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ABSTRACT

ARTICLE INFO

The accuracy of fragility curves, a key outcome of seismic vulnerability studies, di-
rectly influences rational seismic risk assessments. In this study, analytical-based fra-
gility curves for a masonry aqueduct were derived using tested earthquake-based
Intensity Measure (IM) parameters and various threshold limit values for specific
damage states, as commonly used in the literature. The Maximum Intensity Damage
Ratio (MIDR) thresholds for specific damage states proposed by FEMA 356, GERMHS,
and ASCE 41-13 standards were considered. Additionally, damage state thresholds
were determined through a capacity curve obtained via nonlinear static analysis and
empirical relationships found in the literature. The effect of damage thresholds on
the Probability of Exceedance (PoE) values for a specific damage state was analyzed
using the reference MIDR values determined in this study. Based on earthquake
ground motion records, PoE values corresponding to different damage states were
evaluated separately for each IM parameter. The results demonstrate that the dam-
age threshold value significantly impacts the developed fragility curves. Therefore,
when developing fragility curves for the seismic risk assessment of masonry struc-
tures, it is crucial to analyze and determine the appropriate threshold levels for each
structure individually, rather than directly applying the threshold values used in the
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1. Introduction

Aqueducts are significant engineering structures built
to transport water from natural sources to settlements
by crossing valleys, rivers, and various natural or artifi-
cial obstacles. These structures, tangible examples of the
masonry design approach that developed particularly
from ancient times onward, reflect past civilizations'
technical knowledge and aesthetic sensibilities. Numer-
ous surviving masonry aqueducts draw attention today
not only for their historical significance but also for their
architectural and cultural heritage value (Balcan et al.
2024). Although modern infrastructure systems are
widely used today and contemporary water conveyance
structures are being constructed, numerous aqueducts

belonging to different cultures remain standing within
the borders of present-day Tiirkiye (Fig. 1).

Despite having lost their original function, these
structures are preserved as significant elements of cul-
tural heritage due to their architectural characteristics
and historical value (Gonen et al. 2021). Preserving these
engineering marvels and passing them on to future gen-
erations is of great importance. However, there are rela-
tively few comprehensive studies that assess the seismic
vulnerability and risk of such historic structures
(Dogangun and Sezen 2012). In general, historic ma-
sonry aqueducts are classified into sub-categories based
on their construction techniques, material properties,
and geometric configurations. Seismic vulnerability and
risk assessments are conducted for each subcategory
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separately (Cakir 2021; Ercan et al. 2015). Seismic vul-
nerability and risk assessment studies are of crucial im-
portance, with the objective being the quantification of
potential damage and losses caused by earthquakes. The
capacity to predict accurately the losses that a given type
of structure may encounter post-earthquake is a critical
reference, as it enables the effective planning of both
pre-earthquake preparedness and post-earthquake ac-
tion and rehabilitation processes (Cattari et al. 2022;
Yiicemen and Yilmaz 2015; Isik et al. 2020). Fragility
curves are a valuable tool that provides the probability
of exceeding (PoE) a particular damage state for a given

seismic intensity measure parameter value. A review of
the existing literature shows that fragility curves are ex-
tensively utilized in seismic risk analysis (Yesilyurt et al.
2024; Rota etal. 2010; Yesilyurt etal. 2021a). Itis known
that the extant literature on seismic risk studies of his-
torical masonry structures is more limited compared to
traditional residential buildings, industrial structures,
and steel constructions (Gkournelos etal. 2022; Alpaslan
and Karaca 2020; Lagomarsino and Cattari 2015). More-
over, the scarcity of literature addressing the seismic fra-
gility functions specific to masonry aqueducts is particu-
larly pronounced.

Fig. 1. Examples of masonry aqueducts located in Tiirkiye:
a) Uzun Aqueduct; b) Bozdogan (Valens) Aqueduct; c) Giizelce Aqueduct; d) Kirkcesme Aqueduct.

