Bulletin of Earthquake Engineering
https://doi.org/10.1007/s10518-025-02169-y

ORIGINAL ARTICLE |

®)

Check for
updates

Determination of earthquake resistance of historical
masonry inn with finite element analysis

Riiya Kilig Demircan’

Received: 24 July 2024 / Accepted: 1 April 2025
© The Author(s) 2025

Abstract

The protection of historic masonry structures against earthquakes is only possible by ac-
curately assessing their non-linear behaviour, in particular their potential for severe dam-
age and collapse. Experimental investigations on historic structures can be damaging,
time consuming and costly. Therefore, in recent years, numerical modelling and analy-
sis techniques have become common and reliable methods for determining the structural
behaviour of historic structures. Turkey, which is located in a seismic zone, is home to
many historical and cultural heritage sites. This study investigates the seismic performance
of the historic Durak Han, located in the Duragan district of Sinop province due to its
proximity to the North Anatolian Fault Line. The inn has been heavily damaged due to
careless use and earthquakes and has been repaired many times. The seismic behaviour,
force-displacement capacity and collapse mechanism of the stone vaulting have been in-
vestigated. A numerical simulation method had never been applied to the inn before. A
comprehensive finite element model was constructed based on the architectural survey
projects of the inn and this model was corrected using the experimental modal analysis
results available in the literature. In order to determine the seismic behaviour and collapse
mechanisms of the inn, nonlinear dynamic analyses were performed using the ground mo-
tion records of the 2023 Kahramanmarag earthquakes. The maximum principal stresses,
maximum displacements and damage distributions of the inn were evaluated.

Keywords Finite element analysis - Historical inn - Seismic performance - Durak Han

1 Introduction

Preserving and passing on the world’s natural and cultural heritage to new generations is one
of the United Nations (UN) goals for sustainable development. Cultural heritage structures
serve as a bridge between the time in which they were built and the future. It is one of the
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fundamental responsibilities of nations to preserve these structures, which have witnessed
many eras, and pass them on to future generations. Historic buildings that have survived to
the present day shed light on the materials used at the time of their construction, the methods
of workmanship, the techniques of reinforcement and repair, and the structures of the time.
Historic buildings are damaged by both natural and man-made factors.

Seismic forces caused by earthquakes, the largest of the natural factors, affect these struc-
tures and generally cause serious damage or destruction (Schiavoni et al. 2023; Valente
2023; Bozyigit et al. 2024; Valente and Milani 2018; Krentowski et al. 2023; Kocaman et
al. 2024). Historic masonry structures exhibit poor tensile strength and inadequate out-of-
plane strength due to the inadequate connections between masonry building materials. Due
to various reasons such as non-linear behaviour of structural units such as domes, vaults and
arches and deterioration of the materials used over time, they may suffer serious damage
under seismic loads (Sentiirk et al. 2022; Binici et al. 2016; Koseoglu et al. 2015; Cakir et al.
2015; Bayraktar et al. 2022; Lourenco et al. 2012; Kocaman et al. 2023a; Geng et al. 2023;
Tapan et al. 2013; Valente et al. 2019). Many conservation specialists, including architects,
engineers, and art historians, must collaborate to mitigate the adverse impacts of seismic
activity on historic masonry structures and ensure their stability. Addressing these effects
and implementing new measures has become a significant research focus in recent years
(Sezen et al. 2013; Mendes et al. 2020; Bozdogan et al. 2024; Couto et al. 2020; Ozmen et
al. 2007).

Due to its geological and geopolitical location, Turkey has hosted many civilisations.
The architectural heritage of these civilisations, such as mosques, inns, madrasahs, bridges,
churches and baths, are important immovable cultural assets that reflect Turkey’s cultural
diversity. Although many of these structures are still in use today, they shed light on the cul-
tural diversity, socio-economic levels, technological developments, architectural styles and
engineering principles of past civilisations. Therefore, determining the seismic performance
of these historic buildings and improving their earthquake resistance is a very important
issue.

The seismotectonics of Turkey and its surrounding regions is the result of the relative
movement of the African and Arabian plates to the north with respect to the Eurasian plate.
The collision and tectonic movements of these plates create the North Anatolian Fault
(NAF) and the East Anatolian Fault (EAF). This northward relative motion drives the west-
ward movement of the Anatolian plate along the right-lateral North Anatolian Fault Zone
(NAFZ) and the left-lateral East Anatolian Fault Zone (EAFZ) at a rate of approximately
24 mm/year, while also rotating counterclockwise (Fig. 1). These tectonic movements pro-
duce seismic effects (Kocaman et al. 2024; Yal¢in et al. 2013).

Being an earthquake country, Turkey has been exposed to destructive earthquakes
throughout history. As shown in Fig. 2, Turkey has experienced many earthquakes of mag-
nitude 7 and above in the last century, leaving socio-economic damages as a result of these
earthquakes and emphasizing the basic requirement of seismic preparedness and resilient
infrastructure.

