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Numerical Modelling; Time It can be observed from the analysis that the seismic response in the case of the cistern
History Analyses along the short axis is higher than in the case of the long axis. In addition, some important

stress concentration points were revealed by the analysis, with the maximum compressive
stress being 0.525 MPa and maximum tensile stress being 0.272 MPa. Moreover, the out-
side surface of the cistern experienced the maximum horizontal displacement of 1.5 cm
along the short direction. Also, it was seen that shear stresses in wall A1, which contains
the door opening, exceeded the typical shear stress of the wall, implying imminent risk of
local failure. Stress concentration areas were found near the main openings of the dome
and openings in walls, representing the key points that require interventions. In general,
it can be inferred from the analysis that the structure withstands seismic events, but ac-
cumulated stress levels in certain areas can cause cracking. Some important recommen-
dations on retrofitting have been provided based on the analysis, offering an opportunity
to improve the structure’s seismic response. Thus, the current research contributes to the
field of analysis of seismic characteristics of historical masonry structures by providing
an analysis of an important water storage structure. The study has been conducted in ac-
cordance with the objectives stated and provides important recommendations on how to
retro-fit the structure, making it more resistant to seismic loads. While previous studies
of historical masonry structures were mainly concerned with the analysis of their seismic
responses, with buildings such as churches, mosques, and towers considered, very few re-
searchers examined the cistern structures from the point of view of retrofitting in relation
to seismic events.
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INTRODUCTION

Since water is a crucial element for the existence of life,
the supply and storage of water have been one of the main
problems of the human being [1,2]. Throughout history,
settlements were generally built near water. In the following
periods, in settlements located on fertile lands but estab-
lished far from water sources, structures were built to sup-
ply and collect water [2]. Aqueducts and waterways used
for supply and cisterns used to collect water [3] were con-
structed as hydraulic structures in ancient times.

Cisterns, serving as fundamental hydraulic structures,
were strategically positioned in various parts of ancient cit-
ies. Cisterns were common and varied from cities to car-
avanserais to countryside to ensure that rain water could
be collected in accordance with different purposes during
varying seasons of the year. This phenomenon is well
described in the studies conducted by Demirci and Bilgin
[1] and Oter [4], revealing the extent of importance given
to cisterns in terms of water storage in ancient civilizations
[5]. Cisterns were usually roofed structures since long
periods of sun exposure tended to degrade water quality
[6]. There were several techniques used to build cisterns,
ranging from simple ones in the form of clay tanks to more
complex constructions, such as underground reservoirs
[5]. In Anatolia, especially countryside areas, cisterns were
mostly built from stones [7]. Stone masonry is the earliest
and most common construction technique. These struc-
tures are resistant to fire, water, and insect damage [8]. But
stone masonry buildings are generally vulnerable to strong
earthquake forces [9]. Historical buildings are an important
part of the cultural heritage, due to their architectural value
and construction techniques [10,11]. It is a responsibility to
conserve these structures in order to pass them on to future
generations [12,13]. The behavior of masonry buildings
subjected to a moderate earthquake is poorly understood
or investigated. The conservation of cultural heritage assets
should ensure these buildings’ capacity to survive against
decay and natural hazards, without losing, as much as pos-
sible, their originality [12].

Historical buildings are an important part of the cul-
tural heritage, due to their architectural value and con-
struction techniques. It is a responsibility to conserve these
structures to pass them on to future generations. The con-
servation of cultural heritage assets should ensure these
buildings’ capacity to survive against decay and natural
hazards, without losing, as much as possible, their original-
ity [12]. The behavior of masonry buildings subjected to a
moderate earthquake is poorly understood or investigated
[14]. Earthquakes are one of the main causes of damage
to cultural heritage buildings across the world. Therefore,
analyzing the seismic performance of cultural heritage
assets is of great importance in order to determine effec-
tive structural improvement strategies [15]. Seismic per-
formance analysis of historical structures is very complex
and depends on many factors such as the geometry of the

structure, mechanical properties of materials, connections
between the walls, etc. [16]. Information about these vari-
ables can be obtained through measurements and labora-
tory tests [17].

Turkey is among the most seismically and tectonically
active regions worldwide [18]. Over the past three decades,
approximately twenty earthquakes with magnitudes
exceeding M 6.0 have struck various parts of the country,
resulting in the collapse or severe damage of numerous
buildings [19]. Therefore, earthquake performance analysis
of historical buildings in the country is an important and
required step for the conservation of these buildings. The
aim of this study is to analyze the material properties and
seismic performance of a historical stone masonry cistern
in Fethiye, Tiirkiye.

