reveals a wide range of compressive strength (fc), tensile strength
(ft), and modulus of elasticity (E) values. This wide variability complicates the determination of realistic
parameters.

This study presents analyses conducted on Malatya Yeni Mosque, which completely collapsed during the 2023
Kahramanmaras earthquakes. The mosque had sustained significant damage during the 2020 Elazig-Sivrice
earthquake and subsequently underwent extensive retrofitting and restoration efforts to repair the damage. During
the restoration, material properties were determined from samples taken from the mosque and incorporated into
finite element models. Two distinct models were utilized in the study: Model-1 employed mosque-specific material
properties proposed in previous studies, while Model-2 utilized generic material parameters for masonry stone
walls recommended in the literature and codes.

Nonlinear dynamic analyses were performed on both models using ground motion records from the 2023
Kahramanmarag earthquakes observed in Malatya. The analysis results indicated that Model-1 experienced
minimal damage, whereas Model-2 sustained significant damage and eventually collapsed. Additionally, the
observed damage mechanisms in Model-2 closely aligned with those identified in post-earthquake field studies.
These findings underscore the critical importance of accurately defining material properties for the seismic
performance of historical masonry structures.

2. Determining material properties in historical structures

Determining the material properties of historical masonry structures requires more complex and specialized
approaches compared to modern construction materials. The properties of the stones and mortars used in masonry
structures vary significantly from one building to another, making it difficult to accurately define material
parameters (Lourengo, 2002). One of the main challenges is the heterogeneous nature of the structures. The types
of stones used, the mortar compositions, and environmental effects directly influence the mechanical properties of
the material. Additionally, the limitations in testing historical structures significantly restrict sampling processes
and the reliability of these samples. In particular, samples taken from deteriorated or damaged areas may not
provide representative information about the overall structure.

Different methods for determining material properties are proposed in the literature and regulations. These
methods are generally divided into two categories: non-destructive methods and destructive methods. Non-
destructive methods allow for determining material properties while preserving the integrity of the structure.
Techniques such as ultrasonic velocity measurements, surface hardness tests, and vibration analysis are among
these methods. However, these methods may be insufficient for determining the exact mechanical properties of
the material (Panto et al., 2024). Destructive methods usually require sample collection and laboratory testing.
These methods are used to measure compressive strength, tensile strength, and elasticity modulus (Banjo et al.,
2024). However, the limitations in the sampling process and the risk of damaging the structure restrict the use of
these methods.

Researchers often refer to national and international regulations when determining material properties. These
regulations include parameters such as compressive strength (fc), tensile strength (ft), elasticity modulus (E),
density (y), and Poisson's ratio (v) (GERMHS, 2017; TEC-07, 2007; TBEC, 2018; FEMA 356, 2000; Eurocode-
6, 2005). However, since historical structures are generally built with local materials, it is more appropriate to rely
on national regulations. Nonetheless, the diversity of regulations and uncertainties in the properties of local
materials create additional challenges in seismic performance analysis.

Differences between regulations become particularly evident when parameterizing material properties. For
example, the GERMHS (2017) regulation defines the relationship between fc and E as 460fc, while TEC-07 (2007)
specifies it as 200fc. TBEC-18 (2018) suggests 750fc, FEMA356 (2000) proposes 550fc, and Eurocode-6 (2005)
recommends 1000fc. This wide range highlights the lack of standardization in determining material properties and
the variability of results in analyses based on regulations.

To overcome these challenges, researchers utilize studies and recommendations found in the literature. Similar
building types, wall typologies, and construction techniques provide important references for evaluating material
properties. For instance, if buildings constructed in the same region contain similar stone and mortar types, the test
results from these structures can serve as guidance for other similar buildings. The impact of construction
techniques, stone types, and mortar compositions on material properties is considered to determine parameters that
are consistent with local building practices (Kocaman, 2024).

In the literature, material properties used in historical masonry structures are presented over a broad range. For
example, compressive strength may vary between 2 MPa and 27 MPa, and elasticity modulus may range from 600
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MPa to 5000 MPa. This diversity depends on the geographical location of the structures, the types of materials
used, and environmental effects. Therefore, to accurately determine material properties, tests on similar structures
and recommendations from the literature are carefully evaluated.

Table 1 summarizes the material properties accepted in the literature for historical masonry structures. This
table can serve as a guide for determining material parameters based on the uniqueness of the structures and local
conditions. This diversity allows for the accurate analysis of a structure's seismic resilience and the achievement
of reliable results.

Table 1. Material properties for historical masonry Structures - recommendations from various studies

Material Properties
Study Masonry wall Dome  Structure type
y (kg/m®) f.(MPa) E(MPa) v E(MPa)
Apostolopoulos & Sotiropoulos (2008) 2000 - 2750  0.20 - Church
Betti & Vignoli (2008) 2200 4.00 2000  0.25 - Church
Seker (2011) 2650 - 8370  0.17 2510 Mosque
Bagbanci (2013) 2400 - 10326  0.17 - Bulding
Ercan & Nuhoglu (2014) 2100 10.49 871 0.17 - Aqueduct
Gentile et al. (2015) 1700 - 2970  0.15 - Tower
Nohutcu et al. (2015) 2200 7.42 1210  0.17 - Mosque
Altunisik et al. (2016) 2000 2.40 1600 020 1200 Mosque
Torres et al. (2017) 2400 - 1560 - - Cathedral
Kazaz et al. (2021) 2790 5.21 3911 0.20 - Tower
Onat et al. (2024) 2370 2.3 1030  0.23 1000 Mosque
2500 7.24 1200 0.18

Kocaman et al. (2024a) 2500 3 750 018 500 Cupola
Kocaman & Giirbiiz (2024) 2500 3 1000  0.18 500 Mosque
Giirbiiz & Kocaman (2024) 2500 3 2000 0.18 1000 Church
Kahya et al. (2024) 2300 2 2400  0.15 - Building
Vitorino et al. (2024) 2690 27.06 - 0.20 - Cathedral

2.1. Malatya Yeni Mosque

Malatya Yeni Mosque, also known by the public as "Teze Mosque" and "Ulu Mosque," is a significant structure
located in the city center of Malatya. Initially built in 1843 by Hac1 Yusuf, this mosque was rendered unusable
after fires in 1889 and 1890. Following these fires, no restoration work was carried out, and the mosque was
completely destroyed in the 7.1 magnitude earthquake that struck the region in 1893 (Selahattin, 2016). The
mosque was rebuilt in 1913 at the same location, retaining its original design; however, only one minaret from the
original structure has survived to this day.

The Malatya Yeni Mosque, which was damaged in the 2020 Elazig-Sivrice Earthquake (Mw 6.8), underwent
a comprehensive restoration process and was reopened for prayer in 2022. However, the earthquake centered in
Kahramanmarag on February 6, 2023, caused the complete destruction of the mosque.

Designed with a square plan and a central dome, Malatya Yeni Mosque reflects the characteristics of the late
Ottoman architecture. The mosque is approximately 26 meters by 29 meters in size, with wall thickness around
1.2 meters. The load-bearing walls are constructed in a three-leaf arrangement, and there are two minarets located
at the northeast and northwest corners of the structure. Between these minarets, the prayer hall is surrounded by
five small domes.

The central dome is supported by four octagonal supporting columns (pendentives), which are connected to
the walls with an arch system. The diameter of the central dome is approximately 11 meters, and its height has
been measured as 21 meters. The appearance and details of the mosque before its destruction are shown in Fig. 1.
For more detailed information about Malatya Yeni Mosque, see (Kocaman et al., 2024b).

W2 golden light
‘ pubhshmg

141


http://www.goldenlightpublish.com/

0l

11250 mm

]
L

Malatya Yeni Mosque (2015 year) East view

Py

A

|| /

- N 1490 mm

L
= H
g H
=4 -
v
> M
N —
[ | | [ ]

v (] ]

Plan view General view

Fig. 1. Historical Malatya Yeni Mosque (Kocaman et al., 2024b)

2.2 Finite element model

The Finite Element Method (FEM) is a commonly used tool for examining the seismic performance of historical
masonry mosques. Micro and macro modeling approaches are preferred based on model accuracy and
computational efficiency. Micro modeling focuses on the behavior of individual units and mortar, while macro
modeling treats the structure as a homogeneous entity, making it more suitable for the analysis of large structures
(Valente, 2021). This study uses macro modeling and nonlinear dynamic analysis to understand the seismic
behavior of the mosque's walls.

The three-dimensional model of the mosque was created using SolidWorks and transferred to ANSYS APDL
for analysis. In the analyses, the SOLID65 element was preferred. This element is particularly notable for its ability
to model nonlinear material behavior in masonry structures. The cracking conditions at each integration point and
the corresponding material properties were modeled using SOLID65. However, factors such as element mesh
density and skewness values are important. In the study, a mesh structure consisting of 286305 elements and 67687
nodes was used, with the element skewness value calculated as 0.16.