These earthquakes also damaged and/or destroyed historical buildings that have been
home to many civilisations. Eleven districts were affected by the twin earthquakes of 6—7
February 2023 in Kahramanmaras, which was the strongest earthquake in Turkey in the
last century. According to the Disaster and Emergency Management Presidency (AFAD)
of the Ministry of Interior of the Republic of Turkey (AFAD 2023), an earthquake with a
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Fig.1 The location of the study area within the eastern Mediterranean geodynamic setting has been adapt-
ed from the works of Sengér (1979) and Barka (1992). (Ozden et al. 2015; Isik et al. 2023)
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Fig. 2 Earthquakes of 7 or more in the last 100 years in Turkey (RETMC 2024)
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magnitude of 7.7 (focal depth: 8.6 km) struck near Pazarcik, Kahramanmaras, at 4:17 a.m.
(GMT+3) on 6 February 2023. This was followed by another earthquake at 13:24 (GMT +3)
with a magnitude of 7.6 (focal depth: 7 km) centred on Elbistan, Kahramanmaras, as shown
in Fig. 1a. On 20 February 2023, at 20:04 Turkish time (GMT+3), a magnitude 6.4 earth-
quake occurred with its epicentre in Yayladagi, Hatay. These earthquakes were accompa-
nied by numerous aftershocks, and seismic activity in the region has continued for a year
and a half since the initial event. As stated in the “Kahramanmarag and Hatay Earthquake
Report” by the Strategy and Budget Directorate of the Presidency of the Republic of Turkey,
these earthquakes caused more than 48,000 deaths and damaged more than half a million
buildings, including essential infrastructure in the communications and energy sectors. As
of 25 February 2023, inspections coordinated by the Directorates of Surveying and Monu-
ments reported that out of 8444 cultural heritage buildings in the 11 affected districts, 2863
had been inspected, of which 169 collapsed, 535 were heavily damaged, 390 were severely
damaged, 721 were partially damaged, 721 were slightly damaged and 1,048 were undam-
aged (TRSBO 2023).

Finite element method has been widely studied in the literature to analyse the struc-
tural behaviour of historic masonry buildings years (Sezen et al. 2013; Mendes et al. 2020;
Bozdogan et al. 2024; Couto et al. 2020; Ozmen et al. 2007, Bui et al. 2017; Valente et al.
2016a, b; Erkek et al. 2023; Acito et al. 2016; Hejazi et al. 2016; Bartoli et al. 2017; Bayrak-
tar et al. 2018; Minghini et al. 2016; Demircan et al. 2022; Ferraioli et al. 2017; Demircan
2023a). In order to evaluate the structural behaviour of masonry buildings under loads,
macro-modelling, micro-modelling and simplified micro-modelling methods are applied
by developing finite element models in the literature. Micro-modelling methods offer the
possibility of modelling each building unit separately. As the surface adhesion between the
discrete modelled units is mathematically modelled, it will be difficult for computer systems
to solve the analysis of the entire wall element. Macro modelling methods, on the other
hand, treat large walls as a homogeneous continuum and are more suitable for mathematical
modelling and analysis (Meftah et al. 2024; Szabo et al. 2023; Chen et al. 2023; Drougkas
2022; Palhares et al. 2023; Murano et al. 2023; Kocaman 2023). Non-linear static analysis
using the macro modelling approach is widely used for the seismic evaluation of masonry
buildings. Despite the complexity involved in modelling the dynamic behaviour of materi-
als and finite elements, nonlinear dynamic analysis remains the most accurate and reliable
method for structural evaluation (Kocaman 2023).

Inn-type structures; It is known as accommodation structures located on the passage
routes in history. The countries of Turkey are home to many historical inn-type structures
dating back to the Seljuk and Ottoman Empires. Historical inns from the Seljuk and Otto-
man Empires; They usually consist of stone masonry structures. These cultural heritages,
which have survived to the present day, are used for different purposes through restoration
today. There is not much data in the literature to analyse the structural behaviour of histori-
cal inns. Inn-type buildings are an important part of our cultural heritage, but they have not
been the subject of sufficient research. In regions with intense seismic activity, inn-type
structures are damaged. The lack of information on the structural behaviour of these struc-
tures, with the necessary research and studies, does not allow the structures to be evaluated
in advance against seismic effects. One of the main objectives of this study is Durak Han,
which is a region of high seismic activity; the Duragan district of Sinop province is close to
the North Anatolian Fault Line and is in the centre of the first class earthquake zone accord-
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ing to the AFAD data system. The aim is to show the importance of obtaining information
on the structural behaviour of this inn after earthquakes that may occur. In their study,
Yazgan and Unay applied macro modelling approach under seismic loading and nonlinear
static analysis of an inn type structure (Yazgan and Unay 2019,2023).