Some studies were performed on the seismic safety
of historical buildings; Mutlu and $ahin [20] modeled
the eastern minaret of the “Ulu Cami” in Bursa using the
finite element method in the Sap2000 structural analysis
software Ercan et al. [21] performed linear and nonlinear
time history analyses of the updated finite element model
of the minaret using the acceleration records of two dif-
ferent earthquakes that occurred in Tirkiye. Usta and
Bozdag [22] proposed a novel procedure for the immedi-
ate screening of masonry buildings at risk. This procedure
is notable for its simplicity and speed, and it is based on
a simplified geometric approach. Mustafaraj and Morina
[23] conducted a structural assessment of Mehmed Pasha
Hammam, a historical structure built during the 16th cen-
tury in Prizren, Kosovo. Usta and Bozdag [24] utilised
the finite element method (FEM) to assess the structural
integrity of the Basdurak mosque. Asley and Okuyucu [25]
examined Erzincan Degirmenlikéy Church from a techni-
cal and structural perspective. Hysenlliu et al. [26] studied
the effects of different materials on the seismic behavior
of masonry buildings. Yurdakul et al. [27] determined the
damages and locations of the damages that would occur in
the case of different earthquakes in the historical Bayburt
Ulu Mosque. Ahmadi et al. [28] proposed a new approach
for estimating IDA curves using displacement-based adap-
tive propulsion (DAP) concepts. Structural behavior of the
historic S. Giuseppe delle Scalze structure was analyzed
by Ramaglia et al. [29] through the use of a FE model and
various other models in predicting the major behavior of
the structure. Seismotectonics of the area was studied by
Dogangiin et al. [30] which included the general behavior
of earthquakes, along with the damages caused to the infill
walls and the structure due to the seismic activities. Seismic
behavior of the Totem Tower of Diar Es Saada, erected in
1953 in Algeria, was studied by Mohammedi et al. [31].
Demir et al. [32] conducted a study of the performance
of buildings during the Sivrice-Elazig earthquake, analys-
ing the ground motion record time histories and response
spectrum of that period. The study made a comparison
between the practices of designing and construction with
the Turkish Earthquake Code. Celik and Tanriverdi [33]
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conducted a study on the repair and reinforcement options
for vaults, with a particular focus on damage to joints and
the upper parts of vaults. Ural and Celik [34] conducted an
analysis of the structural behaviour of the Tahtani (Stork)
Mosque, employing the finite element method (FE) and
the finite element analysis (FEA) to assess the effective-
ness of tension rods between vault columns. Their analysis
recommended the implementation of such rods to miti-
gate stress levels in the vaults, attributable to the mosque’s
substantial weight. In their 2021 study, Altunisik et al. con-
ducted an analysis of the damage type and cause related
to reinforced concrete and masonry structures during the
Izmir-Samos earthquake. The study considered the condi-
tions of the current Turkish Building Earthquake Design
Regulation [35]. Fuzhang et al. [36] proposed a meshless
methodology for obtaining solutions to three-dimensional
multinomial time-dependent fractional partial differential
equations (PDEs)). Pouraminian [37] utilised nonlinear
methodologies in conjunction with finite element models
to conduct a study on the seismic response of historical
masonry buildings. Mohammed and Cesarano [38] exam-
ined the solutions to stochastic equations, offering both
theoretical and practical explanations for their applica-
tions in physical and engineering contexts. Schiavoni et al.
[39] conducted an investigation into the damage caused to
the Santa Maria Annunziata church by the 2016 and 2017
Central Italy earthquakes. Sacco et al. [40] conducted a
study on the structural damage to the historic San Carlo
Borromeo church in Liguria, Italy, which has suffered due
to a slow-moving landslide. The present study has sought to
examine the effect of landslides on structures and to under-
stand the associated damage and deformation mechanisms.
This has been achieved by means of analysis, documenta-
tion, in situ observations, laser scanning and deformation
studies. Sanchez et al. [41] developed a 3D finite element
model and a 3D CAD model in OpenSees for the purpose
of analysing the seismic performance of the historic Giralda
tower in Seville, Spain. In order to achieve this objective,
modal and nonlinear static analyses have been utilised. Sinai
et al. [42] conducted an analysis of the structural behaviour
and damage loads of Iranian brick masonry barrel vaults,
focusing on the impact of skew angle. An experimental
approach was adopted to assess the properties of materi-
als and the performance of vaults under gravity loads. A
finite element model has been created and analysed numer-
ically. The numerical and experimental results have been
compared based on the Willam-Warnke fracture criterion.
The study performed by Sokhtesaraei et al. [43] focused on
selection of two-component pairs of accelerograms out of
1000 pairs recorded during Iranian earthquakes occurring
in 1978-2010 to serve as appropriate acceleration histories
of ground motion for further analysis and assessment of the
structure in Tehran. Aykanat et al. [44] carried out a field
study to record the damages and collapses caused during
the earthquake of 23 November 2022 at 04:08 LT in the
Golyaka district of Diizce Province, Turkey (Western Black

Sea Region). Giiner and Nuhoglu [45] have introduced a
new lattice-model-based method for characterising the
in-plane behaviour of walls. The main parameters of this
model are: the slope, the cross section area, the mesh size,
and the material characteristics. Altunisik et al. [46] gave a
detailed review of the most common structural weaknesses
in reinforced concrete buildings situated in urban seismic
areas. Special attention should be paid to the earthquake
in Kahramanmaras of 6 February 2023. In their paper,
Sevim et al. [47] applied documentary and visual materials
for studying the damages of affected buildings due to the
double earthquake event in Kahramanmaras. The earth-
quakes took place on 6 February 2023 at 04:17 LT in the
Pazarcik district (Mw 7.7) and roughly nine hours later in
the Elbistan district (Mw not specified). Haciefendioglu et
al. [48] presented an automated damage assessment tech-
nique for masonry buildings after an earthquake using
deep learning segmentation approach in which U-net CNN
model is employed.

Structural Description of the Historical Cistern

The cistern structure is located in Esenkoy, Fethiye. It
was built in the 1800s during Ottoman Period. The floor
area of the building has a rectangular shape and the struc-
ture has a vaulted roof. The short side length of the struc-
ture is 8.43 m. and the long side length and also the length
of the vault is 13.5 m. Figure 1 shows the location of the
cistern structure and seismic map of Turkey.