Du et al. (2023) derived fragility curves based on
peak ground acceleration (PGA) for a sample aqueduct
in south-west China. The effects of both mainshock and
aftershock ground motion sequences were considered.
The Incremental Dynamic Analysis (IDA) method was
applied. The impact of aftershocks on seismic risk was
examined through the fragility surface. Liu et al. (2025)
conducted a seismic vulnerability analysis of a three-
span simply supported aqueduct in China. The proba-
bility of damage under seismic loading was analyzed
through the implementation of probability density
functions. In the study by Zhang et al. (2022), the seis-
mic response of high-span aqueduct structures was in-

vestigated under Near-Far field ground motions, with
fragility curves developed as a function of PGA. A com-
parative assessment of PoFE at specific intensity meas-
ure levels revealed that aqueduct structures are more
vulnerable to damage under near-fault ground motions.
In a similar study, Zheng et al. (2023) examined the ef-
fects of aftershocks on structural damage. The IDA
method was employed, and seven main aftershock se-
quences were considered. Fragility curves were pro-
posed for four different damage states as a function of
PGA. For specific PGA values, the damage-increasing ef-
fect of aftershocks was assessed based on the exceed-
ance probability.



Yesilyurt / Challenge Journal of Structural Mechanics (2025) 11(3) 137-148 139

Xu et al. (2021) developed fragility curves for a large-
scale aqueduct structure using IDA and the Multiple
Stripe Analysis (MSA) method. The study considered
four distinct damage states, and the fragility curves were
derived as a function of spectral acceleration (Sa). Du et
al. (2024a) presented fragility curves for a typical three-
span aqueduct structure by considering both single and
compound intensity measures. Moreover, the study pro-
vided quantitative recommendation values regarding
record-to-record variability, design parameters, perfor-
mance index values, and limit states. Yesilyurt (2025)
proposed the earthquake and structure-based optimal
intensity measure (/M) parameters for quantifying the
seismic risk of a typical Roman masonry aqueduct. The
study considered 29 IMs, and fragility curves were de-
rived based on the identified optimal IMs and various
damage parameters. Similarly, the suitability of IMs for
modern aqueduct structures was examined through the
utilization of near-field non-pulse, near-field pulse, and
far-field sets of ground motion records. The influence of
these ground motion sets on PoEs was also analyzed for
the selected optimal IMs (Du et al. 2024b).

Ma et al. (2022) developed component-based fragility
curves for a three-span aqueduct with an equidistant
simply supported beam. The general product of condi-
tional marginal method is performed. The study incorpo-
rated both structural and ground motion uncertainties
to develop fragility curves. Similarly, Cheng et al. (2020)
developed component-based fragility curves for a typical
aqueduct structure.

In addition to the aforementioned studies, the maxi-
mum inter-story drift ratio (MIDR) is frequently utilized
as a damage parameter in the risk assessment of historic
masonry structures (Korkmaz et al. 2018; Vanin et al.
2017; FEMA 274 1997). Furthermore, various standards
provide threshold values for different damage states
based on the MIDR parameter. The primary objective of
this study is to develop analytically based fragility curves
for aqueduct structures using these predefined thresh-
old values. Subsequently, the study aims to investigate
the impact of these thresholds on seismic vulnerability
assessment.

To this end, a finite element model of a typical ma-
sonry aqueduct was constructed. Response spectrum
analyses were then performed using the cloud analysis
method on a set of 479 ground motion records. The dis-
persion between the selected IMs and the MIDR damage
parameter was obtained. Based on these intensity and
damage measure relationships, fragility curves were de-
rived separately for different thresholds. Furthermore,
the PoE values corresponding to different damage states
were comparatively analyzed for selected earthquake
ground motion records.

