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Abstract

Water systems are indispensable for effective crisis management; however,
they are highly vulnerable to the devastating impacts of earthquakes. This study
assesses the seismic vulnerability of critical water system components in Kashan,
Iran, including wells, storage tanks (ground supported and elevated), and pump
stations, and provides quantitative loss estimates for two earthquake scenarios:
Design Basis Earthquake and Maximum Considered Earthquake. Field surveys
characterized the spatial distribution, capacity, classification, and operational
status of all components. Direct physical damages were quantified using
empirical HAZUS fragility functions for most components and analytical
functions for elevated tanks. The risk analysis incorporates crucial modification
factors accounting for seismic design levels and observed asset degradation,
integrating probabilistic ground motion fields to generate loss maps. Key findings
reveal that elevated tanks are the most vulnerable, with their Compounded
Damage Ratio rising from 0.421 under DBE to 0.680 under MCE, and complete
damage probability reaching 32.1%. MCE events mainly cause severe structural
damage, while DBE events typically result in slight to moderate damage. On
ground tanks, pump stations, and wells have DRc values of 53.3%, 50.2%, and
29.2% under MCE, respectively. The significant vulnerability of unanchored
components and aging infrastructure underscores the urgent need for targeted
mitigation measures, including seismic anchorage, retrofitting, or complete
reconstruction where necessary. These recommendations offer actionable and
practical guidance for enhancing the safety, reliability, and overall resilience of
water systems in earthquake prone regions, contributing to improved disaster
preparedness and response capabilities.
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1. Introduction

Disruption of lifelines, such as utility networks, caused
by external hazards has profound consequences for both
immediate public safety and long-term socioeconomic
stability (Pitilakis et al., 2008). Among utility networks,
water systems are especially critical because they
support fire-fighting, sanitation, and basic household
needs; any interruption can therefore amplify the impacts
of a disaster. A large body of post-event investigations
has shown that water system components are among the
most vulnerable elements during strong ground shaking.
The 1906 and 1989 California earthquakes, for instance,
exposed severe weaknesses in  water supply
infrastructure, leading to widespread fires and prolonged
service outages (Eidinger et al., 2006).

In Iran, the 2003 Bam earthquake devastated wells,
storage tanks, and transmission pipelines (Eshghi et al.,
2004). Similar patterns of persistent damage were
observed after the 2004 Niigata (Japan) and 2009
L’Aquila (Italy) earthquakes (Scawthorn et al., 2006;
Esposito et al., 2013). Most recently, the 2023
Tiirkiye-Syria earthquakes inflicted catastrophic damage
on water supply facilities, leaving more than 14 million
people without reliable water access and triggering
massive recovery operations (Toprak et al., 2025). These
events collectively underscore that the seismic resilience
of water system lifelines remains insufficient, and their
interdependencies with other critical infrastructures
exacerbate overall disaster impacts.

Early attempts to quantify seismic performance of
utility networks were pioneered by the National Institute
of Building Sciences (FEMA. 1997). Building on this
foundation, the Mid-America Earthquake Center
proposed a probabilistic approach that explicitly
accounted for component interdependencies within
lifeline networks (Kim et al., 2007). In the Middle East,
the Japan International Cooperation Agency' carried out
a three-phase vulnerability study of Tehran’s water
supply system, producing an earthquake-resistant design
plan that addressed both pipe networks and point
facilities (JICA, 2006). Pitilakis et al., (2006) Iater
refined these concepts through the RISK-UE
methodology, integrating seismic hazard assessment
with component-level fragility modeling to generate
system-wide risk estimates.

Subsequent research has focused on improving the
spatial representation of ground motion fields;
Abbasnejadfard et al., (2020) and Wen and Bi, (2025)
developed correlation functions for Peak Ground
Acceleration’ and Spectral Acceleration®, thereby
enhancing the fidelity of risk analyses for distributed
infrastructure. Beyond shaking, proximity to active faults

! Japan International Cooperation Agency (JICA)
2 Peak Ground Acceleration (PGA)
3 Spectral Acceleration (SA)

introduces additional failure mechanisms due to surface
rupture and ground deformation (Tahghighi, 2011;
Melissianos et al., 2024). Several studies have
documented severe damage to underground tunnels,
pipelines, and other lifeline systems when fault rupture
intersected the infrastructure (Ghadimi Chermahini and
Tahghighi, 2019; Li and Ni, 2025; Toprak et al., 2026).