The masonry material behavior was analyzed using the Willam-Warnke material model. This model
comprehensively defines the failure behavior of masonry materials by considering key parameters such as tensile
and compressive strengths. In the analyses, shear transfer coefficients for tensile and compressive strengths were
assigned as 0.05 and 0.8, respectively (Kocaman, 2023a).

Structural analysis of historical mosques is influenced by factors such as boundary conditions, material
uncertainties, and geometric complexities. These factors require the use of advanced and reliable methods in the
analyses. In this study, the mosque's foundational supports were assumed to be fixed, and soil-structure interaction
was not considered due to a lack of soil information. Fig. 2 shows the finite element model of the mosque.
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Fig. 2. Finite element model of Malatya Yeni Mosque (Kocaman et al., 2024b)

2.3 Material properties

Historical mosques present significant challenges in determining material properties due to their complex
structures and the environmental impacts they have been exposed to over the years. In the literature, destructive
and non-destructive tests have been conducted on both damaged and undamaged samples to understand the
material properties of these structures. The unique characteristics of natural stones, in particular, reveal a
distinctive structural profile for each mosque.

In this study, material properties were first determined through literature and regulatory recommendations.
These material properties are used in Model-2 (M2). Demir (2012) conducted comprehensive compression tests
on three-leaf walls. The study revealed an average compression strength of 3 MPa. Similarly, various studies in
the literature have examined mosques with similar architecture in the region. Agikoglu et al. (2019) used non-
destructive methods to determine the material properties of Kursunlu Mosque and recommended a compression
strength of 2.1 MPa for the walls. Additionally, Kocaman and Giirbiiz (2023b) performed finite element analyses
to identify the collapse mechanisms of the narthex sections in mosques. In their models, they suggested a
compression strength of 5.5 MPa for arches and 10 MPa for stone columns. Regarding compression strength
values, the Italian Code (2009) recommends a range of 2.6-3.8 MPa for cut stone masonry. Therefore, for this
study, the compression strength of the walls was accepted as 3 MPa. It is noteworthy that historical structures have
low compression stresses and very low tensile strength. Experimental and analytical studies on historical mosques
(Kocaman & Giirbiiz, 2024; Giirbiiz & Kocaman, 2024) have observed that the tensile strength is approximately
10% of the compression strength, and the Poisson's ratio varies between 0.17 and 0.2.

The second approach involves using material properties determined during restoration and strengthening works
carried out after the 2020 Elazig-Sivrice earthquake. These material properties are used in Model-1 (M1). In a
study by Firat et al. (2022), compression strengths of stone samples taken from the mosque were determined. The
average compression strength of three samples was found to be 75.69 MPa, and their densities were 2458.4 kg/m°.
The compression strength of the building's walls was calculated using the formula specified in TS EN 1996-1-1
(2005), under the heading "Characteristic compression strength of unreinforced masonry buildings made with
general-purpose mortar."

fic = Kfy ° fm?® (1
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In this context, fk represents the characteristic compression strength of the wall, fb is the compression strength
of the stone, and fm is the compression strength of the mortar. K is a coefficient specified in the relevant regulations
(TS EN 1996-1-1, 2005). In this case, the value of K has been determined as 0.40. The formula does not provide
a value for the compression strength of the mortar. The compression strength of the mortar has been considered as
1 MPa. Accordingly, the characteristic compression strength of the building's wall body is approximately 6.65
MPa. In the literature, the tensile strength of such materials is approximately 1/10th of the compression strength.
Therefore, the tensile strength of the building's wall body has been estimated to be approximately 0.66 MPa. The
authors have assumed the value of the modulus of elasticity using the approach 1000fc, resulting in an elasticity
modulus of 6650 MPa. Details of the material properties obtained with both approaches are provided in Table 2.

Table 2. Mechanical properties of the materials for M1 and M2

Mosque Part Tensile Compressive Specific . Modulus of
. Poisson ..
strength strength weight ratio elasticity
f; (MPa) /- (MPa) y (kN/m?) E (MPa)
Ml M2 Ml M2 Ml M2 Ml M2 M M2
Walls 030  0.66 3.00 6.65 245 245 0.18 0.30 600 6650

Dome and vaults  0.30  0.66 3.00 3.00 245 245 0.18 0.30 500 3375

Columns and 055  0.66 550 665 245 245 018 030 1100 6650
Arches

Stone columns 1.00 1.00 10.00 10.00 290 290 0.20 0.30 10000 10000

3. Numerical analyses and results

The numerical analyses were conducted using two different models. The first model (Model-1) uses material
properties determined based on literature recommendations, while the second model (Model-2) employs material
properties obtained from samples taken from the structure and different approaches.

3.1 Modal analyses

In both finite element models of Malatya Yeni Mosque, vibration frequencies and mass participation ratios were
determined using the modal analysis method. The analysis focused primarily on the first three modes, with a total
of 20 modes evaluated. Table 3 provides the frequency values and mass participation ratios for these modes,
offering significant data regarding the horizontal and vertical dynamic behavior of the mosque. In both models,
the first mode represents movement in the north-south plane (Z direction), the second mode represents movement
in the east-west plane (X direction), and the third mode represents torsional motion (rotation in the Y direction).

Fig. 3 presents graphical representations of the first three mode shapes obtained from both models. These
visuals detail how the structure responds to different vibration modes and reveal its modal behavior. In both
models, the total mass of the structure was calculated to be approximately 6080 tons. This mass is a key parameter
that significantly affects the dynamic behavior of the mosque.

The modal analysis results provide a comprehensive overview of the fundamental vibration characteristics of
Malatya Yeni Mosque and lay the groundwork for evaluating its structural performance and potential
improvements. The differences between Model-1 and Model-2, particularly regarding changes in material
properties, show that the frequency values were affected as expected. However, no significant changes were
observed in the mode shapes or mass participation ratios.

Table 3. Frequencies and mass participation ratios (MPR) for the Model-1 and Model-2

Mod Frequency (Hz) MPR (X dir. vertical) MPR (Z dir. vertical) MPR (Y torsional)
M1 M2 Ml M2 M1 M2 Ml M2

1 2.11 6.28 0.66 0.62 0.21E-03 0.61E-04 0.46E-03 0.51E-03

2 2.13 6.37 0.20E-03 0.58E-04 0.70 0.67 0.16E-02  0.15E-02

3 2.66 6.97 0.27E-06 0.97E-06 0.16E-02 0.12E-02  0.32 0.30
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Fig. 3. Model-1 and Model-2 modal shapes of the first three modes

Material property changes result in significant differences in frequency values. Calik et al. (2020) propose
Equation 2 for the frequency value of the first mode of masonry domed mosques.
fi = 25.230 — 0.715E + 0.518B — 1.706S — 17.690D — 0.447H + 10.554KK + 0.352TA 2)
In this equation, f1 represents the frequency value of the first mode (Hz), E is the mosque’s short side length,
B is the mosque’s long side length, S is the length of the vestibule, D is the wall thickness, H is the wall height,
KK is the dome thickness, and Ta is the footprint area of all the walls. When these values for Malatya Yeni Mosque
are substituted into Equation 2, the frequency value of the first mode is determined to be 2.40 Hz. This result is
clearly more suitable when compared to the frequency value of the first mode obtained from Model-1.

3.2. Nonlinear time-history analyses
The dynamic analysis of the mosque in the time domain involved applying the two horizontal components of the
selected acceleration record in two orthogonal directions (X-Z). The vertical component was ignored in this
analysis. Fig. 4 shows the acceleration-time graphs of the earthquake recorded in the Malatya city center during
the Pazarcik-Kahramanmaras earthquake (04:17 GMT+3, Mw 7.7) on February 6, 2023. Additionally, Fig. 4
presents the response spectra for the East-West (E-W) and North-South (N-S) components. The ground motion
data were obtained from the Disaster and Emergency Management Authority (AFAD) database of Turkey (AFAD,
2023), and the dynamic analysis of the mosque was conducted using this recorded ground motion. This analysis
allows for the evaluation of how the mosque responds to specific seismic forces produced by the earthquake.
Calik et al. (2020) conducted experimental modal analysis tests on several historical masonry mosques,
revealing damping ratios ranging from 1% to 4%. Additionally, in the literature (Kocaman & Giirbiiz, 2024;
Giirbliz & Kocaman, 2024; Kocaman, 2023b), a damping ratio of 3% has been proposed by researchers for
nonlinear time-history analyses of historical masonry mosques.
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Fig. 5 shows the peak displacement-time graph obtained from dynamic analyses for two different structural
models (Model-1 and Model-2) of the Malatya Yeni Mosque, modeled with different material properties. This
analysis, conducted by considering the top of the main dome, compares how the displacement values change over
time and the behavior of the structure under dynamic loads. It was observed that Model-2 exhibited limited
displacement, around £5 mm, and remained within elastic limits throughout the analysis. This indicates that the
material properties used in Model-2 are consistent with the structure having a high elasticity modulus and
compressive strength.