The walls of the historical cistern, made from rubble,
carved stones, and mortar, form a composite element for
practical analysis, treated as a single entity in macro model
analysis (Yurdakul et al. [27]). The behavior of the walls
made out of masonry depends on the properties of the
material used for building, which are masonry and mor-
tar. The behavior of masonry walls can differ drastically
because of the material properties and the way the structure
was built. The parameters such as craftsmanship, joint size,
and wall dimensions are important, and the use of improper
material affects greatly the behavior of the walls [49].

In order to analyze historical buildings by using the
finite element method (FEM) correctly, the mechanical
properties of the materials of the building should be exam-
ined experimentally. This study aimed to determine the
mechanical properties of the stone used in the construction
of the historical cistern. The specimens were obtained from
the actual structure. Eight different samples were tested fol-
lowing the TS EN 1926 Turkish standard (Natural stone test
methods - Determination of uniaxial compressive strength)
[50] for measuring compressive strength. This standard
covers a method for maintaining the uniaxial compressive
strength of natural stone. The methodology involved the
application of a monotonically increasing axial load (4.71
MPa/s) until failure. The test scheme is presented in Figure
2. Such testing procedure was very useful for determining
the properties of the stone.



Sigma J Eng Nat Sci, Vol. 44, No. 4, pp. 2396-2414, August, 2026

2399

S Titirkiye

Figure 1. The seismic map of Tiirkiye and the location of the cistern structure.
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P L0002

Figure 2. The experimental setup for the determination of
mechanical properties.

Eight 50 mm cube specimens were tested under com-
pression using a 500 kN capacity hydraulic testing machine.
The compressive strength was calculated by dividing
the peak load recorded during testing by the specimen’s
cross-sectional area. [51]. Experimental results are pre-
sented in Table 1. The stone’s average compressive strength
was calculated as 62.56477 MPa. The average compressive
strength of the stones was determined as 62.56 MPa based

on experimental results. This value aligns with the range
of compressive strengths obtained for similar stone struc-
tures by Senthivel and Lourengo [8]. Additionally, Coban
[52] highlighted in his study that the strength of stone and
mortar composite elements corresponds to approximately
70% of the stone strength.

Static modulus of elasticity of masonry stones defined
by many standards can be calculated empirically. Eq. (1)
can be used to determine the modulus of elasticity depend-
ing on compressive strength [53].

E as = 750.1, (1)

c,mas

Where f_ .«
strength of the stone and E
elasticity of the stone.

In historical masonry structures, stone and mortar act
together as a composite material. For practical numeri-
cal analyses, this composite masonry is commonly repre-
sented as a single equivalent material, which is referred to
in the literature as the macro-modelling approach [54]. In
the present study, since the mechanical properties of the
stone-mortar composite could not be directly determined,
the masonry units and mortar were modeled together as
a homogenized material. Based on the literature [52], the
mechanical properties of this equivalent composite mate-
rial were assumed to be 70% of the corresponding values of

(N/mm?) is the characteristic compressive

mas (N/mm?) is the modulus of

the stones or bricks.
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Table 1. The experimental results of cistern stones

Sample No Area (mm?) Density (kg/cm®) Load speed (kN/s) Maximum Load (kN)  Compressive Strength (MPa)
1 2500 3.28 4.71 185.68 74.27
2 2500 2.71 4.71 169.98 67.99
3 2500 291 4.71 180.70 72.28
4 2500 2.71 4.71 48.17 19.27
5 2500 2.40 4.71 141.90 56.76
6 2500 2.74 4.71 211.42 84.57
7 2500 2.94 4.71 149.52 59.81
8 2500 2.80 4.71 163.94 65.58
Avg. values 2.81 156.41 62,56

3D Finite Element Model of the Cistern

The cistern described in this study is an 18th-century
water storage structure, primarily designed to provide a
storage area insulated from external factors to prevent water
deterioration. Therefore, only the main entrance opening
was considered in both the actual design and the model-
ing of the structure. Small openings in the walls were not
included in the model because such openings are not pres-
ent in the structure. This modeling approach aligns with
general architectural characteristics and historical usage
of cistern structures. The model of the cistern was devel-
oped using the SAP2000 V22 finite element program [55].
The masonry walls were discretized using 10,595 three-di-
mensional, eight-node, six-sided solid elements and 15,088
nodes. The maximum and minimum dimensions of the
solid elements were approximately 0.2 m x 0.2 m x 0.1 m
and 0.1 m x 0.1 m x 0.2 m, respectively.

In the SAP2000 finite element model, S33 represents
the axial tensile and compressive stresses in the Z direction,
while S11 and S22 correspond to the axial tensile and com-
pressive stresses in the other principal directions. These
stress components were considered during the analysis and
evaluation stages of the study, as shown in Figure 3.

13

513 S22

512

S11

Faces

a) 8- node solid element b) Stress components in the global
coordinate

Figure 3. A solid element

The base of the cistern was considered to be fixed. The
roof was considered a structural component in the model.
The FEM model has a total mass of 1098.22 metric tons.
Geometrical second-order effects were neglected in the
analyses. Modal analysis was performed using the eigen-
vector method in SAP2000. In accordance with the mac-
ro-modelling approach, the masonry structure was assumed

220m

¥

Figure 4. FEM model of the cistern.
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to behave as a homogeneous material. In this study, mac-
ro-modelling was adopted because it is more appropriate
for the dynamic analysis of complex, large-scale historical
structures [27]. The finite element model of the cistern is
presented in Figure 4.