In a recent study, Ilyati and Akbari, (2024) assessed
flood risk zoning for vulnerable components of the water
supply system in Kashan, identifying 22 wells and 7
storage tanks at risk, which underscores the importance
of multi-hazard risk assessment for the city's water
infrastructure. Seismic risk assessments for utility
systems depend on the probabilistic combination of
vulnerability models for the various components and
subcomponents (Pitilakis and Argyroudis, 2014). A
substantial portion of the existing literature concentrates
on pipe network fragilities (e.g., Fragiadakis et al., 2013;
Pires et al., 2020; Liu et al., 2025). Although these
studies provide valuable insight into the vulnerability of
pipelines, they often overlook point-type facilities such
as wells, storage tanks, and pump stations that are
equally essential for system functionality.

Research on point facilities has gradually expanded
over the years. Chadha et al., (2008) reported spike-like
water level fluctuations in Koyna bore wells triggered by
the 2004 Sumatra earthquake, highlighting the sensitivity
of wellheads to distant seismic waves. Such observations
empirically document well response to teleseismic waves
but provide no fragility functions for structural loss
estimation.

Similarly, Huang et al., (2015) observed analogous
responses in Beijing’s well network during the 2001
Kunlun event, suggesting that even modest ground
motions can perturb groundwater levels. Their findings
further support the applicability of such responses;
however, they still lack fragility functions for structural
damage estimation.

Amin et al., (2021) examined the seismic
vulnerability of reinforced concrete-supported tanks and
introduced a response reduction coefficient that accounts
for a wide range of tank geometries. Their work provides
analytical fragility for modern code-compliant tanks but
excludes aging and  degradation.  Subsequent
experimental and numerical studies (Uma et al., 2021;
Chitte et al., 2022; Tavasoli et al., 2022) confirmed that
tank performance is highly sensitive to water height,
foundation type, and Soil-Structure Interaction®.
However, these studies primarily focus on newly
designed code-based structures, conceptual R-factor
analysis, or specific tank typologies, and do not address
aging infrastructure.

Rimal et al., (2023) further refined fragility curves
for aging elevated tanks by incorporating mat

4 Soil-Structure Interaction (SSI)
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foundations and SSI effects, revealing that older tanks
often exhibit dramatically higher collapse probabilities
than newer, code-compliant structures. Their study
directly addresses aging elevated tanks; however, the
fragilities require local calibration.

Eskandari et al., (2024) employed graph theory to
capture interdependencies between water network
facilities and other critical infrastructures. However,
their study does not account for aging, outdated design
codes, or anchorage deficiencies in vulnerability
assessments.

More recently, Hou et al., (2026) introduced a novel
framework for assessing the seismic resilience of water
treatment plants, accounting for both component damage
and interdependencies through a state-tree model to
better represent dynamic functionality and recovery
following earthquakes.

Despite extensive research on lifeline seismic risk,
Iran’s active regions still lack component-level
assessments that consider outdated design codes,
inconsistent anchorage, and decades of degradation. This
study addresses this gap by providing three distinct
contributions: (1) the first probabilistic seismic loss
estimation for Kashan's water infrastructure with a
detailed inventory of individual components; (2)
integration of design-code and degradation modification
factors; and (3) a sensitivity analysis to quantify the
influence of degradation factors on damage estimates. To
achieve this, the study compiles the necessary
component data for wells, storage tanks, and pumps
stations including construction dates, anchorage
conditions, and observed deterioration. It then applies
HAZUS (FEMA, 2022) empirical fragility functions to
wells, on-ground tanks, and pump stations, while using
analytically derived fragility curves for elevated concrete
tanks lacking empirical data.