2. Seismic Vulnerability Analysis

An examination of the seismic-tectonic setting of Tii-
rkiye reveals that the Arabian plate, located to the south,
is moving northwards and colliding with the Eurasian
plate, resulting in significant compression in the eastern
Anatolian region. As a result of this plate interaction, the
Anatolian plate is being pushed westward, mainly by the

North Anatolian Fault Zone (NAFZ) and the East Anato-
lian Fault Zone (EAFZ) (Erdik et al. 1985).

Among the major destructive earthquakes that have
occurred in Tiirkiye over the past 30 years are the 17 Au-
gust 1999 Mw 7.4 Kocaeli, 12 November 1999 Mw 7.2
Diizce, 3 February 2002 Mw 6.4 Afyon, 1 May 2003 Mw
6.4 Bingol, 23 October 2011 Mw 7.2 Van, 24 January
2020 Elaz1g, 30 October 2020 Mw 6.9 Samos (Izmir), and
23 November 2022 Mw 5.9 Diizce earthquakes. In the re-
cent past, a sequence of earthquakes that struck on Feb-
ruary 6, 2023, centered in Kahramanmaras, caused un-
precedented destruction and loss of life, marking one of
the most powerful and impactful seismic events in Tu-
rkiye’s history. The epicentres of the two destructive
earthquakes were located in the districts of Pazarcik and
Elbistan, with focal depths measured at 8.6 km and 7.0
km, respectively. The rupture occurred along the north-
ern segment of the East Anatolian Fault and severely af-
fected several provinces (AFAD 2023). Furthermore, nu-
merous unique historic masonry structures were de-
stroyed during these events (Kocaman 2023; Kocaman
et al. 2024; Erkek and Yetkin 2023). Seismic vulnerabil-
ity and risk analyses are vital studies in reducing casual-
ties following earthquakes. The recurrence of similar
loss of life and property after earthquakes has increased
interest in such studies (Alparslan et al. 2017; Cosgun
and Mangir 2018). In parallel with technological ad-
vancements, there has been an increase in the number of
seismic vulnerability and risk analyses studies, which
are becoming more comprehensive and effective.

In the context of seismic vulnerability and risk mitiga-
tion studies, the RADIUS project, HAZUS (Multi-hazard
Loss Estimation Methodology), PBEE-PBEE methodol-
ogy, DBLA (the Displacement-Based Loss Assessment),
ESPREME, GEM (Global Earthquake Model), RADIUS
(Risk Assessment Tools for Diagnosis of Urban Areas
against Seismic Disasters), SHARE (Seismic Hazard Har-
monization in Europe), the SESAME project, NGA (Next
Generation Attenuation) project, LESSLOSS, RISK-UE,
The World Bank's CAPRA, SYNER-G, and NERA projects
provide insightful guidance. Fragility curves are widely
preferred in risk assessment calculations because of the
convenience they provide (Yilmaz et al. 2018). These
curves can be developed using empirical, analytical, hy-
brid, and expert judgement methods (Yesilyurt et al.
2021b). In this study, the analytical method has been
considered, and the main components can be outlined as
follows: numerical modelling, Compilation of an Earth-
quake Ground Motion Set, definition of damage and in-
tensity measure parameters, structural analysis, damage
analysis, and statistical procedures.

2.1. Description of the modelling and
non-linear static analysis

Three-dimensional finite element modeling (FEM) is
widely recognized as a reliable and effective approach for
the seismic performance assessment of historical masonry
structures. In this study, the finite element model of the in-
vestigated segment of the masonry aqueduct was devel-
oped using ANSYS Workbench. A visual of the 3D struc-
tural model considered in the analysis is presented in Fig. 2.
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Fig. 2. Three-dimensional finite element model of the masonry aqueduct.