Strong Motion Selection

To select hazard-compatible ground motions for linear
dynamic analysis of the structural model, we chose Strike-
Slip ground motions from the PEER database [56,57].
During the selection of ground motion records, 30records
were identified using the PEER (Pacific Earthquake
Engineering Research) database. These records focused on
far-field earthquakes with a strike-slip mechanism, magni-
tudes ranging from 6.5 < M < 7.5, and shear wave velocities
(Vs30) between 360 and 760 m/s. These criteria were cho-
sen to ensure compatibility with the seismic hazard profile

of the study region. The chosen earthquake records were
scaled to match the DD2 earthquake design levels as per
the Turkish Earthquake Hazard Map. During the entire
scaling phase, each earthquake record was made consis-
tent with the elastic design spectrum. More specifically, the
values of spectral acceleration (Sa(T1)) were modified to
match the targeted spectrum for the fundamental period of
the structure, and the scaling factor was established. It has
been found that this technique increases the accuracy of the
records and analyses. Moreover, different parameters, such
as PGA, PGV, and Arias Intensity, have been used in each
analysis process. These parameters helped in conducting a
more extensive analysis of the impact of ground motion on
the seismic demands. The records have been presented in
Table 2 and Figure 5.

Table 2. Set of 30 ground motion records from strike-slip mechanism

Earthquake Name Year Magnitude Mechanism Rjb (km) Rrup (km)  Vs30 (m/sec)
“Parkfield” 1966 6.19 strike slip 17.64 17.64 408.93
“Northern Calif-05” 1967 5.6 strike slip 27.36 28.73 219.31
“San Fernando” 1971 6.61 Reverse 19.33 22.63 450.28
“Coyote Lake” 1979 5.74 strike slip 19.46 19.7 335.5
“Imperial Valley-06” 1979 6.53 strike slip 22.03 22.03 242.05
“Imperial Valley-06” 1979 6.53 strike slip 17.94 17.94 196.88
“Irpinia_ Italy-02” 1980 6.2 Normal 22.68 22.69 574.88
“Taiwan SMART1(5)” 1981 5.9 Reverse 26.31 27.36 268.37
“Morgan Hill” 1984 6.19 strike slip 13.68 13.69 270.84
“N. Palm Springs” 1986 6.06 Reverse Oblique 10.08 10.84 312.47
“Chalfant Valley-01” 1986 5.77 strike slip 14.99 15.13 585.12
“Whittier Narrows-01" 1987 5.99 Reverse Oblique 13.58 2091 346.62
“Superstition Hills-02” 1987 6.54 strike slip 18.2 18.2 192.05
“Loma Prieta” 1989 6.93 Reverse Oblique 24.27 24.57 239.69
“Landers” 1992 7.28 strike slip 26.96 26.96 355.42
“Northridge-01” 1994 6.69 Reverse 235 29.88 297.07
“Kobe_ Japan” 1995 6.9 strike slip 24.85 24.85 256
“Manyjil_ Iran” 1990 7.37 strike slip 12.55 12.55 723.95
“Chi-Chi_ Taiwan-04” 1999 6.2 strike slip 21.62 21.67 258.89
“Cape Mendocino” 1992 7.01 Reverse 23.46 25.91 515.65
“Tottori_ Japan” 2000 6.61 strike slip 28.81 28.82 293.37
“Parkfield-02_ CA” 2004 6 strike slip 12.59 12.97 357.35
“Niigata_ Japan” 2004 6.63 Reverse 17.57 18.03 193.2
“Chuetsu-oki_ Japan” 2007 6.8 Reverse 15.89 23.44 430.16
“Iwate_ Japan” 2008 6.9 Reverse 20.47 20.64 264.48
“Iwate_ Japan” 2008 6.9 Reverse 10.71 13.47 361.24
“El Mayor-Cucapah_ Mexico” 2010 7.2 strike slip 13.21 1591 242.05
“Joshua Tree_ CA 1992 6.1 strike slip 21.73 22.3 396.41
“Darfield_ New Zealand” 2010 7 strike slip 24.36 24.47 422
“Christchurch_ New Zealand” 2011 6.2 Reverse Oblique 16.6 16.61 249.28
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Figure 5. a) Response spectra set of 30 records from different source mechanisms to be used in THA analysis. Unscaled
signals: (b) Response spectra set of records scaled to spectral acceleration at the structural period in the X direction, Sa

(T1, 5%).

Unscaled signals: (b) Response spectra set of records
scaled to spectral acceleration at the structural period in
the X direction, Sa (T1, 5%).

Wall Characteristic Shear Strength

The characteristic shear strength of masonry walls can
be calculated with the help of Equation (2) as specified in
TBDY-2018 [53].

ka :kao + 04 o< 010fb (2)

In this equation;
f : Characteristic shear strength of masonry wall,
f o> the characteristic initial shear strength

o: Earthquake loads multiplied by load coefficients and
vertical compressive stress calculated under the influence
of vertical loads,

f,: It is the average compressive strength of the masonry

unit.

To calculate the shear stresses on the cistern walls and
their shear strength, we followed the nomenclature shown
in Figure 6.

RESULTS AND DISCUSSION

The Cistern was modeled with solid elements. The
modes of vibration and the values of participation of the
modal responses were determined by a discretization in
finite elements by SAP2000 Software. Model Periods and
modal participating mass ratios are shown in Table 3.