Finally, it adjusts fragility parameters using two
correction factors, one reflecting the seismic code in
force at construction and another representing
degradation over service life. Loss scenarios are
evaluated for a Design-Basis Earthquake' and a
Maximum Considered Earthquake?. The combination of
modified fragilities and ground motion intensity
measures yields damage probability distributions across
five damage states’. The resulting risk maps identify
spatial clusters of high collapse probability, enabling
prioritized mitigation actions.

2. Seismic hazard assessment

Kashan is situated within a highly seismically active
zone in Central Iran, largely influenced by the Kashan
fault (Jamali et al., 2011). This region of Central Iran

! Design-Basis Earthquake (DBE)
2 Maximum Considered Earthquake (MCE)
3 Damage States (DS)
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exhibits a complex seismicity, characterized by the
potential for large-magnitude earthquakes and seismic
gaps along numerous Quaternary faults (Tabaei et al.
2016). The area has a documented history of seismic
activity, including both historical events and more recent
instrumental recordings (Melville and Ambraseys, 2005;
Adib and Kianoush, 2025).

Fig. 1 illustrates the seismic epicenter map and the
primary fault lines affecting Kashan and its surrounding
environs.

This study utilizes probabilistic seismic hazard
analysis from the Earthquake Model of the Middle East*
project (Danciu et al., 2018; Sesetyan et al., 2018), to
estimate potential losses within Kashan’s water system.
The EMME seismic source model incorporates both
active and inactive geological faults. To account for
local site effects, surface ground motion amplitudes were
estimated wusing Borcherdt’s amplification factors
(Borcherdt, 1994), based on soil classifications outlined
in the Iranian seismic design code (BHRC, 2014). Due to
the lack of a detailed soil classification map, the
predominant soil type III (characterized by the top 30 m
shear wave velocity of 175-375 m/s) was selected based
on expert judgment and analysis of available
geotechnical data from the study area (Municipality of
Kashan, 2015; Kashan Water and Wastewater
Engineering Company 2017; Renovation
Administration of Isfahan Province Schools, 2023).

Fig. 2 presents PGA values for 475-year (DBE) and
2475-year (MCE) return periods at bedrock level in
Kashan. The resulting PGA hazard maps are broadly
consistent with findings from other research (Tehran

Padir Consultant Engineering, 2012).

3. Water system components at seismic risk
Fig. 3 illustrates the spatial distribution of components
within Kashan’s water system. The system’s main
elements are categorized as either pipe networks or point
components. The point components encompass water
wells, storage tanks, and pump stations, each consisting
of several subcomponents. Details regarding component
characteristics,  including  geographical location,
classification, and construction year, were gathered
through field surveys and data provided by the Kashan
Water and Wastewater Engineering Company (personal
communication).

Kashan’s total potable water supply is approximately
1,320 L/s, primarily sourced from groundwater (83.3%)
and surface water (16.7%). Table 1 provides details on
the water wells, each with a capacity ranging from 4 to
35 L/s. These wells typically consist of a riser pipe, well
casing, water pump, and a building that houses the well
equipment.

4 Earthquake Model of the Middle East (EMME)
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Fig. 1. Main faults and earthquake epicenters in the Kashan region (Adib and Kianoush, 2025)
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Fig. 2. PGA at bedrock for Kashan and surrounding area: (a) 475-year return period,
(b) 2475-year return period (Tahghighi and Ghafoori, 2023)
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Fig. 3. Distribution of water system components in Kashan
Table 1. Characteristics of water supply wells
Well Discharge Depth Wl ATy Construction Well Discharge Depth ot by Construction
AN, number (L/s) (m) SN year % number (L/s) (m) (e year
(kW) (kW)
1 2 13 180 50 1966 25 262 0 40 - 2008
2 3 6 180 85 1995 26 27 10 170 50 1987
3 2 11 150 50 1995 27 28 9 170 50 1988
4 4 Off - - 1995 28 29-2 5 - - 2010
5 5 13 160 50 2003 29 30 30 210 45 2006
6 7 12 150 50 1968 30 31 9 180 - 2012
7 8 22 150 45 1963 31 312 13 180 - 2012
8 11 8 200 60 2003 32 32 9 - - 2006
9 12 9 180 - 2004 33 33 9 180 - 1983
10 13 off - - 2011 34 34 9 180 - 1990
11 132 17 170 80 2011 35 35 6 180 - 1990
12 14 5 - - 2007 36 36 14 180 - 1989
13 15 25 150 - 2018 37 37 11 200 130 1989
14  16-2 11 170 60 2011 38 38 4 180 - 1989
15 17 12 - 50 2006 39 39 9 180 - 2006
16 18 12 170 50 1970 40 40 15 160 - 1991
17 19 16 150 60 1970 41 41 10 180 45 1992
18 21 8 150 55 2010 42 42 off - - 1992
19 21-2 8 150 55 2009 43 42-2 10 180 90 2004
20 22 19 250 100 2006 44 43 19 200 120 2010
21 23 9 150 60 2015 45 432 19 200 120 2010
22 232 9 150 60 2015 46 44 24 180 50 1993
23 24 17 150 55 1980 47 45 23 - 65 2009
24 25 25 150 85 1982 48 46 12 180 50 2008