In this study, Durak Han in Duragan district of Sinop province dating back to the Seljuk
period was selected as a case study. The inn has been repaired many times and, due to its
proximity to the North Anatolian Fault Line, the building is exposed to significant seismic
effects. However, its behaviour under these seismic conditions has not been investigated so
far. In this paper, nonlinear static, modal and dynamic (time-history) analyses of the inn are
performed using the macro modelling approach. The local acceleration records of the 2023
Kahramanmaras earthquake on the East Anatolian Fault (EAF) line were used for these
analyses.

2 Historical and architectural properties of Durak Han

The architectural projects and reports of Durak Han have been accessed with the legal per-
mission of the Regional Directorate of Foundations in Samsun.

Durak Han is located on the Kastamonu-Samsun-Amasya road, 55 km south of Sinop
and 30 km east of Boyabat, at the junction of the Gok Irmak and Kizilirmak rivers in the
Duragan district, along the Vezirkdprii road. It is located in the northeastern part of the city.

According to the inscription, the building was built in 1265 by the Anatolian Seljuq ruler
Gryaseddin Keyhiisrev IIT and the vizier Pervane Muiniid din Siileyman bin Ali. There are
opinions that the building was built as a complex. According to this, there is a madrasah to
the west of the building, a mosque to the south-west, a ruin with collapsed vaults and domes
5 m from the eastern fagade and the remains of a bath filled with earth. The existence of the
mosque and the madrasa could not be confirmed. The existence of the bath is mentioned
in the literature (Duragan Han 2024; Conservation Report of Durak Han 2015). Photo 1.
Photographs of Durak Han taken in the early 1900s.

Durak Han is a rectangular building with dimensions of 42.64 x 51.33 m. The building
material is stone. There is a 32 X 47 m courtyard in the centre of the service area. The build-
ing has a plan that is common among Seljuk caravanserais. The building has a plan type
consisting of open and closed (service and shelter) sections. In this type of plan, different
principles are followed in the planning of the courtyard and the shelter section. While the
courtyard is parallel to the shelter section, in some sources it is wider and placed horizon-
tally to the shelter section. Durak Han is one of these building types. The courtyard is both
wide and perpendicular to the shelter section. The building is supported by a total of six
square buttresses, circular at the outer corners and square in between. The building has a
north-south orientation, and the portal is located on the western facade. Before the last res-
toration of the inn, it was noted that the outer walls were largely intact, but the upper roof
had collapsed in many places. During the restoration, the upper roof of the building was
rebuilt. In the other rooms of the building, the missing pillars and arches were completed
(Conservation Report of Durak Han 2015).
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Photo 1 Durak Han in the early 1900s (Conservation Report of Durak Han 2015)

3 Historical damage and final restoration of Durak Han

When the restoration and publication studies of the building were examined, it was found
that periodisation had been made and the first of these periodisations was the classical Seljuk
early period in shaping, which consisted only of the shelter section. In this period; it can be
assumed that the entire building was constructed with rough masonry of rubble stone mate-
rial. In this period; it can be assumed that the crown gate of the building was constructed
with a slightly thinner sectioned stone material. Spolia was not used in the building at this
time (Fig. 3).

The second period refers to the situation before the building was destroyed by natural
causes. The identification of the building has been based largely on visual data, comparative
studies and on-the-spot determinations. It is believed that there was a serious collapse, espe-
cially in the upper roof, almost down to the walls, and that the building was reinforced hori-
zontally with brick beams at this time, and this is supported by old photographs. The second
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Fig. 3 1st period of inn planned entrance fagade (Conservation Report of Durak Han 2015)

51.33m

Inn Section

- -

ook Joay

22.82m

42.64 m

Fig. 4 2nd period inn plan (adopted from conservation report)

period plan, elevation and period photographs of the building are given below (Figs. 4, 5
and 6 - Photo 2 and Photo 3). The inn part of the project dates back to the Seljuk period. The
shelter part was added later. The numerical modelling of the inn was carried out using data
from the second period. The inn section is divided into 14 rooms and covered with vaults.
The third period restoration can be read by the changes in the material and weave of the
third period interventions. The third period represents the final restored version (Fig. 7).
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5.55m

51.33m

Fig.5 2nd period inn plan-entrance fagade (adopted from conservation report)

Photo 3 2nd period inn photograph-inn section (Conservation Report of Durak Han 2015)
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Fig.7 3rd period of inn photographs (inside the yard and entrance fagade) (Conservation Report of Durak
Han 2015)