The 3D finite element model contained 261,619 nodes
and 151,406 elements, utilizing a 20-node solid element
with 3 degrees of freedom per node. Research on the
most accurate modeling approaches for masonry struc-
tures continues to be a subject of advanced engineering
studies. In this study, to improve computational effi-
ciency in structural modeling, the aqueduct was treated
as a homogeneous composite material, and the macro
modeling approach was adopted, in which the masonry
units and mortar are represented as a single equivalent
material (Drougkas 2022). The aqueduct was modeled
with fixed boundary conditions applied along its base
and at its end supports. To accurately capture the non-
linear mechanical behavior of the masonry material, the
Drucker-Prager yield criterion, which is considered suit-
able for materials with low tensile and high compressive
strength, was employed (Drucker and Prager 1952).

As previously discussed, the primary objective of this
study is to investigate the influence of different damage
thresholds on the seismic vulnerability of the structure.
The material properties used in the finite element mod-
elling were determined based on previous studies in the
literature and generally accepted engineering assump-
tions. The mechanical properties of the stone material
considered were defined as Young's modulus 8729.6
MPa, Poisson's ratio 0.1238, bulk modulus 3.867x10° Pa,
and shear modulus 3.88x10° Pa. In addition, the main
parameters of the bilinear isotropic hardening model,
yield strength and the tangent modulus, were consid-
ered as 3.2 MPa and 144 MPa, respectively.

A modal analysis was carried out to evaluate the seis-
mic behavior and to examine the dynamic characteristics
of the aqueduct. The first 30 vibration modes were con-
sidered to fully evaluate the dynamic response of the
structure. This analysis identified the natural frequen-
cies, periods, and mode shapes of the structure. The first
six mode shapes and their corresponding frequency val-
ues are shown in Fig. 3.

In Fig. 3, the X, Y, and Z directions correspond to the
in-plane, vertical, and out-of-plane directions of the
structure, respectively, for the first six mode shapes. It is
observed that the first mode of the aqueduct is in the out-
of-plane (Z) direction, characterized by translational
motion. This mode represents the most critical direction
in the seismic performance of the structure. The out-of-
plane response has been determined as a reference in
the seismic vulnerability assessment. Therefore, in the
subsequent cloud analysis, which will be detailed in the
following sections, the structural response is primarily
evaluated in the Z-direction, taking into account the out-
of-plane behavior.

A non-linear static analysis was performed using an
incremental-iterative procedure to evaluate the out-of-
plane seismic performance of the structure based on the
finite element model. The capacity curve calculated by
the pushover analysis is shown in Fig. 4.

2.2. Definition of damage and intensity measure
parameters

As previously stated, in seismic vulnerability studies,
the Damage Measure (DM) parameter quantitatively de-
fines the limit value of a specific damage state of a given
structure. A review of studies conducted on masonry
structures in the literature shows that the MIDR damage
parameter is commonly utilized. Numerous studies,
codes, and standards such as ASCE 41-13 (2013), FEMA
356 (2000), GERMHS (2017), have proposed threshold
values corresponding to different damage states based on
the MIDR damage parameter. When these studies are an-
alyzed as a whole, it is observed that the thresholds pro-
posed for a given damage state vary considerably. The ob-
jective of this study is to evaluate the influence of different
threshold values on seismic vulnerability through fragility
curves. In this context, initial damage (Damage Limita-
tion) and expected partial collapse (Heavy Damage) have
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been considered. The rationale behind this selection is re-
lated to the inherent characteristics of historic masonry
structures, such as aqueducts, which exhibit limited non-
linear behavior and are prone to sudden brittle failure.
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Furthermore, the yield and ultimate points on the capacity
curve of the analyzed structure can be determined pre-
cisely. In this context, Table 1 presents the thresholds
based on the MIDR parameter considered in this study.