On the other hand, in Model-1, the displacement values exceeded the £50 mm limit starting from the 16th
second and exhibited a sudden collapse behavior by going beyond the elastic limits. This shows that the material
properties used in Model-1 represent a structure with a low elasticity modulus and weaker mechanical properties.
Once the elastic limits were exceeded, local collapse mechanisms were triggered, and the load-bearing capacity of
the main dome's supporting system rapidly decreased. This difference clearly highlights the critical role of material
parameters in structural behavior.

The graphical presentation of Fig. 5 emphasizes both the elastic and plastic deformation stages, visualizing the
impact of displacement trends on damage mechanisms. Particularly in Model-1, a rapid and uncontrolled
displacement process was observed after exceeding the elastic limits, leading to the loss of the structure's overall
stability. The analysis results once again emphasize the critical importance of accurately determining the material
parameters of historical masonry structures in structural safety assessments and seismic resilience analyses.
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Fig. 5. Displacement-time graphs obtained from Model-1 and Model-2 dynamic analyses

Fig. 6 shows the force-displacement curves obtained from nonlinear dynamic analyses for Model-1 and Model-
2 of the Malatya Yeni Mosque. These graphs provide a detailed analysis of the behavior exhibited by the structural
components during the elastic and plastic deformation phases. Model-2 demonstrated limited deformation without
exceeding the elastic limits under horizontal forces and was observed to have a lateral load-bearing capacity of
approximately 5000 kN. This confirms the strength and rigidity provided by the material parameters defined in
Model-2. The fact that the elastic limits were not exceeded suggests that no significant damage would occur in the
structure and that it could maintain its stability.

The force-displacement curves obtained for Model-1, on the other hand, exhibited a different behavior. In
Model-1, the elastic limits were clearly exceeded, and it was observed that the load-bearing capacity of the
structure gradually decreased, ultimately resulting in collapse. The loops in the curves indicate that the structure
lost its capacity to dissipate energy and that plastic deformations progressed in the structural elements. Particularly,
the rapid reduction in the structural capacity was influenced by the damage at the arch-column joints. This collapse
behavior is associated with the low strength and rigidity parameters of the materials used in Model-1.

A detailed analysis of the graphs clearly demonstrates how the material differences between the two models
affect structural performance. In Model-1, after exceeding the elastic limits, the load-bearing capacity rapidly
decreased, indicating that damage progressed quickly. In contrast, the curve for Model-2 shows that the material
parameters provided higher strength and allowed the structure to maintain its stability under lateral loads. This
analysis once again highlights the critical importance of the accuracy and calibration of material parameters in
seismic performance evaluations.
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Fig. 6. Force-displacement graphs obtained from Model-1 and Model-2 dynamic analyses

Fig. 7 compares the damage distributions and mechanisms obtained from the finite element analyses of Model-
1 and Model-2 of the Malatya Yeni Mosque. In Model-2, the cracks formed in the mosque's domes and some
critical areas remained limited to a width of 1-1.5 mm, indicating light damage levels that did not exceed the elastic
limits. It was observed that the dome and arch elements maintained their load-bearing capacities, and no collapse
mechanism occurred. The high elasticity modulus and strength provided by the material properties of Model-2
helped the structure maintain its integrity under dynamic loads and minimized damage formation.

In contrast, a completely different damage scenario was observed in Model-1. A global collapse mechanism
developed in the structure, particularly with severe damage to the arch and column elements that support the main
dome. The damage spread from the feet of the arches along the arch system, ultimately leading to the collapse of
the main dome. During this collapse, significant damage was also observed in the wall elements. The damage
distribution is directly related to the inability of the structural elements in Model-1 to provide adequate rigidity
and strength due to the low-pressure strength and elasticity modulus.

The damage distribution in Fig. 7 clearly demonstrates the critical effect of the material properties of both
models on the seismic performance of the structure. The damage mechanism observed in Model-1 aligns closely
with the actual damage mechanisms identified in field studies. This suggests that the material parameters used in
Model-1 better reflect the actual behavior of the structure. Model-2, on the other hand, presents a scenario where
the structure is more resistant to earthquakes, based on high strength parameters derived from literature
recommendations. However, these parameters did not represent a realistic damage mechanism. These results once
again emphasize the importance of carefully calibrating material properties and comparing them with field data.

Model-2
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Fig. 7. Damage mechanisms obtained from Model-1 and Model-2 dynamic analyses
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Fig. 8 compares the damage distributions obtained from Model-1 and Model-2 with the field observations
conducted at Malatya Yeni Mosque following the 2023 Kahramanmaras earthquakes. The field observations
revealed that the structure, particularly the arch-column system, piers, and domes, sustained significant damage,
with the collapse mechanism originating from these areas. It was determined that the main dome and side domes
had collapsed, and significant cracks had formed in the walls during dynamic loading. The field observations in
Fig. 8 show a high degree of agreement with the results from Model-1, while the results from Model-2 present a
more optimistic scenario compared to the field damage.

In Model-1, similar damage mechanisms emerged due to the material parameters reflecting low strength and
rigidity characteristics. Notably, the loss of stability in the piers supporting the main dome initiated a cascading
damage process in the load transfer system. The loss of the arch's load-bearing capacity led to the collapse of the
domes and the formation of large cracks in the walls. This analysis, which aligns with the field observations,
demonstrates that the literature-based parameters represent the structure's real behavior more accurately.

In Model-2, only minor cracks were observed throughout the structure, with no collapse occurring in critical
elements. The limited damage mechanism in Model-2 can be attributed to the high strength and elasticity modulus
values used in the model. However, this does not align with the field observations and indicates that the material
properties calculated based on literature recommendations fail to reflect the actual structural behavior.

Fig. 8 plays a critical role in the comparison of field observations and analysis results. The visuals demonstrate
that Model-1 is more consistent with the field data, while Model-2 underrepresents the severity of the damage
mechanisms. These analyses further emphasize the importance of calibration based on local material properties to
accurately predict the seismic behavior of historic structures. Additionally, they highlight the necessity of
constructing the geometric and material models in a manner consistent with field realities to obtain reliable results
in finite element analyses.

Fig. 8. Damage mechanisms of Malatya Yeni Mosque obtained field study

4. Conclusions

This study was conducted to understand the seismic behavior and damage mechanisms of Malatya Yeni Mosque,
which completely collapsed during the 6th February 2023 Kahramanmaras earthquakes. Considering the
challenges in determining material parameters specific to historical masonry structures, two different finite element
models of the mosque (Model-1 and Model-2) were created. In Model-1, material parameters based on literature
recommendations were used, while in Model-2, parameters derived from field samples and general parameters
from regulations were adopted. Both models underwent nonlinear dynamic analyses using the actual earthquake
acceleration-time records recorded in Malatya, and the modal properties and seismic performance of the structure
were thoroughly investigated. The following key findings were obtained from the analyses:
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o Significant differences were observed in the fundamental frequency values between Model-1 and Model-
2. Due to Model-1's low elasticity modulus and compressive strength, its natural frequency was lower,
while Model-2 exhibited a more rigid structural behavior, reaching higher frequency values. This difference
highlights the critical impact of material properties on structural dynamics.

o It was observed that Model-1 exhibited a severe collapse behavior beyond the elastic limit, while Model-2
remained within elastic limits, maintaining the stability of the structure. However, comparisons with field
observations revealed that the damage mechanisms in Model-1 better reflected the actual situation, while
Model-2 represented the real damage less severely.

e In Model-1, damage resulted in a global collapse that spread from the piers and arch system to the main
dome and load-bearing walls. This mechanism closely matched the field observations. In contrast, in
Model-2, only minor cracks were observed, which presented a result that was far from a realistic damage
representation. This suggests that the material parameters used in Model-2 did not adequately reflect the
structural behavior.

e The accuracy of material properties is one of the most critical parameters in seismic performance analysis
of historical masonry structures. The Model-1 analysis, based on field observation-derived parameters, was
found to more successfully reflect the actual behavior of the structure. On the other hand, Model-2, created
using general parameters from literature or regulatory recommendations, was insufficient in representing
real damage mechanisms due to its high strength and rigidity values.

e In conclusion, this study emphasizes once again the importance of calibration based on local material
properties in seismic performance analysis of historical structures. To understand the dynamic behavior of
historical structures and obtain reliable results, it is necessary to combine field data, literature
recommendations, and regulatory guidelines. Additionally, using modal analysis results to verify the
accuracy of material properties is an important approach that enhances the reliability of analyses. These
findings make significant contributions to engineering studies planned for the preservation and
strengthening of historical structures.

e Suggestions for future studies may focus on detailing field observations, applying a broader range of
material testing, and comparing the results of different analysis methods. This will allow for a more accurate
assessment of the seismic performance of historical structures and the development of effective
strengthening strategies.
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Abstract. The pounding of adjacent buildings during earthquakes is a significant concern, particularly in densely
populated metropolitan areas where maximizing land use is crucial. Insufficient spacing between adjacent
buildings often leads to repeated pounding impacts during seismic events which can result in severe damages, even
collapse. Therefore, an accurate modeling to predict the pounding phenomena is highly important. Notably,
pounding remains a challenging problem characterized by uncertainties and complexities that are difficult to
capture in analytical models. This study investigates the pounding effect by comparing different impact models
and direct integration methods available in the literature. For this purpose, two adjacent single-degree-of-freedom
systems with different natural periods and inadequate gap distances were modeled analytically in SAP2000.
Pounding was represented using link elements defined by linear and Hertz models without damping, employing
the distinct elements available in SAP2000. Additionally, nonlinear time-history analyses were conducted using
various direct integration methods provided in SAP2000, with carefully selected parameters for each method. The
study evaluates the effects of the chosen impact models and integration methods, along with their solution
parameters, on the estimated pounding forces. This ensures a consistent and precise simulation of the pounding
effect and its impact on structural behavior.