4 Finite element modelling of Durak Han

n the past, determining the behaviour of historic buildings under seismic action involved
lengthy and costly methods such as extensive field studies and experimental investigations.
However, recent advances in computer technology have made the earthquake resistance
of historic buildings an important area of research. These technologies now provide accu-
rate insights into the structural behaviour of various buildings, including historic mosques,
madrasas, bridges and inns, under seismic action in a much shorter time. The finite element
method is a commonly chosen approach to address the seismic behaviour issues of historic
structures and plays a crucial role in analysing and evaluating how these buildings respond
to earthquake forces [Kocaman et al. 2024; Valente 2022, 2021]. The finite element method
can be modelled using micro and macro modelling approaches, depending on the level of
importance of the structure. Nonlinear static and dynamic analyses provide the most accu-
rate and reliable solutions for understanding the behaviour of structures. In this study, macro
modelling and dynamic analysis techniques were used to determine the seismic behaviour
of the historic inn walls. This approach allows a detailed investigation of the damage mech-
anisms affecting the inn walls under seismic loading.

Due to their complex geometries, historic masonry structures can be easily solid mod-
elled and structurally analysed in packaged programs (Silva et al. 2018).

The 3D solid model of the inn was generated using the Structural Analysis Programme-
SAP 2000 software. Shell elements were used in the vault sections of the inn. SAP 2000
software is a widely used programme developed specifically for solving structural prob-
lems. SAP2000 is a versatile civil engineering software that is ideal for the analysis and
design of various types of structural systems (SAP 2000 software).

In SAP 2000, eight-node solids are utilized for modeling three-dimensional structural
systems. These solid elements facilitate both linear and nonlinear static and dynamic stress
analyses. Each solid is composed of six quadrilateral faces, with a joint located at every
corner (Fig. 8). This structural configuration allows for a comprehensive understanding of
the element’s geometry, node positions, and coordinate system. By collapsing nodes, sol-
ids can form wedges, tetrahedra, and other irregular shapes. The isoparametric formulation
includes nine optional incompatible bending modes to improve bending behavior. Solids
can be assigned material properties, temperature-dependent characteristics, and anisotro-
pic qualities, and subjected to gravity loads, surface pressures, pore pressures, and thermal
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Fig. 8 Geometry of solid and shell elements (SAP 2000, 2024)
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Fig. 9 3D modelling of Durak Han and 3D modelling of Inn and Section of Inn

loads. The best results are achieved with aspect ratios close to unity, and they should not
exceed four.

Furthermore, shells are area objects with three or four nodes, used to model both mem-
brane and plate-bending behavior. These shells can be either homogeneous or layered in
their thickness. Layered shells can have temperature-dependent, orthotropic, and nonlinear
material properties, leading to localized nonlinear behavior. They can also be given edge
constraints and subjected to loads in any direction along any side (SAP 2000, 2024).

The nonlinear behavior of the materials was depicted using an elastoplastic model, based
on the Mohr-Coulomb criterion. This criterion establishes a linear correlation between nor-
mal and shear stresses, or between the maximum and minimum principal stresses at failure.
To simulate the discontinuity surfaces of the walls, which are expected to significantly influ-
ence collapse mechanisms, a reduced modulus of elasticity and strength was assigned to the
relevant finite elements (Demircan 2023b).

Durak Han was modelled using the SAP 2000 program with a hexahedral eight-node
solid element with three degrees of freedom at each node, as shown in Fig. 9. The inn was
modelled using the macro modelling method. The three-dimensional model of the inn con-
sisted of two elements: the vault and the side walls. The vault was modelled using a shell
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element and the walls were modelled using a solid element. There are two types of shell ele-
ments: triangular shell elements with three nodes (T3) and quadrilateral shell elements with
four nodes (Q4). In this model, four-node quadrilateral shell elements have been modelled.
The Inn model was made up of 94,635 solid elements, 2547 surfaces, 128,164 points. In the
finite element model of the inn, all degrees of freedom were fixed at the floor level.

4.1 Material properties

Historic masonry structures are durable structures that combine different unit materials
found in nature. The combination of different materials moves the structure away from
homogeneity. Material non-linearity makes the overall assessment difficult. Researchers
have used a range of experimental methods on both damaged and undamaged samples to
assess the material properties of historic masonry structures, as reported in the literature
(Portioli et al. 2011; Dinani et al. 2021). The determination of the material properties of
historic masonry structures requires the use of different approaches. These approaches,
obtained as a result of experimental research, are an important step for the determination of
the characteristic properties of the structures in a numerical environment.

The mechanical properties of the materials used in the Inn model were based on the
results listed in Table 1, which were derived from studies and research on similar struc-
tures [Barnaure and Cincu 2020; Wonganan et al. 2021; Pohle and Jager 2003]. The aver-
age compressive strength has been taken as 3 MPa in the studies and regulations (Italian
Code 2009). It should also be noted that historic buildings are often controlled by geometry
(due to their low compressive stresses and very low tensile strength), making compressive
strength values less relevant. It is important to note that historic structures have low com-
pressive stresses and insufficient tensile strength. Empirical and analytical studies of historic
masonry structures (Kocaman 2023; Bartoli et al. 2015; Betti et al. 2016) have shown that
tensile strength is approximately 10% of compressive strength, with Poisson’s ratio ranging
from 0.17 to 0.2.