B: Modal

Total Deformation 2
Type: Total Deformation
Frequency: 4,6221 Hz
Unit: mm

28.04.2025 21:59

0,03432 Max
0,030507
0,026693
0,02288
0,019067
0.015253
0.01144
0,0076267
0,0038133

0 Min

B: Modal

Total Deformation 4
Type: Total Deformation
Frequency: 10,033 Hz
Unit: mm

28.04.2025 22:00

0,030695 Max

. 0,027285
0,023874

— 0,020464

s 0017053

5= 0013642

= 0010232
000868212

I 0.0034106

Q0 Min

B: Modal

Total Deformation 6
Type: Total Deformation
Frequency: 15,544 Hz
Unit: mm

28.04.2025 22:03

0,032935 Max

. 0,029276
0,025616
0,021957
0.018297

j 0,014638

— 0010978
0,0073189

I 0,0036595

0 Min

2e+04 (mm)
Z‘j\‘ X

Fig. 3. The first six mode shapes and corresponding frequency values of the model.

Table 1. Various MIDR threshold values used as references for masonry structures.

Standards Damage limitation (%) Heavy damage (%)
FEMA 356 (2000) 0.40
GERMHS (2017) 0.70
ASCE 41-13 (2013) 0.75
Current study 0.53




142

Yesilyurt / Challenge Journal of Structural Mechanics (2025) 11(3) 137-148

800,0

700,0

600,0

500,0

400,0

Force (kN)

300,0

200,0

100,0

0,0
0,0 20,0 40,0

60,0 80,0 100,0 120,0

Displacement (mm)

Fig. 4. Capacity curve of the aqueduct structure in the out-of-plane direction.

As can be seen in Table 1, in addition to the MIDR val-
ues presented in the existing standards, this study has
provided different threshold values corresponding to
structure-specific damage states. As demonstrated in
numerous studies conducted by various researchers, the
yield (dy) and ultimate (du) displacement values ob-
tained from the capacity curve have been used as refer-
ence points to define different damage states (Lamego et
al. 2017; Kappos et al. 2006; Vicente 2008; Lagomarsino
and Giovinazzi 2006). In the relationship proposed by
Kappos etal. (2006), 0.7dy is suggested for Damage Lim-
itation, while du is recommended for Heavy Damage.
These threshold values have been calculated by utilizing
the capacity curve depicted in Fig. 4 and the empirical
relationships proposed by Kappos et al. (2006) as a ref-
erence.

The appropriateness of the IM parameters, which
characterize ground motion and reflect the destructive
potential of an earthquake, for a given class of structure
directly impacts the accuracy of the derived fragility
curves for that class. It is well known in the literature
that the appropriate IMs vary depending on the struc-
tural typology. In this study, the earthquake-based IMs
evaluated by Yesilyurt (2025) for their applicability in
assessing the seismic vulnerability of aqueduct struc-
tures, namely Acceleration Spectrum Intensity (ASI),
Arias Intensity (Ia), Characteristic Intensity (Ic), Sus-
tained Maximum Acceleration (SMA), Effective Design
Acceleration (EDA), and Peak Ground Acceleration (PGA)
are considered. Accordingly, the analytically derived fra-
gility curves are developed as functions of these IM pa-
rameters.

2.3. Seismic performance analysis method

The Cloud analysis method is particularly well-suited
to vulnerability assessment of structures. In this method,
the real unscaled ground motion records are utilized
with a wide frequency range. This analysis approach can
be adapted to various methodologies, including dynamic
analysis, modal pushover analysis, and response spec-

trum analysis. The response spectrum analysis method
is a widely employed technique in the relevant literature
to evaluate the seismic performance and vulnerability of
historical masonry structures. This is since it is both
computationally efficient and practical (Akturk et al.
2025). The method has been employed in the analysis of
finite element models of various masonry structures, in-
cluding churches, mosques, arch bridges, and slender
structures. The findings demonstrated a high level of
consistency with post-earthquake field observations
(Cakir et al. 2015; Ozdemir et al. 2017; Cakir et al. 2016;
Cakir 2022).