Keywords: Pounding; Impact problem; Nonlinear time history analysis; Time integration methods; Single-degree-
of-freedom systems

1. Introduction

Reinforced concrete (RC) buildings are generally designed without considering the pounding effect even when
they are adjacent to other buildings with insufficient separation gaps. The pounding effect is a critical problem,
particularly in metropolitan areas, where limited space leads to closely spaced structures and damage due to
pounding is more pronounced in buildings with different vibration periods. In all circumstances, it would be
unconservative to design a building without accounting for pounding and numerous studies in the literature have
proved this outcome (Rosenblueth and Meli, 1986; Kasai and Maison, 1991; Karayannis and Favvata, 2005).

There are two types of pounding described in the literature: floor-to-floor (story-to-story) pounding and floor-
to-column (inter-story) pounding. If the story levels of adjacent buildings are equal, the pounding scenario is
classified as floor-to-floor; otherwise, it is floor-to-column. The literature suggests that floor-to-column pounding
causes more damage to buildings than floor-to-floor pounding because it generates significant shear forces in the
pounded columns due to the impact from adjacent building slabs (Brown and Elshaer, 2022).

A study conducted by Anagnostopoulos (1988) investigated the effects of seismic pounding on single and
multi-degree-of-freedom systems. Their findings revealed that variations in mass, stiffness, and period of the
modeled buildings lead to notable differences in pounding effects, significantly affecting relative story
displacements, shear forces, and dynamic properties. Favvata et al. (2013) analyzed the impact of adjacent
buildings on steel and RC structures. Their study found that in RC buildings, upper-story columns are more
affected by bending and ductility demands, while lower-story columns are primarily influenced by shear and
ductility demands. Conversely, in steel buildings, upper-story columns experience higher shear and ductility
demands, whereas lower-story columns are more affected by bending and ductility. Akkdse and Sunca (2016)
modeled adjacent buildings of equal height but with different dynamic characteristics. They performed nonlinear
time-history analyses (NLTHA) using both near-fault and far-fault earthquake records. The results showed that
pounding forces under near-fault ground motion are higher than those under far-fault motion, indicating that the
gap requirements are insufficient. Raheem et al. (2019) studied the impact of eccentric seismic pounding on
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adjacent symmetric buildings, finding that pounding severity depends on building vibrations and ground motion
characteristics. Their analysis showed that pounding increases acceleration and shear force demands, with torsional
oscillations playing a significant role in the buildings' seismic response. Mavronicola et al. (2020) analyzed seismic
pounding in base-isolated buildings using NLTHA, assessing impacts with adjacent structures. Key factors
included seismic directionality, clearance, neighboring structures, and accidental torsion effects. Jiang et al. (2022)
conducted experimental shaking table tests on scaled multi-story buildings to investigate seismic pounding,
including story-to-story, inter-story, and eccentric pounding. A validated 3D finite element model was used to
analyze mass eccentricity effects. The results showed that pounding increases structural response frequencies, with
larger impact forces in story-to-story cases. Additionally, mass eccentricity significantly influences base shear and
displacement. Taleshian et al. (2022) studied the effectiveness of viscoelastic links in mitigating seismic pounding
between adjacent asymmetric-plan buildings. Using white-noise analysis and earthquake simulations, they found
that plan asymmetries do not necessarily increase seismic responses. Viscoelastic links significantly reduce relative
displacements, with damping effects improving as link stiffness decreases. The results showed up to an 80%
reduction in displacement, with a dominant modal damping ratio twice as high in certain eccentric configurations.
Miari and Jankowski (2022a) investigated seismic pounding effects between buildings on different soil types.
Analyzing 3D models with varying heights, they found that pounding increases peak accelerations and shear
forces, while its effect on displacements varies. Buildings on soft clay soil experience the highest displacements
and forces, whereas those on rock and hard rock have the lowest. They (2022b) also analyzed floor-to-column
pounding effects on buildings with different soil types during earthquakes. Studying various pounding scenarios,
they found that pounding significantly increases shear demands, exceeding shear strength in all cases. The highest
shear demands occur on soft clay soil, decreasing progressively for stiffer soils, with the lowest on rock and hard
rock. Flenga and Favvata (2023) introduced a risk-targeted decision model to assess the seismic performance of
RC structures against pounding and determine the minimum required separation gap distance. Using probabilistic
seismic demand models and engineering demand parameter (EDP) hazard curves, they defined new performance
objectives for pounding risk. The model was demonstrated through a case study, revealing a critical separation gap
distance linked to structural pounding risk. Their findings suggest that while pounding risk increases, the required
separation gap can be reduced with careful consideration of the pounding risk level. They (2021) also assessed
various methodologies for developing fragility curves, concluding that the choice of methodology has minimal
effect on risk assessments for highly vulnerable structures. Ozer (2024) evaluated pounding effects in fixed-base
models considering torsional irregularity, using 3D 5- and 9-story adjacent building combinations. NLTHAs were
performed on 176 scenarios with spectrum-compatible ground motions. Results showed that pounding and torsion
generally increase displacement demand, interstory drift, damage ratios, and torsional irregularity. The most
critical values were found in irregular structures with building eccentricity in the same direction. The large standard
deviation across ground motion records highlighted the importance of selecting an appropriate number of records.
Borekgi et al. (2024) investigated the seismic behavior of buildings subjected to inter-story pounding, focusing on
buildings with different story heights and adjacent on one or both sides. Using NLTHA, they assessed plastic
rotations and shear forces in 3-, 6-, and 10-story buildings. The study found that inter-story pounding has a
negligible effect on plastic rotations. However, the impacted columns experience increased shear forces,
potentially leading to shear failure, particularly when adjacent on both sides. Manoukas and Karayannis (2025)
examined floor-to-column pounding between multi-story RC buildings, focusing on the impact point location and
gap width. They found that while the impact point affects external columns, the overall building behavior is less
influenced. Inadequate seismic joints were found to be more detrimental than no separation, highlighting the
importance of adhering to code provisions. They also confirmed that damage to external columns from pounding
is usually limited to a small area (about 1 meter).

Accurate modeling of the pounding phenomenon is critical, as significant challenges arise due to inherent
uncertainties and complexities that are difficult to fully capture in analytical models. Additionally, the direct
integration methods used are of utmost importance for the accurate estimation of responses in pounded structures.
This study evaluates different impact models and direct integration methods to predict the pounding effect in
adjacent single-degree-of-freedom (SDOF) systems with varying natural periods and insufficient gap distances.
The aim is to estimate the effects of different direct integration methods on various impact models and to evaluate
the relationships between the considered parameters. Different SDOF systems modelled in SAP2000 with linear
and Hertz contact models, and NLTHAs were conducted using 11 pairs of earthquake records with various
integration methods. The effects of model choice, direct integration methods, and their parameters on pounding
force estimates were assessed.

2. Materials and methodology
2.1. Impact models

Impact models are typically classified as stereomechanical or force-based (Miari et al.,2019). The
stereomechanical approach derives pounding forces from momentum and energy laws, while the force-based
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(penalty) model uses impact stiffness-representing springs. This study adopts the force-based approach due to its
modeling clarity and compatibility with the analysis software.

The force-based approach defines impact elements using linear spring, Kelvin-Voigt (linear viscoelastic),
Hertz, and Hertz damp (nonlinear viscoelastic) models. Fig. 1 illustrates these models, where m; and m are the
colliding masses, k and K represent stiffness for linear and nonlinear models, ¢ is the damping coefficient, and d
is the gap distance. In this study, linear and Hertz models were used as impact models in the representation of the
pounding of adjacent SDOF systems.

2.2. Adjacent SDOF systems
In this study, three different SDOF systems were considered which are equivalent to hypothetical buildings with
5, 8, and 10 stories. Two distinct pounding scenarios were investigated within the scope of this study as pounding
between 5 story-10 story buildings and 8 story-10 story buildings. As illustrated in Fig. 2, both pounding scenarios
were modeled under the assumption of a 2 cm separation gap between the structures. The impact effect is
represented by link elements available in SAP2000.