Water and Wastewater
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Con. Table 1. Characteristics of water supply wells

Well Discharge Depth iy Construction Well Discharge Depth LDllee e Construction
N number  (L/s) (m) ol year NG number  (L/s) (m) R year
(kW) (kW)
49  46-2 12 180 50 2008 67 59 24 - - 2009
50 47 15 200 80 1991 68 71 9 180 75 1994
51 48 15 - - 2010 69 73 7 170 40 1981
52 49 15 - - 2015 70 74 10 200 60 2006
53 50 7 150 100 2011 71 75 5 200 52 2006
54  50-2 7 150 100 2011 72 76 10 180 40 1992
55 51 8 250 80 2012 73 77 5 200 85 2006
56 51-2 8 250 80 2012 74 81 28 250 124 1997
57 52 8 180 100 2012 75 82 34 250 95 1992
58 52-2 8 180 100 2014 76 83 35 250 95 1993
59 53 13 250 85 2008 77 84 27 250 95 1997
60 53-2 13 250 85 2008 78 85 24 250 85 1996
61 54 19 250 80 1994 79 86 21 250 85 1996
62 55 7 250 80 2014 80 95 off - - 2018
63 55-2 7 250 85 2014 81 92 10 200 - 2018
64 56 12 180 75 2001 82 94 18 200 - 2018
65 57 22 200 45 2001 83 96 13 202 - 2018
66 58 24 200 125 2006 84 98 29 192 - 2018

Kashan’s water storage system comprises 25 tanks with
a combined capacity of 106,050 m?3, consisting of 20
relatively modern, on-ground concrete tanks (totaling
101,000 m?®) and five older, elevated tanks (with a
capacity of 5,050 m?). It is worth noting that two of the
elevated tanks, representing a total capacity of 1,750 m?,
are currently out of service. Table 2 provides a detailed
breakdown of the water storage tank characteristics.

Four water pump stations are strategically located to
supply water to elevated areas in southern and
southwestern Kashan, and to facilitate transfers between
reservoirs. Table 3 outlines the characteristics of these
pump stations, all classified as small-sized (with a
capacity of less than 440 L/s) (FEMA, 2022). Each
station includes electrical equipment, at least one pump,
a station building, and, in some instances, backup power
systems. Identifying these critical components provides
the foundation for the fragility-based vulnerability
modeling discussed in the next section.

4. Methodology

Fig. 4 presents a flowchart summarizing the proposed
methodology through seven sequential steps: (1) field
data collection and component identification (Section 3);
(2) seismic hazard definition (Section 2); (3) fragility
selection and modification factor application (Sections
4.1 and 4.2); (4) damage probability and sensitivity
analysis (Sections 4.3 and 4.4); (5) validation via
alternative methods (Section 5.1); (6) loss estimation and
risk mapping (Section 5); and (7) mitigation

prioritization (Section 6). Each step is cross-referenced
to the corresponding section.