4.2 Numerical analysis

The acceleration data of the 2023 Kahramanmaras earthquakes were used in the dynamic
analysis of Durak Han. The regional coordinates of the earthquakes are given in Table 2.
The spectral curves were determined according to the values recommended for Antakya in
the Turkish Building Earthquake Code. In the dynamic analyses performed according to the
pre-damage condition of the structure, the elastic spectrum was determined by considering
the soft soil type (ZE type) with loose sand and clay layer characteristics and the DD-2
earthquake ground motion level-2 (DD-2) category in the latest Turkish Earthquake Regula-
tions (TBEC 2019-Turkish Building Earthquake Code). DD-2 earthquake ground motion is
characterised by infrequent earthquake ground motion with a 10% probability of exceeding

Table 1 Material properties of finite element model

Type Tension Compression Unit weigth ~ Poisson Modulus of Mass
strength strength ratio elasticity
/. (MPa) £. (MPa) v (kN/m)? v E (MPa) t/m’
Wall (Natural ~ 0.30 3.00 24 0.18 450 2.45
Stone)
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Table 2 Antakya provice earthquake station information

Earthquake Sta- Longitude Latitude Province  District PGA_NS PGA_
tion EW
code
6th February 3138 37,288 37,043 Antakya  Antakya  363,0329 366,0505
2023-Kahramanmarag Midtown

— — =3138 Mw=7.7 E-W Spectrum
2,5

— — —3138 Mw=7.7 N-S Spectrum

N

TBEC 2019 DD1

= TBEC 2019 DD2

Spectral Acceleration (g)
=y :

0,5

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5
T(s)

Fig. 10 Horizontal elastic design specturum for antakya district

spectral magnitudes within 50 years and a corresponding recurrence period of 475 years.
This earthquake ground motion is also referred to as the standard design earthquake ground
motion (Tiirkiye Building Code 2018). Accordingly, the spectral acceleration coefficient
(PGA) for Antakya was taken as 1.11, which is equal to 111% of the gravitational accel-
eration. The earthquake acceleration data and design spectral data were obtained from the
database of the Disaster and Emergency Management Authority of the Republic of Turkey
(AFAD). Figure 10. shows the horizontal elastic design spectrum for the Antakya region
and the spectral acceleration data of the Kahramanmarag earthquake at the station of 3138.
Figure 11 shows the acceleration data of the 2023 Kahramanmaras earthquake from station
3138 in Antakya region in east-west and north-south directions, respectively.

4.2.1 Modal analysis

The vibration frequencies, periods and mass participation ratios of Durak Han were deter-
mined by modal analysis, focusing on the first three modes out of a total of 30. Table 3
shows the frequency values, periods and mass participation ratios for these modes, together
with details of the horizontal and vertical movements of the inn. The first mode corresponds
to north-south translation (Y direction), the second mode to east-west translation (X direc-
tion) and the third mode to torsional motion (Z rotation).
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Fig. 11 A Accelerogram of Antakya midtown (3138 St. E-W Dir.). B Accelerogram of Antakya midtown
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Table3 Frequencies, periods and  Mod  Fre-  T(Period)(s) = MPR (X
mass participation rates for the

MPR (Y dir) MPR (Z

quen- dir.) dir.)
first three modes (MPR) cy
(Hz)
432 023138 0,02849 1,808E-06 2,137E-06
2 4,74 0,21065 0,02987 0,05298 2,142E-06
3 5,00 0,1998 0,03364 0,09926 2,515E-06
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=4.32Hz f=4.74Hz
Mod 1 Mod 2

Fig. 12 Modal forms of the first three modes of Durak Han respectively

Table 4 Base shear reactions OutputCase CaseType GlobalFX  GlobalFY  GlobalFZ
KN KN KN

EQX LinRespSpec  36828,505 5597,935 511,318

EQY LinRespSpec  5601,046 37113,531 1167,924

GRAVITY LinStatic -9,188E-12  -2,275E-12  62831,257

EQZ LinRespSpec 422,302 930,757 903,058

G+EQX Combination 36828,505 5597,935 63342,575
G+EQY Combination 5601,046 37113,531  63999,182

Figure 12 provides graphical representations of these three mode shapes and illustrates
the response of the structure to different vibration patterns. The total mass of the structure,
recorded as 62,831 tonnes, has a significant effect on its dynamic behaviour, as detailed
in Table 4. In addition, Table 4 shows the maximum values of the base shear force (EQx)
in the X-direction and the base shear force (EQy) in the Y-direction. The combination of
these seismic forces with the total weight of the structure is shown in Table 4 as G+EQx
and G+EQy. These results provide a comprehensive overview of the basic vibration char-
acteristics of Durak Han and provide a basis for further evaluation and potential structural
optimisation.