In these equations, w is the angular frequency, T is the structural period, m is the mass of the building and & is

the stiffness.
rn 1 | I
a)
m, I K m, m, ,J" 1M,
1 | I
c)

Fig 1. Impact models for pounding: a) Linear, b) Kelvin-Voigt (viscoelastic), ¢) Hertz, d) Hertz damped (Borekci
et al, 2024).

,2cm r

Fig. 2. Reprerantation of two adjacent SDOF systems with different natural period.
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Given the known masses and estimated periods of the hypothetical buildings, their stiffness values were
calculated using Equation (1-3) to match the target periods. The structural period of a 5-story building is assumed
to be 0.5 seconds, the structural period of an 8-story building is assumed to be 0.8 seconds, and the structural
period of a 10-story building is assumed to be 1 second. The mass and stiffness values of the corresponding SDOF

systems are presented in Table 1.
2

]

o= (1)
T =2m JE 2
k="r 3)

A gap element was used as a linear impact model and multilinear plastic element was used as Hertz impact
model. The study utilized impact stiffness values recommended in literature. An impact stiffness of k=10° N/m
was used for the linear spring model, as recommended by Farahani et al. (2019). For the Hertz model, the impact
stiffness of K=1.13x10° N/m*? was adopted, following the suggestion given in the study of Jankowski (2005).

2.3. Ground motions
In this study, 11 ground motion record pairs were selected from the Pacific Earthquake Engineering Research
Center (PEER) database following the criteria defined in Turkish Seismic Code for Buildings (TSCB) 2018. These
criteria consider factors such as soil class, faulting mechanism, magnitude, and distance to rupture. The records
used in this study correspond to the ZC soil class, with shear-wave velocities (V30) ranging from 360-760 m/s at
a 30-meter depth. The fault type is strike-slip, with magnitudes ranging from 6.19 to 7.68. Detailed characteristics
of the records are listed in Table 2.

The horizontal components of all ground motion records were scaled using the Spectral Matching Method in
SeismoMatch to match the 5%-damped design earthquake spectrum from TSCB 2018. Fig. 3 shows the scaled
pseudo-acceleration spectra and their average.

Table 1. Properties of SDOF systems.

5-10 Story Pounding 8-10 Story Pounding
m; (kN.s?*/m) 1250 2000
m;, (kN.s%*/m) 2500 2500
ki (kN/m) 197392 123370
ks (KN/m) 98696 98696

Table 2. Ground motion characteristics.

Rjp Rrup V30

NGA# Earthquake Year Station Mag. (km)  (km) (m/s)
552 Chalfant Valley-02 1986 Lake Crowley - Shehorn Res.  6.19  22.08 24.47 456.83
838 Landers 1992 Barstow 7.28 34.86 34.86 370.08
897 Landers 1992 Twentynine Palms 728 4143 4143 635.01
1162 Kocaeli, Turkey 1999 Goynuk 7.51 31.7 31.7 424.8
1164 Kocaeli, Turkey 1999 Istanbul 7.51 49.66 5195 595.2
1166 Kocaeli, Turkey 1999 Iznik 7.51  30.73 30.73 476.62
910 Big Bear-01 1992 Joshua Tree 6.46 4099 41.87 379.32
1762 Hector Mine 1999 Amboy 7.13 4181 43.05 382.93
3757 Landers 1992  North Palm Springs Fire Sta ~ 7.28  26.95 2695 367.84
1626 Sitka, Alaska 1972 Sitka Observatory 7.68 34.61 34.61 649.67

El Mayor-Cucapah,

>830 Mexico

2010 Rancho San Luis 7.2 43.64 4547 523.99
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Acceleration (g)

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2
Period (sec)

552 1 552 2 838 1 838 2 897 1 897 2
1162 1 1162 2 1164 1 1164 2 1166 1 1166 2
1626 1 1626 2 910 1 910 2 1762 1 1762 2
3757 1 3757 2 5830 1 5830 2 em» em e Average e e» oTarget

Fig. 3. The scaled pseudo-acceleration spectra and their average.

2.4. Direct integration methods

Direct integration methods are widely used and effective for solving equations of motion in structural dynamics.
These methods compute a system's time-dependent response by directly integrating the equations of motion. By
advancing through discrete time steps, they can be applied to both linear and nonlinear systems. In this study,
direct integration methods available in SAP2000 will be evaluated to estimate the effects of different integration
methods on the pounding analyses.

The Newmark (1959) method is a popular time-stepping integration technique that offers a balance between
accuracy and stability. It utilizes two parameters, 3 and v, to approximate displacement and velocity at each time
step. When = 0.25 and y = 0.5, the method is unconditionally stable and is known as the constant average
acceleration method. The linear acceleration method (B = 1/6, y = 0.5) provides higher accuracy but exhibits
conditional stability.

The Wilson (1972) method builds upon the Newmark (1959) method, providing enhanced accuracy and a wider
stability range. This approach predicts the solution by extending it forward in time. The stability of the method is
governed by the parameter 6, which is commonly set to 1.4. Being unconditionally stable, the Wilson (1972)
method is especially well-suited for dynamic analyses that involve high-frequency responses.

The method developed by Hilber et al. (1978) builds upon the Newmark (1959) approach, aiming to improve
accuracy in low-frequency modes while enhancing the damping of high-frequency modes. The parameter o
governs the level of numerical damping and is typically selected within the range of —1/3 to 0. This method offers
unconditional stability and remains effective even when large time steps are used.

Collocation-based direct integration is a numerical method used to solve equations of motion (Hilber and
Hughes, 1978). Unlike traditional direct integration techniques, it seeks to express the solution as a continuous
function of time. This approach enhances accuracy, especially in the dynamic analysis of complex structures.

The method developed by Chung and Hulbert (1993) serves as the basis for the widely adopted Generalized
Alpha method used in direct integration for structural dynamics. It aims to minimize undesired numerical
oscillations in high-frequency modes while providing accurate results in low-frequency modes. Viewed as a
generalized version of the classic Newmark (1959) method, the Chung-Hulbert (1993) method is unconditionally
stable with proper parameter selection and can be effectively used with large time steps.

The parameters of considered direct integration methods are represented in Table 3. These integration methods
are, respectively, Newmark constant acceleration, Newmark average acceleration, Wilson, Hilber-Hughes-Taylor,
Collocation, and Chung and Hulbert. The analyses conducted using these direct integration methods are named
Case A, Case B, Case C, Case D, Case E, and Case F, respectively.

3. Analysis results

The forces generated in both impact elements, as a result of the pounding of SDOF systems representing 5- and
10-story and 8- and 10-story buildings, are shown in Fig. 4.

golden light
.‘ pubhshmg

156


http://www.goldenlightpublish.com/

Table 3. Different direct integration methods and their relevant parameters.

Newmark- Newmark- . Hilber- . Chung and
Wilson Hughes- Collocation
Constant Average Hulbert
Taylor
Gamma 0.5 0.5 - 0.83 0.5 0.82
Beta 0.25 0.17 - 0.44 0.17 0.44
Theta - - 1.4 -0.33 | -
Alpha - - - - - -0.33
Alpha-m - - - - - 0.5
Linear —®=—Hertz Linear —®=—Hertz
-25000 -14000
-12000
= -20000 .
i, Z -10000
g =
o -15000 8 -8000
B 5
=
£ -10000 | O———t—o e ~6000
% \ S -4000
A~ -5000 3 2000
Case A Case B Case C Case D Case E Case F = Case A Case B Case C Case D Case E Case F
0 0
a) Pounding between 5-and 10- story b) Pounding between §-and 10- story

Fig. 4. Peak average pounding force of the systems with linear and Hertz impact models over the time history
duration.

As seen in Fig. 4, the pounding forces obtained vary depending on the direct integration method and the impact
model used. When the Hertz model is selected as the impact model, the resulting pounding forces are consistently
smaller compared to the linear model. Regardless of the impact model, the highest force is obtained from Case A,
while the lowest force comes from Case F. However, it should be noted that the acceleration records of the
earthquakes used do not have the same time step. Some earthquake records have a time step of 0.005 seconds,
others 0.01 seconds, and some 0.02 seconds. Authors anticipate that the time step might influence the effects of
direct integration methods on the estimated response. Table 4 presents the time steps for the corresponding
earthquakes.

Figs. 5 and 6 illustrate the pounding force for the 5- and 10-story buildings and the 8- and 10-story buildings,
respectively, considering earthquakes analyzed with different time steps separately. These graphs represent the
ratio of the average pounding force obtained for each direct integration method, considering earthquakes with the
same time step, to the average pounding force from Case A for both the linear and Hertz impact models.

Table 4. Time intervals (step) of eathquakes.