4.1. Fragility models

Earthquakes increase structural vulnerability through
ground failures like liquefaction, landslides, and faulting,
as well as through ground shaking. Fragility models are
valuable tools for evaluating earthquake risk and
informing the development of effective crisis
management strategies. This section focuses on seismic
fragility models specifically for point components within
the water system. Considering the minimal potential for
liquefaction and landslides in the study area (Tehran
Padir Consultant Engineering, 2012), the possibility of
damage from these geohazards was not included in the
analysis. Furthermore, due to a lack of data regarding
facility proximity to faults and resulting deformation
patterns, damage caused by faulting was also excluded.
Consequently, the point components examined in this
study are primarily vulnerable to ground motion
intensity measures, such as PGA.

Vulnerability levels for each system component are
categorized into five DS: None (undamaged), Slight
(minor damage), Moderate (considerable damage),
Extensive (severe damage), and Complete (collapse).
These DS are detailed in the HAZUS methodology
(FEMA, 2022). The HAZUS risk model has been widely
adopted by researchers to assess the seismic
vulnerability of lifeline systems globally (e.g., Eskandari
et al., 2020; Pavel et al., 2021; Wu et al., 2023).

0 Water and Wastewater
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Table 2. Characteristics of water storage tanks

No. Name Capacity Classification Construction
(m?) year
1 Ravand#1 1000 On-ground concrete 1983
2 Facilities#4 2000 On-ground concrete 1995
3 Ravand#2 2000 On-ground concrete 1995
4 Facilities#1 1500 On-ground concrete 1980
5 Ravand#3 500 On-ground concrete 1987
6 Facilities#6 10000 On-ground concrete 2008
7 Facilities#6 1000 On-ground concrete 1999
8 Facilities#6 2000 On-ground concrete 2001
9 Facilities#10 4000 On-ground concrete 2011
10 Facilities#2 6000 On-ground steel 1979
11 Facilities#3 10000 On-ground concrete 1985
12 Facilities#4 4000 On-ground concrete 1996
13 Facilities#4 2000 On-ground concrete 1996
14 Facilities#5 4000 On-ground concrete 1995
15 Facilities#5 1000 On-ground concrete 1992
16 Facilities#8 10000 On-ground concrete 2010
17 Facilities#8 10000 On-ground concrete 2020
18 Facilities#RF2 10000 On-ground concrete 2010
19 Facilities#RS2 15000 On-ground concrete 2010
20 Facilities#RS3 5000 On-ground concrete 2006
21 Facilities#1 300 Elevated steel 1962
22 Facilities#1 1500 Elevated concrete 1957
23 22 Bahman St. 1500 Elevated concrete 1957
24 Natanz St. 1500 Elevated concrete 1957
25 Big Finn 250 Elevated steel 1961

Table 3. Characteristics of water pump stations

Network Emergency Construction

No. Station name gy Destination Number of power power

(L/s) pumps (kW) (kW) year
1 Facilities#1 100 Elevated tank 6 140 175 1995
2 Facilities#2 70 Network 2 50 50 2007
140 Facilities#6 2 120 - 1997

3 Facilities#4
200 Network 4 200 - 1997
4 Moraub 35 Sanaye tank#2000 1 100 - 2007

acilities

Water and Wastewater
%

Vol. 37, No. 6, 2027
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* Field data collection:
STEP 1 Wells, storage tanks, and pump stations (location, capacity, age, condition)
5
 Seismic hazard scenario:
STEP 2 DBE: 475-year return period/MCE: 2475-year
* Fragility selection & modification factors:
Empirical (wells/ground tanks/pumps) + Analytical (elevated concrete tanks)
STEP 3 Modification factors: design code and degradation factors
~
* Damage probability and sensitivity analysis:
STEP 4 P[dsi] for five damage states — DR, — One-at-a-time sensitivity analysis
* Validation & comparison:
STEP 5 ALA database and Iranian independent studies
J
¢ Final loss estimation and risk maps:
STEP 6 Mean damage probabilities & DR, under DBE/MCE, spatial risk maps
~
« Mitigation prioritization:
STEP 7 Seismic anchorage, retrofitting or reconstruction recommendations
J

Fig. 4. Flowchart of the proposed seismic loss estimation methodology

Typically, the accuracy of an empirical fragility model is
evaluated by comparing its predictions with field
observations from past earthquakes. However, the
limited occurrence of large earthquakes near urban areas
has resulted in a scarcity of regions that can be
accurately assessed through earthquake modeling.
Consequently, analytical and expert-based techniques are
often employed to develop fragility curves. Analytical
fragility curves are derived from structural seismic
responses using advanced analysis models, such as
incremental dynamic analysis (Alam et al., 2023). A
primary limitation of analytical methods is the
substantial computational resources required to generate
fragility functions.