In this study, the response spectrum method was
adopted for performing structural analyses. In methods
such as IDA, which involve a scaling process, the fre-
quency content of the ground motion records remains
unchanged. In contrast, the cloud analysis approach uti-
lizes unscaled original ground motion records. This ena-
bles the consideration of a broader range of intensity and
frequency characteristics, rather than being limited to
the seismicity of a specific region.

The main challenge of this method lies in the necessity
to include a large number of ground motion records to
ensure that the selected set can adequately capture the
overall structural response, ranging from slight damage
to heavy damage. To this end, the ordinary earthquake
ground motion record set was considered. This set incor-
porated near-far fault effects and all rupture mecha-
nisms. A total of 479 real processed ground motion rec-
ords were selected from the Pacific Earthquake Engi-
neering Research Center (PEER) Ground Motion Data-
base for the structural analysis of the aqueduct. The dis-
tribution of the sites where the selected ground motion
records were recorded, along with the relationship be-
tween earthquake magnitude and source-to-site distance
for the generated earthquake set, is presented in Fig. 5.
Response spectrum analyses were performed on 479 real,
unscaled earthquake records. The scatter plots illustrat-
ing the relationship between the IM parameters AS], Ic, Ia,
SMA, EDA, and PGA, as defined in the previous section,
and the MIDR damage parameter are shown in Fig. 6.
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Fig. 6. DM-IM scatter plots computed using the cloud analysis method.

As shown in Fig. 6, DM-IM scatter plots were obtained
for the aqueduct structure considered in this study using
the IM parameters evaluated by Yesilyurt (2025) for
their suitability. Among these, the ASI parameter exhib-
its a denser clustering of data points around the linear

regression line, clearly indicating that the standard devi-
ation associated with this ASI-MIDR pair is lower com-
pared to the others. Furthermore, the highest goodness
of fitting (R?) and the regression slope (b) were also
computed for the ASI parameter.
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The main objective of this study is to examine the ef-
fect of different damage threshold levels on structural
vulnerability. Therefore, fragility curves were developed
for the six IM parameters shown in Fig. 6 using the
threshold values given in Table 1.

2.4. Analytical-based fragility curve

As explained in the previous sections, fragility curves
are functions that represent the PoE of a certain damage
state for a given level of ground motion intensity meas-
ure. The procedure for deriving analytical-based fragility
curves using the cloud analysis method consists of four
main steps. First, DM-IM distributions are obtained for
the set of earthquake ground motions considered in the
study. These distributions illustrate the relationship be-
tween the seismic damage parameter and the selected
intensity measure parameter. Second, the distribution of
the damage parameter corresponding to each intensity
level is analyzed, and the probability density function of
the damage parameter is computed. In the next step, the
damage measure variable is transformed into a log-nor-
mal distribution, and the cumulative distribution func-
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tion of the log-normal variable is obtained. Based on the
threshold values defined in Table 1, the probabilities of
reaching or exceeding each damage state are discretely
calculated by repeating the process for each intensity
level. In the final step of the procedure, the obtained cu-
mulative log-normal probability distribution is fitted to
the most appropriate curve. Subsequently, fragility
curves are constructed for each damage state, utilizing a
two-parameter log-normal distribution, specifically the
median (/Mpg; ) and logarithmic standard deviation
(Bps;), according to Eq. (1).

P[Damage > DS,|IM] = & (w) M)

Bps;

In Eq. (1), ¢ denotes the standard cumulative normal
distribution function, and IM represents ground motion
intensity measure. In this study, fragility curves were de-
rived separately for each IM parameter using the thresh-
old values presented in Table 1. The fragility curves cor-
responding to the Damage Limitation state are pre-
sented in Fig. 7, while those corresponding to the Heavy
Damage state are shown in Fig. 8.
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Fig. 7. Fragility curves derived for the Damage Limitation state,
taking into account IMs and damage state threshold values.
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The fragility curves presented in Figs. 7 and 8 illus-
trate the probabilistic relationship between seismic de-
mand and the probability of exceeding the Damage Lim-
itation and Heavy Damage state thresholds, emphasizing
the impact of varying threshold values on seismic vul-
nerability.