NGA# Earthquake Time Step (s)
552 Chalfant Valley-02 0.005
838 Landers 0.02
897 Landers 0.02
1162 Kocaeli, Turkey 0.005
1164 Kocaeli, Turkey 0.01
1166 Kocaeli, Turkey 0.005
910 Big Bear-01 0.02
1762 Hector Mine 0.02

3757 Landers 0.02
1626 Sitka, Alaska 0.005
5830 El Mayor-Cucapah, Mexico 0.02

golden light
.‘ pubhshmg

157


http://www.goldenlightpublish.com/

#0.005 Time Step = 0.01 Time Step = 0.02 Time Step ®(0.005 Time Step ® 0.01 Time Step = 0.02 Time Step

1’2 1 2
1 1
2 2
= =
508 508
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= en
= 2
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g 04 2 04
: :
0,2 0,2
0 0
Case B/ Case C/ Case D/ Case E/ Case F/ Case B/ Case C/ Case D/ Case E/ Case F/
Case A Case A Case A Case A Case A Case A Case A Case A Case A Case A
a) Linear model b) Hertz model

Fig. 5. The ratio of avarage pounding forces of each direct integration method to the average of Case A with
respect to time step for 5- and 10- story building collision.

0.005 Time Step ®0.01 Time Step ®0.02 Time Step ®0.005 Time Step ®0.01 Time Step =0.02 Time Step
1,2 1,2
2
=
s | 5!
= 2
o 0.8 & 0,8
£ &
& £
o 0,6 "g 0,6
£ s
3
o
g 0,4 0,4
£
0,2 0,2
0 0
Case B/ Case C/ Case D/ Case E/ Case F/ Case B/ Case C/ Case D/ Case E/ Case F/
Case A Case A Case A Case A Case A Case A Case A Case A Case A Case A
a) Linear model b) Hertz model

Fig. 6. The ratio of avarage pounding forces of each direct integration method to the average of Case A with
respect to time step for 8- and 10- story building collision.

4. Conclusions

The study shows that the pounding forces vary depending on the integration method and impact model. The Hertz
model consistently yields lower forces than the linear model, with the Newmark constant acceleration method
producing the highest forces and the Chung and Hulbert method yielding the lowest. Additionally, the Collocation
and Chung and Hulbert integration methods are highly sensitive to the time step of the earthquake's acceleration
record. As the time step decreases, the results converge with those from other direct integration methods. To
accurately analyze the impact effect, the time step of the earthquake acceleration recordings should either be
chosen according to the integration method used or the most optimal integration method should be preferred when
using an acceleration recording with a known time step.
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Abstract. In the aftermath of major seismic events, performance-based design principles have exerted a substantial
influence on the development of seismic design codes, culminating in the integration of capacity design concepts.
A pivotal consideration in the evolution of seismic design over the past five decades has been the necessity of
ensuring that vertical load-bearing elements, such as columns, exhibit greater strength compared to beams. This
approach has been incorporated into various codes employing distinct criteria, with the objective of enhancing the
seismic performance of structures. By prioritising the strong-column/weak-beam behaviour, the overall seismic
response of structures is significantly improved, thereby reducing the likelihood of premature collapse due to
insufficient ductility.This study examines a reinforced concrete structure affected by the Kahramanmaras-centred
earthquakes on 6 February 2023 in Turkey. Field observations revealed cases where the intended strong-
column/weak-beam mechanism was not achieved, leading to damage in vertical load-bearing elements despite the
design appearing to be compliant. The present study provides an in-depth examination of the theoretical
underpinnings of the observed failures and their impact on the energy dissipation mechanisms of structures
subjected to seismic loads. Furthermore, it offers a comparative analysis of the anticipated damage mechanisms,
as outlined by capacity-design principles, with the observed damage, thereby providing valuable insights into the
effects of compromised energy dissipation capacity. This research endeavors to enhance the comprehension of
how deviations from capacity-based principles affect structural performance, thereby offering valuable insights
for the enhancement of seismic resilience in future designs.

Keywords: Strong-colum/weak-beam; Frame damage mechanisms; Performance analysis; Energy dissipation

1.Introduction
In recent years, performance-based design approaches have gained prominence as a more accurate means of
predicting the seismic behavior of structures and enhancing their safety during earthquakes. These approaches aim
not only to ensure the structural strength of buildings but also to prevent collapse mechanisms by enabling
controlled dissipation of the energy generated during seismic events. A cornerstone of performance-based seismic
design is the capacity design principle, which prescribes that inelastic deformations and damage should be
concentrated in the horizontal load-bearing elements namely beams while preserving the integrity of vertical
elements such as columns. This concept, widely known as the strong column—weak beam principle, is explicitly
defined in numerous international codes and standards, including the Turkish Building Earthquake Code (TBEC-
2018). By ensuring that plastic hinges form preferentially in beams rather than columns, this principle facilitates a
more ductile response, enhances energy dissipation capacity, and promotes life safety. Equation (1) provides the
quantitative criterion used to assess compliance with this principle.
(Mra + Mrii) =12 (Mri + Mrj) (1)

However, field observations have revealed that the seismic behavior anticipated in theoretical design is not
always realized in practice. A representative example, examined in detail in this study, was observed following
the devastating earthquakes that struck the Southeastern Anatolia Region on February 6, 2023, with epicenters
near Kahramanmarag. While numerous buildings appeared to conform to seismic design principles, including the
strong-column/weak-beam concept, significant damage and even total collapse were observed foften attributable
to shortcomings in the overall lateral load-resisting system rather than isolated component failure.
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Post-earthquake site investigations identified recurring issues, particularly associated with vertical irregularities
and discontinuities in structural stiffness. In many cases, shear walls were concentrated in lower-story
configurations (such as basements), but were abruptly discontinued in the upper stories, leading to a sudden
reduction in lateral stiffness and strength. This configuration resulted in excessive inter-story drift demands,
ultimately compromising the structural system’s ability to dissipate energy and maintain lateral stability even
though the well-known strength ratio equation for achieving the strong-column/weak-beam condition at the beam-
column joints was satisfied. These failures highlight the importance of continuous and well-distributed lateral
support throughout the height of the structure. Moreover, such damage cannot be attributed solely to construction
quality or detailing errors but also stems from insufficient evaluation of global structural behavior during the
analysis and design process. For example, as noted in experimental studies by Ning et al. (2016), the contribution
of floor slabs to beam stiffness can significantly influence the distribution of internal forces and the location of
plastic hinge formations. In systems with discontinuous lateral resistance, this can exacerbate unexpected failure
mechanisms, undermining the intended performance goals of modern seismic design.

Another critical factor influencing seismic performance is the axial load acting on columns. While moderate
axial loads can enhance a column’s load-bearing capacity by increasing compressive strength, excessive axial
loading is well known to reduce ductility an essential attribute for energy dissipation during earthquakes. Tiirker
and Giiltekin (2023) emphasized that such ductility loss significantly limits the plastic rotational capacity of
columns. When axial forces increase unexpectedly, columns may behave in a brittle manner and fail before the
beams, resulting in a premature and uncontrolled collapse mechanism that contradicts the strong-column/weak-
beam design objective.

According to the Turkish Building Earthquake Code (TBEC-2018), if the axial load acting on a column is less
than 10% of the product of its gross cross-sectional area and the characteristic compressive strength of concrete
(Equation 2), the strong-column/weak-beam strength verification (Equation 1) is not required. However, if this
limit is exceeded under any load combination that includes the effects of dead, live, and earthquake loads, the
verification becomes mandatory. TBEC-2018 permits axial loads on columns up to 40% of the gross section
capacity under such combinations still below the critical threshold of approximately 60%, beyond which a sharp
decline in ductility is typically observed in experimental studies.

Ny < 0.10 X Acx fck 2)

It is also important to highlight that during the February 6, 2023 Kahramanmaras earthquakes, unusually high
vertical ground motion components were recorded in several regions. These vertical accelerations may have
temporarily increased axial loads beyond their design values, even in buildings nominally within code compliance.
Such transient but severe vertical loading could have triggered brittle column failures in some structures,
underscoring the need to more thoroughly account for vertical seismic effects particularly in regions susceptible
to pulse-like or near-fault ground motions.

While numerous structures conceptualised in accordance with the strong column—weak beam principle
formally almost comply with stipulated code requirements, the seismic events centred in Kahramanmaras on 6
February 2023 exposed substantial discrepancies between anticipated and observed performance outcomes. In
particular, buildings where nonlinear behaviour was accounted for solely through the use of a high seismic
reduction factor (R = 8) as selected by practitioners while employing only linear analysis methods, exhibited
damage mechanisms inconsistent with this principle. This discrepancy was especially pronounced in workshop-
type structures, which are typically characterised by a small number of stories, basements enclosed by rigid shear
wall elements, ground floors with greater story heights than upper floors, long structural spans, and heavily
reinforced beams designed primarily for gravity loads.