Lognormal distributions are generally employed to
represent fragility functions for water system
components, quantifying the likelihood that a particular

Water and Wastewater

damage state will be reached or exceeded at a given
intensity measure level. For more complex assets, these
functions can be assembled through fault-tree analysis
that combines the fragility curves of individual
subcomponents (Porter and Ramer, 2012; Terzic and
Villanueva, 2021). Each fragility curve is defined by a
median intensity (i) and a dispersion parameter () that
describes the uncertainty in the estimate of the median
value, the latter being the logarithmic standard deviation
of the intensity measure. Consequently, the vulnerability
model expresses the probability of being in or exceeding
each discrete damage state (ds;) via the cumulative
distribution shown in Equation 1

) 1 X
P(DS >dsi|IM=x) = q{— m(—ﬂ (1)
B \u

& Vol 37, No. 6, 2027
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Table 4. PGA fragility functions for water system components (FEMA, 2022)
Damage state
Component Slight Moderate Extensive Complete
Median(g) p Median(g) P Median(g) B Median(g) p
Water well 0.15 0.75 0.36 0.65 0.72 0.65 1.50 0.80
On-ground concrete tank 0.25 0.55 0.52 0.70 0.85 0.60 1.64 0.70
On-ground steel tank 0.15 0.70 0.35 0.75 0.68 0.75 0.95 0.70
Elevated steel tank 0.18 0.50 0.55 0.50 1.15 0.60 1.50 0.60
Pump station, small 0.15 0.70 0.36 0.65 0.66 0.65 1.50 0.80
Table 5. Spectral displacement fragility functions for elevated concrete tanks
Component Damage state N(Ilendlila)n Dlsp(%swn
Slight 19 0.50
Elevated Moderate 33 0.53
concrete tank Extensive 59 0.60
Complete 125 0.69
Where tanks maintaining at least 80% capacity during seismic

X represents the seismic intensity measure such as PGA.
The dispersion parameter, B, is expressed in terms of
randomness (B;) and uncertainty (B,) components
(Kennedy et al., 1980). To account for uncertainty, the
dispersion parameters for both the earthquake hazard and
the component are combined into a total dispersion
estimate using Equation 2, which is used throughout the
evaluation

Biow =/ Bi +B; )

The probabilities of being in various DS are then
calculated using equations 3 to 7 following the HAZUS
methodology (FEMA, 2022)

P(DS = None)=1-P(DS > Slight) 3)
4
P(DS = Slight) = P(DS > Slight) - P(DS > Moderate)
()
P(DS = Moderate)= P(DS > Moderate)- P(DS > Extensive)
(6)

P(DS = Extensive) = P(DS > Extensive) - P(DS > Conplete)
P(DS = Complete) = P(DS > Collapse) N

The HAZUS methodology assumes general seismic
anchorage for equipment and subcomponents within
water wells. It also provides fragility functions for both
on-ground (concrete or steel) and elevated steel tanks.
These fragility curves are applicable to liquid storage

O Water and Wastewater
&' vol. 37, No. 6,2027

events. For on-ground tanks, unanchored fragility
functions were utilized, reflecting the common
construction practice observed in the study area. For
elevated concrete tanks lacking empirical fragility
relationships that align with the defined DS, analytical
models developed by Amin et al., (2021), accounting for
full-reservoir conditions, were implemented.
Furthermore, pump stations were categorized based on
whether their subcomponents (such as mechanical and
electrical equipment) were anchored or unanchored.
Based on visual site assessments, the subcomponents
were determined to be unanchored.