Since the threshold values for the Damage Limitation
state defined by FEMA 356 (2000) and ASCE 41-13
(2013) are identical, the fragility curves presented in Fig.
7 overlap. The fragility curves derived using the thresh-
old values provided by these two standards yield the
highest PoEs for a given IM value. In contrast, the lowest
exceedance probabilities are computed using the thresh-
old defined by GERMHS (2017). When the fragility

1,00
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10
000 b— el ml =T

000 025 050 075 100 125 150 175 2,00

Probability of Exceedance

Peak Ground Acceleration (g)

1,00
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10
0,00 N

000 010 020 030 040 050 060 070 0,80

Characteristic Intensity (m*1.5/s2.5)

Probability of Exceedance

1,00
0,90
0,30
0,70
0,60
0,50
0,40
0,30
0,20
0,10 .
0,00 - S

000 020 040 080 080 1,00

Probability of Exceedance

1,20 1,40 1,60
Sustained Maximum Acceleration (g)

——FEMA 356 = - = Current Study

curves developed based on the threshold levels pro-
posed in the current study are taken as reference, PoE
values computed for a given IM value are found to be
higher than those based on the GERMHS (2017) thresh-
old, but lower than those obtained using the threshold
values from the other two standards. Examining the
fragility curves for the Damage Limitation state in Fig. 7,
it is observed that for the PGA IM value of 0.25 g, the PoE
was calculated as 0.765, 0.765, 0.425, and 0.057 for
FEMA 356 (2000), ASCE 41-13 (2013), the current study,
and GERMHS (2017), respectively. Similarly, for the
SMA IM value of 0.30 g, these PoE values were deter-
mined to be 0.951, 0.951, 0.792, and 0.389, respec-
tively.
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Fig. 8. Fragility curves developed for the Heavy Damage state,
considering appropriate intensity measures and damage state threshold values.

In Fig. 8, the fragility curves developed for the Heavy
Damage state indicate that, for a given IM level, the high-
est PoE is obtained using the FEMA 356 (2000) stand-
ard, while the lowest exceedance probability is ob-

served for the ASCE 41-13 (2013) standard. The fragil-
ity curves developed in the current study show PoEs
that are higher than those of GERMHS (2017) and ASCE
41-13 (2013), but lower than those associated with
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FEMA 356 (2000) for the same IM value. Fig. 8 shows
the PoE values for the Heavy Damage state for the EDA
IM parameter value of 1.2 g, which were calculated as
0.922,0.748, 0.433,and 0.265 for FEMA 356 (2000), the
current study, GERMHS (2017), and ASCE 41-13 (2013),
respectively. Similarly, for the Al value of 10 m/s, the
corresponding PoE values were computed as 0.887,
0.688, 0.423, and 0.144 for FEMA 356 (2000), the cur-
rent study, GERMHS (2017), and ASCE 41-13 (2013), re-
spectively.

To enable a more comprehensive assessment, the PoE
values for the Damage Limitation state, computed using
earthquake ground motion records RSN95 and RSN517,
are presented in Fig. 9. Similarly, Fig. 10 illustrates the
PoE values calculated for the Heavy Damage state using
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ground motion records RSN143 and RSN1004.

As illustrated in Fig. 9, when the Current study is
taken as a reference, the influence of damage threshold
levels on the PoE varies depending on the earthquake
record and the selected IM. For example, for a RSN95 rec-
ord and PGA, the computed PoE values for the current
study, FEMA 356 (2000), ASCE 41-13 (2013), and
GERMHS (2017) are 0.6578, 0.893, 0.893, and 0.216, re-
spectively. Similarly, the Heavy Damage state in Fig. 10,
for RSN143 and Ic, the PoE values computed for the cur-
rent study, FEMA 356 (2000), GERMHS (2017), and
ASCE 41-13 (2013) are 0.745, 0.9268, 0.531, and 0.345,
respectively. Similar assessments can also be conducted
for other IM parameters that provide internally con-
sistent PoE values.
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Fig. 9. PoE values computed for different thresholds and intensity measures (IMs): (a) RSN95; (b) RSN517.
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Fig. 10. PoE values computed for different thresholds and intensity measures (IMs): (a) RSN143; (b) RSN1004.