The primary objective of this study is to perform a detailed structural analysis of a reinforced concrete building
that experienced damage inconsistent with the strong column—weak beam philosophy during the February 6, 2023
Kahramanmarag earthquakes. The analysis is conducted in accordance with the deformation-controlled design
approach stipulated in the Turkish Building Earthquake Code (TBDY-2018). Moreover, the objective of the
present study is twofold: firstly, to identify and evaluate the underlying causes of the observed damage, and
secondly, to establish a methodology for the future prevention of such occurrences. The condition of the building,
as documented during post-earthquake field investigations, is illustrated in Fig. 1.
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(b)

Fig. 1. (a) General view of the building and (b) Columns damages
2. Numerical modeling
In this study, a structural analysis was conducted by developing a representative model of a four-story reinforced
concrete building that was identified, based on field investigations, as having sustained damage during the
Kahramanmaras-centered earthquakes on February 6, 2023. The model was designed to approximately reflect the

actual structural characteristics of the original building, including its overall geometry and load-bearing elements
(Fig. 2).
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Fig. 2. Generated 3D soil model, formwork
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Regarding material properties, the characteristic compressive strength of the concrete used in the reinforced
concrete elements was defined as C25 (fck =25 MPa), while the reinforcement steel was specified as S420 with a
yield strength of 420 MPa. For loading conditions, the floor slabs in the basement and typical floors were subjected
to a finishing dead load of 2.50 kN/m? and a live load of 3.50 kN/m?, while for the roof slab, the finishing dead
load and live load were taken as 1.00 kN/m? each).

The nonlinear behavior of the column and beam elements was incorporated into the analysis model using a
distributed (fiber) plasticity model. The fiber modeling approach was implemented in accordance with the
modeling guidelines specified by NIST (2017), along with the methodology presented by Padalu and Surana
(2024) (Fig. 3). To represent the nonlinear material behavior, the material models for concrete and reinforcing
steel were defined as shown in Figure 4.

Joint Elerment
(Rigid or Finite Stiffness)

Fiber Hinge Element

Bond Sip Hinge

Elastic Rotation Hinge

Fig. 3. Schematic representation of the definition of the distributed (fiber) plasticity behavior model
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3. Selection of earthquake ground motion

In accordance with the provisions of the Turkish Building Earthquake Code (TBEC, 2018) and based on the local
site-specific conditions, the earthquake that occurred on February 6, 2023 with a moment magnitude of Mw = 7.7
and an epicenter located in Kahramanmaras was selected to represent the Design Earthquake Level 2 (DD-2)
ground motion for the structural analyses. This selection was made using the geographical coordinates of the
building under study to ensure consistency with seismic hazard mapping criteria defined in TBEC-2018.

For the analyses, ground motion records in the East—West and North—South directions were obtained from the
nearest strong motion station to the damaged structure, identified as Station No. 4625. These records were used to
simulate realistic seismic excitation corresponding to the structural location. Additionally, in order to assess the
potential impact of regional variation in seismic demand, a second set of ground motion data was incorporated
from Strong Motion Station No. 3129, located in Hatay one of the cities severely affected by the same earthquake
sequence (Fig. 5). This comparative assessment aims to explore how different local site effects and ground motion
intensities may influence structural response.

The selected acceleration records were applied simultaneously in the two horizontal directions (East—-West and
North—South) during the time history analyses to accurately capture bidirectional seismic effects. The acceleration
time histories obtained from both recording stations are shown in Fig. 5. Furthermore, to evaluate the compatibility
and intensity of these records, their corresponding response spectra were computed and compared against the
elastic DD-2 design spectrum specified in TBEC-2018 for each respective location. These comparisons are
presented in Fig. 6, illustrating how the recorded motions relate to code-defined expectations and providing insight
into the severity of the ground shaking experienced during the Kahramanmaras earthquakes.
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Fig. 5. Acceleration time histories of used earthquake data
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4. Analysis and results

The structure assessed in this study was first documented during detailed post-earthquake field investigations.
These observations served as the foundation for the development of a numerical model, which accurately
incorporated the original geometric characteristics and the longitudinal reinforcement detailing of the building.
The reinforcement quantities and layout derived from linear analysis were found to be largely consistent with those
observed in the field, lending credibility to the assumptions made in the modeling phase. However, a key
discrepancy was noted in the beam—column joint detailing. While the numerical model was constructed in
accordance with TBEC-2018 provisions assuming compliant joint confinement and detailing the actual
implementation in the field did not fully meet these code requirements. As a result, the model likely overestimates
the real structural capacity and ductility, particularly at the critical connections. To evaluate the building’s
performance under realistic seismic loading, nonlinear time-history analyses were conducted. Material-specific
strain limits corresponding to the collapse prevention (CP) performance level were adopted, with values of 0.013
for reinforced concrete column elements, 0.0065 for beams, and 0.032 for reinforcing steel. The analytical results
closely matched the damage patterns observed during on-site inspections particularly the premature failure of
second-story columns providing strong validation of the model and confirming the inadequacy of relying solely
on linear analysis in such cases.

To further illustrate the damage progression captured in the nonlinear time-history analysis, Fig. 6 presents the
distribution of plastic hinge formation in the column elements at the instance when yielding is first initiated. As
shown, plastic deformation initially localizes in the second-story columns, indicating the onset of nonlinear
behavior in vertical load-bearing elements. This finding aligns with field observations, where early signs of
cracking and distress were also concentrated in the same story.

Subsequently, as the seismic excitation intensifies, additional plastic rotation demands accumulate, particularly
in the same second-story columns. Fig. 7 shows the damage state of the structure when the strain values in these
columns exceed the Collapse Prevention (CP) threshold. At this stage, the analytical results indicate that the
columns have experienced severe nonlinear deformations beyond acceptable performance limits, while the
adjacent beam elements remain in a comparatively lower damage state. This confirms that the failure mechanism
is governed by column failure, rather than the intended strong column—weak beam behavior. These visualizations
emphasize the critical role of column detailing and system-level stiffness discontinuities in driving collapse
mechanisms during strong ground motion.
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Figure 7. Development of plastic hinges in column elements at two critical time steps during the seismic
response of Kahramanmaras records.

To further demonstrate the damage progression observed in the nonlinear time-history analysis, Fig. 7
illustrates the development of plastic hinges in column elements at two critical time steps during the seismic
response. Fig. 7(a) shows the state of the structure at t = 52.95 s, corresponding to the onset of yielding in the
second-story columns. At this stage, plastic deformations begin to develop in the vertical elements, marking the
initiation of nonlinear behavior. This early yielding in the columns is consistent with the localized damage
observed during field investigations and highlights a deviation from the expected strong column—weak beam
mechanism.

Fig. 7(b) presents the structural response at t = 53.08 s, where a significant portion of the second-story columns
exceed the Collapse Prevention (CP) strain threshold. The accumulation of plastic demands in a short time interval
leads to severe damage in the column elements, while the beam elements remain below critical damage levels.
This condition indicates the emergence of a soft-story mechanism and confirms that the collapse potential was
primarily governed by column failure.

An in-depth evaluation of the nonlinear time-history analysis results under the Maras (TK4625) and Hatay
(TK3129) earthquake records reveals clear differences in the structural response and damage distribution across
the building’s floors (Table 1 and Table 2). For the Marag ground motion, all column elements on the second story
exceeded the Collapse Prevention (CP) performance level, while no such exceedance was recorded in beams. Most
beams remained within the Immediate Occupancy (IO) range, with a few on the second floor reaching up to the
I0-Life Safety (LS) transition range. The first, third, and fourth floors exhibited predominantly elastic behavior
in both beams and columns, with all elements remaining below the IO threshold except for moderate IO-LS level
damage in some third-story columns.

In contrast, under the Hatay ground motion, the demand on structural elements was more severe and
widespread. Again, all columns on the second story surpassed the CP level, similar to the Marag case. However,
unlike the previous scenario, beam elements on the second floor also exhibited more advanced damage, with 18
beams exceeding the CP limit, 12 in the IO-LS range, and 31 remaining below 10. This suggests that the Hatay
record induced higher energy input into the structural system, pushing some beams beyond critical damage states.
Still, beam and column elements on the first, third, and fourth stories mostly stayed within elastic limits, apart
from a few minor exceedances in the IO-LS range.
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Table 1. Damage levels of load-bearing elements

MARAS-TK4625

Story <IO 10 to LS to >CP
LS CP
1(Basement ) 45 - - -
2 28 30 3 -
BEAM 3 61 - - -
4 61 - - -
1 (Basement ) 38 - - -
2 - - - 38
COLUMN 3 27 11 - -
4 38 - - -

Table 2. Damage levels of load-bearing elements

HATAY-TK3129

Story <IO 10 to LS to >CP
LS CpP

1(Basement ) 45 - - -

2 31 12 - 18
BEAM 3 55 6 - -
4 60 1 - -
1(Basement ) 38 - - -

2 - - - 38
COLUMN 3 27 11 - -
4 38 - - -

These findings underscore two significant points. First, the second floor consistently emerged as the most
vulnerable story, reflecting a concentration of seismic demands and potential soft-story behavior due to stiffness
discontinuity or inadequate lateral resistance. Second, the choice of ground motion record significantly influenced
the structural performance, with the Hatay earthquake inducing higher damage levels in beam elements compared
to the Marag earthquake. This variability demonstrates the importance of selecting multiple representative ground
motions in nonlinear performance-based evaluations to fully capture potential collapse mechanisms and inform
retrofitting or design decisions accordingly.