Table 4 summarizes the median values and
dispersions of the empirical fragility functions for
various DS associated with water wells, unanchored on-
ground tanks, elevated steel tanks, and unanchored pump
stations. Fragility parameters for anchored components
can be found in the HAZUS methodology. While Table
5 presents the median and dispersion values for the
analytical fragility functions of elevated concrete tanks,
expressed in terms of spectral displacement, Sq (mm).
The spectral displacement for each location was
determined by converting the spectral acceleration S, (g)
for a specific period T (s) using Equation 8

Sd:248><Sa><T2 ®)

Fig. 5 illustrates the analytical fragility curves for
elevated concrete tanks, which have been modified to
account for SSI effects at higher DS, following the
analysis presented by Rimal et al., (2023).
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Fig. 5. Analytical fragility curves for elevated concrete tanks (full reservoir, 1500 m? capacity) (Amin et al., 2021)

4.2. Modification factors

Iran’s first national seismic regulations were established
by the Plan and Budget Organization in 1964 (Moinfar et
al., 2012), in response to the devastating 1962 Buin-
Zahra earthquake (My, 7.2). The importance of this code
became particularly apparent following the destructive
1990 Rudbar-Manjil earthquake (Mw 7.3), leading to its
broader implementation in structural design. To account
for the potential five-year discrepancy between design
standards and actual construction practices, a fragility
modification factor was applied, following the
methodology outlined in the JICA report (JICA, 2006),
to address variations in seismic design conditions.
Consequently, the water system components were
categorized by their construction period, with
corresponding fragility modification factors reflecting
the applicable seismic design code: 1.0 (post-1995, high-
code), 1.5 (1969-1995, low-code), and 2.0 (pre-1969,
pre-code), as summarized in Table 6.

Component degradation was assessed through a
combination of field surveys and a review of existing
literature (JICA, 2006; Fakhimi and Rahemi, 2014).
Observed deterioration included cracking, inadequate
concrete cover over reinforcement, concrete spalling,
steel corrosion, reduced structural strength, settlement,
and deformation. To quantify the impact of progressive
aging, degradation-induced fragility modification factors
were established: 1.0 (representing minor degradation),
1.5 (moderate degradation), and 2.0 (severe
degradation), as summarized in Table 7.

4.3. Compounded damage ratio'
To estimate expected direct physical losses, the DRc is
introduced as a single damage parameter. The DRc

! Compounded Damage Ratio (DR.)

Water and Wastewater

index, defined using Equation 9, probabilistically
combines the damage state
probabilities P[dsi] (calculated from Equations 3 to 7)
with corresponding Damage Ratios®> to represent the
most probable damage state of a component under a
given seismic hazard

S
DR, = > DR. ><P[ds~] )
i=2 1 1

Where

DR; values are adopted from Table 8 based on the
HAZUS Inventory Technical Manual (FEMA, 2022). No
losses are associated with damage state 1 (None);
therefore, the summation is from i = 2 to 5. DR, ranges
from 0O to 1 and is further used in Section 5 to compare
expected hydraulic losses across different seismic
scenarios and anchorage conditions.

4.4. Sensitivity analysis of fragility modification
factors

To address the uncertainty in the selected fragility
modification factors, i.e. degradation and design factors
(1.0, 1.5, 2.0), a one-at-a-time sensitivity analysis was
performed following the approach of Gopisetti et al.,
(2021). The modification factor for each component
category was varied independently from -20% to +20%
of the baseline value (in steps of 0.1), while all other
parameters were held constant. The damage probability
was recomputed for each variation. To quantify the
sensitivity, the Normalized Sensitivity Index? is defined

2 Damage Ratios (DR;)
3 Normalized Sensitivity Index (NSI)
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Table 6. Seismic design fragility modification factors (JICA, 2006)

Risk factor Scope Seismic design level Design factor
. Post-1995 High-code 1.0
C"“;gf“"“ 1969-1995 Low-code 15
Pre-1969 Pre-code 2.0

Table 7. Degradation fragility modification factors (JICA, 2006)

Risk factor Scope Degradation factor
. Minor 1.0
Degradanon Moderate 1.5
egree
Severe 2.0

Table 8. DR; for water system components (FEMA, 2022)

Damage state

Component Slight Moderate  Extensive  Complete
Wells and pump 0.05 0.38 0.80 1.00
station
Storage tank 0.20 0.40 0.80 1.00

as the relative change in DR, divided by the relative
change in the input factor, as shown in Equation 10