The linear elastic time history analysis of the cistern
structure was performed in this paper. The modal mass
participation ratios were found to exceed 93% in the ana-
lyzes conducted with the SAP2000 software. Pardalopoulos
and Pantazopoulou [58] highlight the importance of high
mass participation ratios in modal analyses for the accurate
modeling of the dynamic characteristics of the structure.
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Figure 6. Plan view of the cistern.
Table 3. Model periods and modal participating mass ratios
StepNum Unitless Period Sec Frequency Cyc/sec UX Unitless UY Unitless UY Unitless
1 0.025 30.901 0.066 5.52E-08 4.81E-05
2 0.018 56.855 3.31E-07 2.54E-07 1.13E-07
3 0.013 77.982 0.006635 4.5E-07 4.43E-06

Accordingly, the ratios obtained in the study are in accor-  vibration modes. The first few modes were generally asso-
dance with the findings of previous studies. ciated with negligible modal mass and were therefore of

As shown in Figure 2, the eigenvalue analysis of the limited relevance. Consequently, a large number of modes
finite element model produced numerous closely spaced had to be included in each principal plan direction of the

Eigen Analysis Results

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Direction X

Mass Participation

Direction Y

0 50 100 150 200 250
Number of Modes

Figure 7. Percentage of total mass participation in the X and Y plan directions after considering the first 200 modes.
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Figure 8. The periods and participation factors of the 200 modes.

structure to achieve an adequate level of total mass partic-
ipation [58]. The periods and modal participation mass
ratios (MPMRs) of the first 200 modes are presented in
Figure 7 and 8.

The selection of the number of modes for the cistern
structure in the study was based on achieving sufficient
dynamic mass participation to ensure accurate seismic
behavior representation. During the modal analysis car-
ried out using SAP2000, there were a total of 200 modes
included, and this has led to a mass participation ratio being
in excess of 93% in both principal directions. The mass par-
ticipation ratio being high means that a major portion of
the dynamic properties of the structure has been taken into
consideration, and therefore the need to consider higher
modes is eliminated. In the case of the cistern structure,
which is a one-story, high occupancy masonry structure
with rigid walls and no intermediate stories, the effect of
higher modes in the response of the entire structure will
be very small. Such structures have a tendency of having
modal participation from lower modes due to the proper-
ties of the structure. If further confirmation is needed, a
sensitivity analysis incorporating even higher modes could
be conducted, but based on the study results, the current
approach aligns well with the structural properties and
intended performance evaluation of the cistern.

Features such as duration, Pga, and acceleration values
of Ground motion records caused each earthquake record
to give different results on the structure. The maximum
displacement values obtained from the earthquake records
used in the article and vary depending on the characteris-
tics of the earthquakes are given in Table 4.

The horizontal displacement values presented in the
table range from 0.070 cm to 1.500 cm in the X direction
and from 0.034 cm to 0.288 cm in the Y direction. When
compared with the critical thresholds specified in the lit-
erature, these values provide important information about

the seismic performance of the structure. Vicente et al. [12]
noted that horizontal displacement values exceeding 0.5 cm
in masonry structures accelerate crack formation and lead
to significant stress concentrations. In this context, high
displacement values such as Joshua Tree (1.500 cm in the
X direction, 0.288 cm in the Y direction) and Parkfield-02_
CA (1.124 cm in the X direction, 0.147 cm in the Y direc-
tion) indicate a serious potential for damage around the
dome openings and entrance areas.

Lagomarsino and Cattari [59] emphasized that hori-
zontal displacement values exceeding 1.0 cm could cause
crack intensification in rigid regions. In the table, Loma
Prieta (1.336 cm in the X direction) exceeds this threshold
and poses a risk of crack formation in the openings. On the
other hand, lower displacement values (e.g., San Fernando:
0.175 cm in the X direction, 0.049 c¢cm in the Y direction)
indicate a lower risk of damage in the rigid regions of the
structure.

Hysenlliu et al. [26] stated that maximum displacement
values exceeding 0.3 cm in masonry structures with dif-
ferent materials could lead to the onset of crack formation
in weak areas. According to the table, displacement values
measured in the Y direction, such as Joshua Tree (0.288
cm) and Iwate_Japan (0.071 cm), are close to or above this
threshold and may pose a risk of damage in weak areas.

Studies in the literature suggest that interstory drifts can
be used to determine structural damage [60-62]. According
to the studies, the suggested performance limit states cor-
responding to the local failure modes of inter-story drift
ratios are given in Table 5.

The drift ratio used in the study, which is commonly
employed as a criterion for structural performance evalu-
ation, was utilized to determine the performance levels in
our work. The limit values of drift ratios were based on the
references of [64,65].
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Table 4. Properties of earthquake records and time history results