The maximum interstory drift values obtained from the nonlinear time-history analyses were evaluated for both
earthquake records to assess the overall deformation demand imposed on the structure. The results indicate that
the maximum interstory drift reached approximately 2.92% for the Maras (TK4625) record, whereas it escalated
to 10.06% under the Hatay (TK3129) record (Fig. 8) . According to the deformation-based design limitations
prescribed by TBEC-2018, the drift demand under the Maras record slightly not exceeds the allowable threshold
for collapse prevention performance but could still be considered marginally tolerable in practical terms,
suggesting the possibility that the structure might survive this level of seismic excitation albeit with severe damage
and residual deformations.

In contrast, the extreme drift value induced by the Hatay record far exceeds the permissible limits, pushing the
structure into a state of global instability. Despite both records leading to collapse-level damage in the second-
story columns, a key distinction lies in the damage progression of the beam elements, as well as the significantly
different demand-to-capacity (D/C) ratios, which indicate a more severe overstress condition in the case of the
Hatay record. The Hatay excitation not only triggers excessive deformation but also initiates widespread failure
mechanisms that are incompatible with the structural system's ductility capacity.

Therefore, while collapse may be avoidable under the Maras record, the structural response observed under the
Hatay record clearly indicates that collapse is inevitable due to the compounded effects of drift exceedance, loss
of stiffness in critical elements, and a failure to maintain structural integrity under large lateral displacement
demands.
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Fig. 8. Calculated displacement and drift variation with height.

The standard check for verifying the strong column—weak beam (SCWB) condition, as illustrated in Fig. 9, is
based on the requirement that the inequality defined in Equation 1 must be satisfied for beam moments acting in
both directions within the vertical plane of the frame. This check implicitly assumes that the flexural demands on
the beams and columns connected to a joint develop in the same direction under lateral loading. This fundamental
assumption underpins the moment capacity ratio control prescribed in seismic design codes, including TBEC-
2018, and forms the basis of the conventional capacity design approach.

However, field observations from recent earthquakes—particularly the February 6, 2023 Kahramanmarag
events—have demonstrated that this assumption does not hold in many real-world structures. Specifically, in
buildings where lower stories are rigidly confined with shear walls (e.g., basement levels), and upper stories consist
of moment-resisting frames, the actual behavior deviates significantly from the idealized model. In such cases,
columns connected to the beam—column joints being evaluated often develop opposing moments, effectively
balancing each other out, resulting in a very low residual moment at the joint. This undermines the intended
premise of the SCWB check, which assumes an unbalanced condition favoring beam yielding.

Additionally, analytical results indicate that in buildings with long-span beams subjected to high dead and live
loads, the internal moments in these beams—governed primarily by gravity loading—do not significantly change
during seismic excitation. As a result, these elements retain large internal moments regardless of lateral load
reversals, and the assumption that beam moments will increase significantly under earthquake effects becomes
invalid. Consequently, the practical relevance of the SCWB check—as traditionally formulated—diminishes in
such systems, and its enforcement does not guarantee the intended energy dissipation mechanism. In such cases,
the conventional SCWB verification loses meaning, and a more realistic approach to seismic design and detailing
is required—one that considers actual deformation demands and stiffness irregularities in the vertical direction.
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In such configurations, the building's global behavior deviates from a typical shear-frame mechanism, especially
just in the rigid basement level, and instead develops an alternative moment distribution pattern. In these cases,
the actual seismic demands on the columns significantly exceed those on the beams, particularly at the interface
between the rigid lower stories and the more flexible upper frames. This mismatch leads to concentration of
inelastic demands in the columns, initiating damage mechanisms that violate the intended SCWB philosophy and
often trigger premature failure at these critical story levels.

As aresult, and in light of the preceding discussion, it becomes evident that relying solely on a high behavior
factor such as R = 8, which is commonly adopted in design practice, is inadequate for ensuring seismic safety in
structural systems exhibiting vertical irregularities. In such configurations—characterized by stiffness
discontinuities, unbalanced deformation demands, and concentrated damage zones—the global energy dissipation
capacity is significantly reduced, and the assumptions underlying the use of high R-factors are no longer valid.
When more realistic values are adopted for ductility, the effective behavior factors must be considerably lower to
reflect the actual deformation and failure mechanisms. For example, by adjusting for the material coefficients
typically used in design, the effective R-factor can be approximated as R = 3.5 (=1.5 x 2.38) for the Hatay ground
motion and R = 4.0 (=1.5 x 2.8) for the Maras ground motion. These adjusted values provide a more accurate
representation of the structure’s true performance capacity and the level of seismic demand it can safely sustain.

Ultimately, adjusted R-values can provide a rough estimate of the reduced capacity, these values do not fully
capture the complex nonlinear behavior of such irregular systems. Therefore, a deformation-based analysis
approach is essential to realistically assess the structural response and to provide engineers with a more reliable
understanding of how the building will perform under strong ground motion. Only through such advanced analysis
techniques can the true inelastic demands, potential damage mechanisms, and collapse risks be identified, allowing
for safer and more informed seismic design decisions—especially in structures with pronounced vertical
irregularities.and long span only with such revised assumptions and a more performance-consistent evaluation of
behavior factors can a realistic and reliable seismic design be achieved—particularly for buildings with significant
vertical stiffness irregularities, where conventional code-based simplifications may lead to unsafe design
outcomes.

5. Conclusions

This study critically examined the seismic behavior of a reinforced concrete building that suffered significant
damage during the February 6, 2023 Kahramanmaras earthquakes, with a particular focus on the applicability of
the strong column—weak beam (SCWB) design principle. The building, which exhibited a vertically irregular
configuration characterized by a rigid basement with shear walls supporting a flexible frame system above, was
found to deviate substantially from the expected frame behavior under strong ground motions.

Field observations, reinforced by detailed nonlinear time-history analyses, revealed that all second-story
columns exceeded the Collapse Prevention (CP) limit under both the Maras and Hatay earthquake records.
Although linear analysis indicated compliance with SCWB criteria, nonlinear analysis uncovered failure
mechanisms that contradicted the intended ductile hierarchy. In particular, high demands were concentrated in the
second-story columns—primarily due to vertical stiffness discontinuities—which undermined the SCWB
mechanism and triggered premature column failure. These results underscore the critical limitations of relying
solely on linear analysis and prescriptive R-factors, especially in irregular structures.
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The study further highlighted the limitations of the standard SCWB verification method, which assumes that
beam and column moments act in the same direction. In the examined case, and many similar configurations
observed in earthquake-prone regions, columns connected to the beam-column joints often developed opposing
moment demands, reducing residual joint moments and invalidating the assumptions behind the capacity design
check. Moreover, long-span beams carrying substantial gravity loads retained large internal moments even during
lateral loading, resulting in minimal seismic contribution and rendering the traditional SCWB control ineffective.
In this context, nonlinear analysis methods proved essential for realistically evaluating the inelastic demand
distribution and accurately capturing the failure mechanisms—particularly in columns situated between stiff and
flexible regions. Linear methods, by contrast, failed to predict these critical behaviors, highlighting the risk of
underestimating vulnerabilities when such approaches are used exclusively in design. In conclusion, accurate
seismic performance assessment of irregular buildings demands an integrated approach—combining detailed
nonlinear analysis with realistic design coefficients—to ensure safety, robustness, and code compliance. By
adopting such strategies, engineers can deliver more resilient structures capable of withstanding severe seismic
demands while minimizing the risk of unexpected failure.
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Abstract. Seismic isolation is a widely implemented strategy for mitigating earthquake-induced demands on
structures by incorporating isolator units at the foundation or other appropriate substructure levels. This approach
effectively lengthens the natural period of the structure through horizontally flexible isolation elements, allowing
the superstructure to respond in a near-rigid-body manner relative to the ground. As a result, interstory drift ratios
and floor accelerations are significantly reduced, thereby preserving structural integrity and minimizing damage
to non-structural components. Nevertheless, the performance of seismic isolation systems can be adversely
affected under near-fault ground motions, which are characterized by high-amplitude velocity pulses and
significant vertical ground motion components. These characteristics can notably increase seismic demands on the
isolation system, necessitating a detailed evaluation of their effects. Prior studies have emphasized the critical role
of such components in the seismic behavior of base-isolated structures. In this study, three-story and six-story
three-dimensional reinforced concrete moment-resisting frame structures equipped with lead-rubber bearings
(LRBs) were modeled using SAP2000. Two pulse-like ground motion records containing both horizontal and
vertical components were selected in accordance with the Turkish Building Earthquake Code (TBEC-2018) and
scaled to match the target design spectra for the relevant site classes. Nonline