As seen in the first 3 modes of the inn, the frequency varies between 4.32 and 5.00 Hz. In
the first mode, the mass participation is between 2% and 4%. From the 4th mode, it exceeds
20%. In the 15th mode it reaches 55%. As shown in Fig. 12, the first mode of the building
involves a lateral displacement with significant out-of-plane deformation of the weak wall
elements in the transition zone from the main structure to the later addition. The second
mode shape shows the longitudinal displacement in the wall section of the later addition.
The third mode shape shows torsional deformations confirming the balanced distribution
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39.2

252

Fig. 13 Deformed shapes resulting from EQx and EQy loadings (mm)

300.i

Fig. 14 Solid stress distributions under EQx and EQy loadings (MPa)

between the transverse and longitudinal structural elements of the inn. Although the dis-
tribution of mode shapes is as expected for a large mass structure, it shows that there are
significant out-of-plane deformations in the perimeter walls with torsional stiffness.

Analyses using large finite element models with a large number of nodes require pow-
erful computer hardware and take longer to complete. It should be noted that due to the
complex geometry of historic masonry structures, the finite element mesh, if not properly
integrated, may introduce unpredictable errors into the matrix formulations and solutions.

The base shear forces shown in Table 4 and the displacements and stress distributions
shown in Figs. 13 and 14 were obtained by modal response spectrum analysis of the struc-
ture. This analysis was carried out to evaluate the response of the structure by considering
the modal characteristics of the structure in more detail.

According to Table 4, the base shear force of the inn is 62831,257 kN. The earthquake
forces applied to the structure in the EQx direction is 36828,505 kN, which corresponds to
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approximately 58% of the total mass. In EQy direction, it is 37113,531 kN tonnes and 59%
of the total mass.

Figure 13 shows the displacements resulting from EQx and EQy earthquake loads. In
EQx loading, the maximum value is shown as 41,8 mm in the exceeding zone. For EQy
loading, the maximum value is shown as 40,2 mm. Figure 14 shows the stress distribution
in the combinations (G+EQx and G+ EQy) of earthquake loads in X and Y directions. The
regions where the stress values are exceeded are shown in dark blue. Stresses resulting from
the combination of earthquake forces and self-loading of the building and the exceeded
regions show the correct limits.

A modal analysis was conducted to ascertain the dynamic behaviour of the structure
and the frequencies and periods of the first three modes. The analysis encompassed 30
modes. These modes reveal the most significant dynamic characteristics of the structure.
The first mode corresponds to a translational movement in the north-south direction, with
a frequency of 4.32 Hz. This mode exerts a critical influence on the structure’s dynamic
behaviour in this direction, as it demonstrates the highest mass participation rate. Notably,
outward deformation of the weak wall elements was observed, particularly in this mode.

The second mode represents a translational movement in the east-west direction, with a
frequency of 4.74 Hz. In this mode, a notable longitudinal displacement of the structure was
observed, particularly in the region of the annex. This result provides crucial insight into the
structural response to an earthquake in this direction.

The third mode demonstrates a torsional movement with a frequency of 5.00 Hz. This
mode demonstrates a balanced distribution of structural elements, both transverse and longi-
tudinal, throughout the structure. However, the torsional shape changes indicate imbalances
in the stiffness distribution in the corner regions of the structure. While these mode shapes
facilitate comprehension of the structure’s dynamic behaviour, they also play a pivotal role
in determining strengthening strategies. For instance, the outward deformation observed
in the first mode indicates that the wall elements in these regions should be reinforced.
Similarly, the longitudinal displacement observed in the second mode suggests that supple-
mentary strengthening measures should be implemented in the additional structure region.

4.2.2 Time-history analysis

The time-history dynamic analysis of the Han involved applying two horizontal compo-
nents of a chosen acceleration record in orthogonal directions (X and Y). In this study,
linear time-history analyses were performed to evaluate the dynamic response of the Durak
Han structure under seismic loads. The analysis was conducted by applying two horizon-
tal components of ground motion records in orthogonal directions (X and Y) to capture
the structural response in terms of displacements and stresses. The linear approach allows
for the assessment of the building’s behavior without considering material or geometric
nonlinearities.

In historic masonry structures, the vertical component of ground motion has a lesser
impact compared to the horizontal component. For this reason, horizontal acceleration com-
ponents that generate shear and tensile stresses were applied (Kocaman et al. 2024; Onat
et al. 2023). Damping ratios of historic masonry structures show similar characteristics
depending on material and geometry properties. In dynamic analyses, Rayleigh damping
ratio is applied as a suitable method with its compatibility in different package software
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(Karaahmetli and Diindar 2017; Oztiirk et al. 2023). Researchers have conducted experi-
mental modal analysis tests on various types of historical masonry structures, revealing
damping ratios ranging from 1 to 4% (Asikoglu et al. 2019; Kocaman et al. 2023b). For
the dynamic analyses, a 5% damping ratio was used for Rayleigh damping coefficients.
The integration time step was set at 0,01 s, and the HHT-a algorithm was employed for the
analyses. As a result, the maximum stresses and displacements occurring in the inn were
analyzed.