Considering the results of this study as a whole, the
damage thresholds used in seismic vulnerability studies
have a significant impact on the PoE values. Therefore, to
carry out a rational and accurate risk assessment, the
suitability of the thresholds for the target structure
should be thoroughly analyzed, rather than directly us-
ing the thresholds presented in the literature.

3. Conclusions

The preservation of historical structures is important
for the benefit of future generations. These structures
serve as a testament to the cultural characteristics of the
period in which they were constructed. In this context,
the development of effective decision-making mecha-
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nisms based on the reliable assessment of the seismic
risk of such structures has become increasingly signifi-
cant in recent years. The reliability of fragility curves,
which are frequently utilized in seismic vulnerability and
risk assessment studies, is closely related to the selection
of appropriate intensity measures and damage parame-
ters. Moreover, accurately determining the threshold
values corresponding to various damage states is criti-
cally important for the reliability of these curves.

In this study, the influence of different threshold lev-
els associated with a specific damage state on the seismic
vulnerability of a historic masonry aqueduct was exam-
ined. For this purpose, a 3D finite element model of the
structure was developed, and then response spectrum
analyses were conducted. Using the cloud analysis
method, the dispersion relationships between the MIDR
damage parameter and several IM parameters, namely
PGA, Ia, Ic, ASI, SMA, and EDA, were obtained. Based on
these relationships, fragility curves were developed by
adopting MIDR threshold values defined in widely ac-
cepted standards such as FEMA 356 (2000), ASCE 41-13
(2013), and GERMHS (2017). Additionally, reference fra-
gility curves were constructed using MIDR values deter-
mined via nonlinear static analysis and empirical rela-
tionships, and comparative evaluations were carried out
through PoE values. For instance, at an EDA IM value of
0.3 g, the PoE value for the "Damage Limitation" damage
state in the current study was calculated as 0.468, while
the corresponding values based on FEMA 356 (2000),
ASCE 41-13 (2013), and GERMHS (2017) were 0.792,
0.792, and 0.088, respectively. In the analysis of the
“Heavy Damage” state, for an SMA value of 0.7 g, the PoE
values were calculated as 0.541 for the current study,
0.813 for FEMA 356 (2000), 0.244 for GERMHS (2017),
and 0.107 for ASCE 41-13 (2013). Similarly, for an ASI
value of 0.75 g, the PoE in the current study was found to
be 0.622, compared to 0.068 for ASCE 41-13 (2013),
0.938 for FEMA 356 (2000), and 0.196 for GERMHS
(2017). Such notable differences were also observed for
other IM parameters.

These results emphasize that the determination of
threshold values plays a critical role in the development
of fragility curves, directly affecting their reliability and
the accuracy of the seismic risk assessment. Therefore,
rather than directly adopting threshold values presented
in the literature, it is essential to conduct a detailed eval-
uation of their suitability for the specific structural char-
acteristics of the target building.

This study demonstrates the importance of threshold
values for different damage states and provides a valua-
ble reference for future research on historic masonry ag-
ueducts with different construction characteristics. In
future studies, it is essential to establish a sub-classifica-
tion of historical masonry aqueducts by considering
their construction techniques, material properties, geo-
metric configurations, and different modelling assump-
tions. Following this classification, the derivation of fra-
gility curves for each subclass under both near- and far-
fault ground motion sets would provide valuable in-
sights. It is anticipated that such a study would yield val-
uable outcomes, enabling rapid seismic risk assessments
of historical aqueducts located in various regions.
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