No Earthquake Name Pga(g) Pgv Arias Intensity ~ Scale Factor Max Displacement
(cm/sn) (m/sec) (cm)
X Direction Y Direction
EQ-1 “Parkfield” 0.06 7.20 0.1 6.06 0.205 0.172
EQ-2 “Northern Calif-05” 0.18 11.52 0.1 2.28 0.660 0.076
EQ-3 “San Fernando” 0.29 22.18 1 1.27 0.175 0.049
EQ-4 “Coyote Lake” 0.10 6.86 0.1 3.60 0.222 0.118
EQ-5 “Imperial Valley-06” 0.26 26.95 33 1.13 0.658 0.059
EQ-6 “Imperial Valley-06 0.14 22.27 0.4 2.59 0.980 0.046
EQ-7 “Irpinia_ Italy-02” 0.14 11.40 0.3 3.24 0.174 0.105
EQ-8 “Taiwan SMART1(5)” 0.17 9.04 0.2 2.61 0.160 0.101
EQ-9 “Morgan Hill” 0.17 12.33 0.2 2.37 0.846 0.083
EQ-10 “N. Palm Springs” 0.07 6.53 0.3 2.03 0.070 0.047
EQ-11 “Chalfant Valley-01” 0.07 5.66 0 5.28 0.997 0.058
EQ-12 “Whittier Narrows-01" 0.26 43.67 0.1 4.41 0.906 0.208
EQ-13 “Superstition Hills-02” 0.16 25.55 1.1 1.26 0.528 0.034
EQ-14  “Loma Prieta” 0.21 37.87 0.5 2.19 1.336 0.139
EQ-15 “Landers” 0.12 12.49 0.4 2.83 0.787 0.049
EQ-16  “Northridge-01” 0.19 16.59 0.7 1.73 0.217 0.053
EQ-17  “Kobe_ Japan” 0.21 21.15 0.6 1.84 0.278 0.050
EQ-18 “Manjil_ Iran” 0.52 49.48 7.5 0.62 0.251 0.056
EQ-19 “Chi-Chi_ Taiwan-04” 0.17 18.85 0.4 2.10 0.183 0.047
EQ-20 “Cape Mendocino” 0.25 34.21 0.9 1.42 0.258 0.067
EQ-21 “Tottori_ Japan” 0.31 16.27 0.8 1.31 0.310 0.066
EQ-22 “Parkfield-02_ CA” 0.20 6.88 0.1 2.79 1.124 0.147
EQ-23 “Niigata_ Japan” 0.34 20.41 0.8 1.19 0.282 0.047
EQ-24 “Chuetsu-oki_ Japan” 0.11 8.84 1.8 1.20 0.767 0.048
EQ-25  “Iwate_ Japan® 0.26 12.75 1.9 1.38 0.201 0.071
EQ-26  “Iwate_ Japan” 0.44 59.06 4.2 0.85 0.315 0.069
EQ-27  “El Mayor-Cucapah_Mexico”  0.43 54.92 6.1 0.72 1.041 0.090
EQ-28 “Joshua Tree_ CA 0.10 9.10 0.2 3.66 1.500 0.288
EQ-29 “Darfield_ New Zealand” 0.57 31.85 4.1 0.69 0.286 0.080
EQ-30 “Christchurch_ New Zealand” 0.11 11.78 0.2 2.99 1.105 0.094

Table 5. Performance levels in terms of drift ratios based on local failure modes (adapted from Demirel [63])

Performance Level (Drift Ratio)

Author Failure Mode 10
Franklin et al. (2001) [64] 0.1
Bosiljkov et al. (2008) [65] 0.1
Bosiljkov et al. (2008) [65] Sliding -
Bosiljkov et al. (2008) [65] Diagonal Tension  0.2-0.5
Alcocer et al. (2004) [66] 0.15

LS CP
0.9-1.5 1.2-1.9
1.2-1.8 1.8-2.5
0.9 1.8
0.5-0.7 0.5-0.9
0.25 0.4

The drift ratios of the cistern walls obtained from linear
dynamic Time History Analyses were presented in Table 6.
Cistern structure exhibits a very rigid behavior since it
is a single storey and void-free structure with a very high

occupancy rate. For this reason, the drift ratio ratios in the

building are at low values as seen in the table. The measured
drift ratios of the Cistern Facade walls are between 0.0004 -
0.008 in the short direction and 0.0016- 0.0002 in the long
direction Since these drift ratio values do not exceed the

0.1 limit value, which represents the Immediate Occupancy
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Table 6. Drift ratios of the cistern

Earthquake Name  Drift Ratio (X direction) Performance Level  Drift Ratio (Y direction) Performance Level

EQ-1 0.0011 10 0.0010 10
EQ-2 0.0037 10 0.0016 10
EQ-3 0.0010 10 0.0012 10
EQ-4 0.0012 10 0.0008 10
EQ-5 0.0037 10 0.0008 10
EQ-6 0.0054 10 0.0007 10
EQ-7 0.0010 10 0.0006 10
EQ-8 0.0009 10 0.0006 10
EQ-9 0.0047 10 0.0005 10
EQ-10 0.0004 10 0.0005 10
EQ-11 0.0055 10 0.0005 10
EQ-12 0.0050 10 0.0004 10
EQ-13 0.0029 (0] 0.0004 10
EQ-14 0.0074 10 0.0004 (0]
EQ-15 0.0044 10 0.0004 10
EQ-16 0.0012 10 0.0004 10
EQ-17 0.0015 10 0.0004 10
EQ-18 0.0014 10 0.0003 10
EQ-19 0.0010 10 0.0003 10
EQ-20 0.0014 10 0.0003 10
EQ-21 0.0017 10 0.0003 10
EQ-22 0.0062 10 0.0003 10
EQ-23 0.0016 10 0.0003 10
EQ-24 0.0043 10 0.0003 10
EQ-25 0.0011 10 0.0003 10
EQ-26 0.0018 10 0.0003 10
EQ-27 0.0058 10 0.0003 10
EQ-28 0.0083 10 0.0003 10
EQ-29 0.0016 10 0.0003 10
EQ-30 0.0061 10 0.0002 10

0.8 0.7
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% 0:3 ‘?..2 e R % 03 :.' aoe
2 e t ° ° % 02 .
M 02 . « ° A °.