The time-history analysis gives indications compatible with the modal analysis. The
maximum force values of solid element 1604 and nodal point 175 in the model are 28794kN,
25679kN and 42095kN respectively. Large deformations are observed in the structure under
these forces. As can be seen in Fig. 16, in the max relative displacement results, the limit
values were exceeded in the same region with the 1st mode of the structure (weak region
where the main structure is connected to the additional structure).

As illustrated in Fig. 15, the maximum relative displacements documented during the
time-history analysis are presented. These displacements, which reach peak values in the
region where the main structure connects to the later addition, serve to highlight the struc-
tural weaknesses of Durak Han in this transition zone.

The results of the analyses indicate that, at 10 s, the maximum displacement of the struc-
ture under EQx loading was calculated to be 418 mm. This displacement resulted in sig-
nificant deformations in the additional structure region. In the case of EQy loading, the
maximum displacement was 402 mm, a value that was similarly observed in the regions

Fig. 15 Maximum relative displacement of time-history analysis results (mm)
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where the structural elements of the weak wall were located. Such deformations present
a significant risk of critical damage, in particular within the transition zones between the
annex and the main structure.

Additionally, Fig. 16 illustrates the relative displacements as 15 mm at the 3rd second,
26 mm at the 5th second, and 35 mm at the 7th second, respectively. The significant defor-
mation observed in this area can be attributed to the lack of torsional stiffness, as well as the
discontinuity between the structural elements of the main and additional sections.

Moreover, the considerable relative displacements in this region indicate that the build-
ing’s response to seismic forces is highly sensitive to the interaction between these two
sections. Strengthening measures, particularly in the transition zone, are crucial to mitigate
potential failure mechanisms under future seismic events. The time-history analysis results

0.
-1
2.2

33
-44)
sl

-12.1
-13.2
143

Relative displacement in Ux and Uy
direc.respectivly at 3. Sec. Max: 15mm

Relative displacement in Ux and Uy
direc. Respectivly at 5 sec. Max: 26mm

Relative displacementin Ux and Uy direc.

Respectivly at 7 sec. Max: 35mm

Fig. 16 Relative displacements in Ux and Uy directions at 3,5,7 s respectively
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confirm that the structure exhibits significant deformation in response to lateral forces,
which poses a risk to its overall stability.

In addition to the relative displacements, the time-history analysis revealed the presence
of significant stress concentrations in specific regions of the structure. As illustrated in the
stress distribution results, the highest stresses are observed in the transition zone between
the main structure and the subsequent addition. The aforementioned stress concentrations
indicate that this area is particularly susceptible to seismic forces and may experience local-
ised damage under intense loading conditions.

The damage distribution results, derived from the analysis, corroborate the hypothesis
that the most critical regions for potential failure are those where the structural continuity
is interrupted, particularly around the corners and junctions of the additional sections. The
combination of high stress and displacement in these regions indicates an elevated risk of
cracking and structural degradation, which could result in partial collapse if not addressed
through strengthening measures.

Moreover, the analysis emphasises the necessity of evaluating not only displacements but
also stress patterns to comprehensively comprehend the vulnerability of historical masonry
structures like Durak Han. By characterising these stress and damage hotspots, restoration
and retrofitting efforts can be more efficiently targeted to enhance the building’s seismic
resilience. Figure 17 illustrates the stress distribution at 3, 5, 7, and 10 s.

Von Mises stress was selected for this analysis because it accounts for both normal and
shear stresses (such as S11, S22, S33) in all directions, thereby providing a comprehensive
measure of overall stress intensity. This makes it particularly useful in dynamic analyses,
where an understanding of the combined effects of multi-directional forces is crucial for
the identification of critical stress zones. Von Mises stress is particularly reliable in multi-
axial loading scenarios, as it indicates the material’s potential for yielding or failure. Con-
sequently, it facilitates the discernment of vulnerable areas within the structure and the
evaluation of the influence of critical stresses on the overall stability under intricate loading
circumstances.

The results of the time history analysis (Fig. 17) indicate that the dynamic loads applied
to the Durak Han structure resulted in maximum von Mises stress values at 3, 5, 7, and 10 s,
reaching 1768 MPa, 2927 MPa, 4073 MPa, and 5822 MPa, respectively. The increasing
stress values indicate critical stress intensities in specific regions of the structure over time.
At the 10-second interval, the stress level of 5822 MPa is approaching or exceeding the
material’s tolerance. This elevated stress level indicates an increased probability of crack-
ing or localised failure, emphasising the importance of reinforcing high-stress regions to
enhance structural resilience.

Furthermore, the time-history analyses demonstrate how the time-varying forces act on
the structure. The maximum forces acting on the structure reached their peaks at specific
time intervals, resulting in significant stress accumulations in the critical areas of the struc-
ture. These accumulations may potentially lead to damage in the weak areas of the structure,
necessitating the implementation of strengthening measures in these regions.
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Fig. 17 Von Mises Stress Distribution at 3, 5, 7, and 10 s

5 Findings and conclusions

This study investigates the seismic performance of Durak Han, a medieval masonry build-
ing located near the North Anatolian Fault Zone in the Duragan region of Sinop. The study
evaluates the displacement capacities, stress distributions, and structural behaviour of Durak
Han under seismic loading using numerical simulations, namely modal and linear time his-
tory studies. The main findings and conclusions are summarised below:

1. Structural evaluation of Inn-type buildings: There is a gap in the in-depth study of Inn-
type buildings, as evidenced by the lack of references in the literature on their structural
analysis. Given the significant seismic risks associated with areas such as Durak Han,
which is close to the North Anatolian Fault Line, it is imperative that such buildings
be assessed quickly after an earthquake in order to take protective measures as soon as
possible.

2. Results of the modal analysis: Durak Han’s modal analysis shows low natural frequen-
cies with the X and Y directions showing the majority of modes. In particular, the transi-
tion zones and weak wall parts exhibit the majority of the out-of-plane displacements

@ Springer



Bulletin of Earthquake Engineering

seen in the first three mode types. Greater sensitivity to dynamic loading is indicated
by the natural frequencies of 4.32 Hz, 4.74 Hz and 5.00 Hz. This could amplify the
torsional effects and create more structural stress in the identified weak points. The
importance of targeted strengthening to reduce potential instability is demonstrated by
the significant mass ratios associated with these modes, which also highlight Durak
Han’s vulnerability to seismic excitation.

3. Analysis of Time-History Results: With stress and displacement levels gradually
increasing over predetermined time intervals, time-history analysis provides a compre-
hensive insight into the dynamic response of the structure under seismic loading. Von
Mises reported stresses of 1768 MPa, 2927 MPa, 4073 MPa and 5822 MPa respec-
tively, reaching critical levels at 3, 5, 7 and 10 s. These high stress levels indicate a
significant risk of localised failure or cracking in high stress areas, particularly near
joints and transitions. The new shelter component also had the highest relative displace-
ments, indicating that the building’s seismic resistance is compromised by structural
discontinuities caused by subsequent additions.The displacement values suggest a lack
of torsional stiffness in certain areas, which can significantly increase the risk of failure
during seismic events.

4. Significance of structural additions: The linear behaviour study shows that the shel-
ter section, built in later years, has an impact on the seismic behaviour of Durak Han
because it is a huge masonry inn with a regular shape. This extension causes large dis-
placements in certain places, indicating a change in the initial load distribution of the
building and increased seismic sensitivity. These findings highlight the importance of
maintaining the structural soundness of older buildings and assessing how subsequent
modifications affect seismic response.

5. Advantages of finite element and macro modelling: Finite element models provide a
reliable and useful tool for evaluating the structural performance of old brick buildings.
The use of macro modelling techniques provides insight into the complex behaviour
of historic buildings under seismic loading. In addition, comprehensive earthquake
responses can be captured using modal and non-linear time history analyses, improv-
ing our understanding of the dynamic properties of these structures. The usefulness of
macro modelling for massive masonry structures has been validated by the numerical
simulations in SAP 2000, suggesting its use in heritage conservation procedures.

6. The impact of restoration and reinforcement is as follows: Durak Han was last restored
in 2015 and is now operational. However, there is an urgent need to re-evaluate the
structure under current seismic conditions, as previous restorations in Turkey have
demonstrated a vulnerability to collapse during earthquakes. This study highlights the
need for accurate structural assessments as part of standard conservation procedures
and suggests priority areas for strengthening in the event of a destructive earthquake,
with particular emphasis on the transition and shelter sections.

7. Regulatory implications and load bearing capacity: The results highlight the importance
of determining the load-bearing and displacement capacities of historic structures and
incorporating this information into national codes and regulations. In order to better
preserve historic buildings, this study promotes the inclusion of rapid post-earthquake
assessments in regulatory frameworks and emphasises the need for proactive steps to
preserve historic buildings.
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In conclusion, this study shows how well macro and finite element modelling work to assess
the seismic performance of Durak Han and other historic buildings. The results indicate
areas that need strengthening to increase seismic resilience, strengthening the argument
for stronger national legislation and the urgent need for preventive measures to protect old
masonry structures in seismically active areas.
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