0.1 5 0.1

0 0 =
0 0.002 0.004 0.006 0.008 0.01 0 0.0005 0.001 0.0015 0.002
D/H D/H

Figure 9. Pushover curves X and Y directions FE model of Cistern Structure.

performance level, the structure is expected to show slight  values in the X direction (short direction) of the building
damage during the described earthquakes and earthquakes ~ were larger than the Y direction (longer direction). This is
similar to these earthquakes. In addition, when looking at  an indication that the long side of the building is more rigid
the building directions, it was seen that the displacement than the short side.
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Figure 10. The displacement - time graph for EQ28.

The pushover curves, expressed as generalized force-
displacement relationships, are presented in Figure 9 for
loading applied in the +X direction (North-South) and
1Y direction (East-West). To obtain the capacity curves,
the control node was selected as the node located at the
top of the cistern that exhibited the maximum horizontal
displacement.

In practical assessment methodologies, it is commonly
observed that finite element models of masonry mon-
uments subjected to real earthquake time histories may
predict severe damage, whereas the actual structures often
exhibit lower levels of damage. During seismic loading,
cracks progressively open from small to larger widths at
peak loading cycles, which increases the structure’s capac-
ity to absorb seismic energy [67]. In order to better see and
interpret the responses of earthquakes in the structure, the
earthquake named EQ28, which is one of the earthquakes

EQ28X (MPA)

T:5.25 sn

that give the highest displacement values in the structure
was chosen.

The displacement - time graph for the earthquake is
presented in Figure 10.

For the relevant parts of the displacement time graph of
the earthquake, the response of the structure at certain time
instants and the stress graphs are shown in Figure 11.

These stresses are considered critical in terms of crack
formation and propagation. Specifically, tensile stresses
around the door and dome openings are identified as
the primary causes of structural damage during seismic
impacts.

According to the data presented in Figure 11, com-
pressive and tensile stresses are particularly concentrated
around the dome openings and entrance walls. In terms
of compressive stresses, the highest values were observed
around the dome openings and the surrounding area

EQ28Y (MPA)
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Figure 11. Distribution of stresses and deflection in the structure using time history analysis for the earthquake named

EQ28

of the entrance wall. The maximum compressive stress
was approximately 0.525 MPa, indicating critical zones
of localized stress accumulation identified in the model.
These areas underscore the necessity for structural rein-
forcement. Conversely, tensile stresses were predominantly
concentrated in the dome apertures and the upper section
of the entrance door. The analysis presented in Figure 11
revealed that the maximum tensile stress was calculated to
be approximately 0.272 MPa.

These findings are crucial for understanding the cur-
rent stress distribution within the cistern structure and for
identifying priority intervention areas.

From these graphs, the damage (cracking and stress)
values n the walls can be seen and the damage in the struc-
ture can be defined qualitatively.

During an earthquake, as cracks occur in the walls
and the structure is damaged, the strength of the structure
decreases.

While the cistern structure is displaced in the same
direction, the crack tip continues to propagate, while stress
relaxation is observed in the previously cracked parts.
When the structure starts to move in the opposite direction,
the cracks can close and compressive stresses can be seen in
the already cracked places.

Crack propagation and stress concentration were
observed, particularly around the dome and wall openings.
The structure maintained its structural integrity under
most earthquake scenarios [59] stated that similar stress
and damage mechanisms could occur in stone structures
with large openings under seismic effects. This demon-
strates the consistency of the findings with the literature.
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In some cases, early damage caused by high seismic
intensity may lead to a reduced acceleration response of the
structure during subsequent stronger phases of the record.
This behavior may be attributed to damage-induced elon-
gation of the structural vibration period, which can reduce
the acceleration demand and allow the structure to survive
the earthquake. Therefore, in such situations, the observed
response is governed not only by the intensity of the accel-
eration but also by the sequence, timing, and damage pro-
gression during the ground motion [58].

A comparison between the numerical results obtained
from the seismic analysis and the observed damage patterns
on the historical cistern structure provides critical insights
into the accuracy of the model and the seismic behaviour
of the structure. In the subsequent analysis section, the
observed level of damage was subjected to a comparative
analysis with the actual damages sustained. Based on the
numerical analysis, stress concentrations become evident
mostly around the primary dome and wall holes. It is worth
noting that the findings are consistent with the field obser-
vation, as damage is evident mostly in these parts. However,
according to the numerical analysis, there is a slightly
higher level of stress at the center of the dome compared
to the stress that causes the minor cracks. The difference
can be attributed to the actual properties of the material or
method of construction used in real life. The findings fur-
ther suggest possible ways through which damage occurs,
for instance, due to high shear stress near the door holes.
This is thoroughly illustrated in Figure 12.

The characteristic shear strength of the wall is calcu-
lated with the help of Equation (2). In this equation, £,
the characteristic initial shear strength is given as 0.1 MPa
for natural or artificial stones in TBDY 2018 [53]. The char-
acteristic shear strengths calculated for the walls and the
shear stresses occurring in these walls are shown in Table 7.

While obtaining Table 7, the characteristic shear
strength was calculated for each wall and these strengths
were compared with the greatest shear stresses resulting
from time history analyses. According to time history anal-
ysis, the largest shear stresses occurred as a result of the

Table 7. Shear strengths and shear stresses for the walls

Figure 12. Stones detached from the vertical wall due to
shear stresses.

EQ28 earthquake. For this reason, only the shear stresses
obtained for the x and y components of the EQ28 earth-
quake are shown in Table 7.

Shear strength and stress values determined from the
analysis of the cistern walls as provided in Table 7 reveal
uniform agreement with similar research in the literature.
The maximum value of shear stress in this research, for
instance, 0.272 MPa for wall Al in Y direction, agrees with
the shear stress concentration in masonry walls with open-
ings as reported by Kumbasaroglu et al. [16]. The increased
values of shear stresses around door openings confirm the
existing literature where the same areas have been noted as
weak points in the structure. Hrasnica and Medic [9] have
pointed out that stone masonry structures generally suffer
from weaknesses in the shear strength in the vicinity of
openings, which calls for immediate attention to strengthen
those structures through retrofitting works. The results
obtained in this research indicating that wall Al lacks

Direction Wall Compressive stress, 6 Characteristic shear strength, fvk  The maximum shear stress that occurs
(MPa) (MPa) (MPa)
X Al 0.218 0.187 0.147
A2 0.226 0.190 0.092
A3 0.525 0.310 0.059
A4 0.512 0.305 0.064
Y Al 0.218 0.187 0.272
A2 0.226 0.190 0.023
A3 0.525 0.310 0.079
A4 0.512 0.305 0.080
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adequate shear strength are in line with this observation.
However, the shear stresses in X direction of all walls were
less than their respective shear strengths. Such a conclu-
sion corresponds to the results of the work of Senthivel and
Lourenco [8], which stated that masonry structures usually
demonstrate higher strength in the X direction. As can be
seen from the results obtained, they mostly correspond to
existing literature and validate the efficiency of using mod-
elling and experimental validation for assessment of the
behaviour of masonry structures in relation to the effects
of the seismic load. The found weakness of the Wall A1 and
accordance with literature data concerning the influence
of openings show the necessity of the use of the proposed
techniques for retrofitting. In this case, high-strength mor-
tar injection and use of horizontal steel rods as proposed by
Celik and Tanriverdi [10] are highly effective techniques for
reducing the shear stress.

After performing the static analysis, the vertical load
of the wall was equal to 6159.663 kN. Vertical compressive
stress of the wall at such a load was 0.171 MPa.When these
values are used, the characteristic shear strength f,; accord-
ing to Equation (1) is obtained as 0.168 MPa. When Figure
11 is examined, the largest shear stress in the cistern as a
result of earthquake ground movements is 0.136 MPa. This
result shows that the cistern is safe in terms of shear stress.

There are cracks due to the building’s aging and depreci-
ation over time. Plaster shedding also was observed in some
areas. In these parts, where masonry units are missing, the
growth of vegetation can be easily seen from field observa-
tions and Figure 11. Furthermore, Considering the analysis
results, it was seen that the greatest shear stresses occurred
in the wall area on the right side of the building entrance. In
the current state of the building, this area is already damaged.
The damaged area on the current structure is less wide in
relation to the corresponding area on the model. The com-
patibility of the analysis result with the current situation
shows the accuracy of the modeling and analysis.

CONCLUSION

Historic cisterns are important components of cultural
heritage due to their architecture and function. Nevertheless,
little has been researched about their unique architectural
forms and susceptibility to earthquakes. Most studies are ded-
icated to common masonry structures and do not consider
the specificities of cisterns, including their roofs, openings,
and underground parts. Lack of relevant information has
made it difficult to develop effective measures of strength-
ening historic cisterns to ensure their seismic resistance. This
paper discusses the seismic performance of the historic cis-
tern in Fethiye, Turkey. Experimental and numerical meth-
ods were used to conduct an in-depth analysis of the cistern
and obtain important findings. The mechanical properties
of stone materials were defined; earthquake accelerations
were set according to the Turkish Building Earthquake Code

(2018). Static and time-history analyses of the cistern were
conducted with SAP2000 V22 software.

Results of the performed analyses revealed the following
parameters. The maximal value of the lateral displacement
equal to 1.5 cm was obtained for the short side. Due to this
parameter, it can be stated that the external fagade should be
viewed as critical because of stress concentrations. In terms
of compressive stresses, the maximum values were found to
be near the openings of the dome and the entrance wall with
the maximum value close to 0.525 MPa. Tensile stresses were
found to be concentrated around the dome openings and the
top part of the entrance door. The latter was calculated as
equal to 0.272 MPa. These parameters are critical from the
perspective of cracks’ formation and growth. Time-history
analysis showed that shearing stresses exceeded the wall's
characteristic shear strength. Results concerning displace-
ment and stress values showed the possibility of the forma-
tion of damage within some areas.

Overall, the structural safety of the analyzed cistern
under the impact of most of the 30 simulated earthquake
scenarios was ensured. No significant damages to the struc-
ture of the cistern were reported. Nevertheless, repeated
actions of earthquakes can increase stress levels and create
favorable conditions for crack propagation. Consequently,
problems related to cistern structure can arise. Such a sit-
uation can be associated with the extensive opening of the
roof along the longitudinal direction.

On the basis of the received results, suggestions for
strengthening the main weak spots of the cistern struc-
ture can be developed. It is suggested to add circumferen-
tial tension members or to use light and strong materials.
Concerning wall openings, such actions as high-strength
mortar injection and installing steel rods are recommended
to reinforce walls, especially in critical areas like doors. The
roof surface should be strengthened through installation of
FRP strips/meshes.

It can be concluded that though the analyzed cistern
is characterized by sufficient strength, strengthening is
needed in the zones of high stress. It is necessary to accu-
rately simulate joints of masonry historical structures
during modeling to increase precision.

One of the distinctive features of this study is the focus
on cisterns and their seismic performance. This paper con-
tributes to the field through performing experimental and
numerical studies of the dynamic behavior of one of cis-
terns under the action of earthquake forces. Based on the
received results, the authors provide suggestions regarding
retrofitting of such structures.
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