NSI = ADR;  Fpase

AF DR

(10)

c,base

Where

ADR. is the change in the compounded damage ratio,
DR pase is its baseline value, AF is the change in the
modification factor, and Fuu is its baseline value. This
index provides a practical interpretation of sensitivity by
relating a given percentage change in an input parameter
to the corresponding percentage change in the output
relative to its baseline value. The selected modification
factors are based on observed deterioration from field
surveys and Iran's seismic design code history, providing
locally calibrated adjustments to the fragility functions
(see also Section 4.2). The results of this analysis are
presented in Section 5.

5. Earthquake loss estimation
Following the methodology outlined in Section 4 and
summarized in Fig. 4, this section presents loss estimates
for wells, storage tanks, and pump stations under DBE
and MCE scenarios, considering design levels,
degradation, and anchorage. Results include
component-level losses, sensitivity analysis, hydraulic
loss comparison, and validation against previous studies
and observed data.

Fig. 6 shows the spatial distribution of loss estimates
for water wells across various DS. Under DBE ground
motions, the probabilities of experiencing slight,

O Water and Wastewater
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moderate, extensive, and complete damage increase by
47%, 32%, 8%, and 3%, respectively. For MCE
scenarios, these probabilities increase to 42%, 41%,
20%, and 8% for the same DS. This comparative
analysis reveals that higher-intensity shaking (MCE)
significantly increases the likelihood of moderate,
extensive, and complete DS. Conversely, the
probabilities of no damage and slight damage are higher
under DBE conditions.

As previously outlined, empirical fragility functions
were employed to evaluate seismic damage for the
majority of storage tanks, with the exception of three
elevated concrete tanks #22-24 detailed in Table 2.
These functions were adjusted for design and
degradation influences using correction factors presented
in Tables 6 and 7.

For the three circular tanks featuring concrete
cylindrical ~shafts, FEM-based seismic fragility
functions, accounting for SSI effects, were adapted from
existing research (Amin et al., 2021; Rimal et al., 2023).
Fundamental periods were determined via a single-
degree-of-freedom model, resulting in periods of 0.40 s,
0.51 s, and 0.25 s for elevated tanks #22-24,
respectively, under full reservoir conditions.

Fig. 7-a illustrates the distribution of expected losses
for both on-ground and elevated reservoirs under DBE
conditions. Aging structures demonstrate  high
vulnerability; specifically, on-ground steel Tank #10
exhibits a 31% probability of extensive damage and a
20% risk of collapse, while flexible-based elevated
concrete Tank #23 shows a 57% probability of extensive
damage and a 12% probability of complete damage.




Probabilistic seismic loss estimation for ...

dx.doi.org/10.22093/wwj.2026.578675.3544

SPILE SPRLE
1 1

£ S SIRHUT

"

Legend | __ & o
o Waler Wells

Wells_MCE

3 Sl

I \one
I Slight
[T Moderate
[T Extensive
I Complete
[ T Kashan City™*™]

R L

10 Kikorretare

b)

Fig. 6. Loss estimation map of water wells: (a) DBE, (b) MCE

N
* 8
|
y
0] o]
Legend “° i — * ! 5 5 'e
o Water_Wells gge
7S ~te
Wells_DBF. b A S
- e
I ~one
[ Slight e
|:]Modcmtc
[ Extensive
I Conplete
. EIn-] —— TN
Kashan_Cily
sk e sribve
12 5 < 10 Kilometers
T
a)
s st sare
N
sreare] 4@6 ) é @@ —
-9
Legend @

¢ Storage_Tanks
Storage_Tanks_DBE

(L
3
2e
a

o
@

I None
I Sight
[ Moderate
[ Fxtensive
I Complete

| Kashan_City [Fewsen

2480 N

T T
3112 SYHIE SIBUE
10 3 o 0 Kicrratare

a)

SPRTE
1

w ‘»é"[
Z

5

st [arean

Legend
o Storage Tanks
Storage_Tanks MCE

I Nonc
I Slight |
[ TModerate
[ Fxtensive
I Complete

Kashan_City

s sy

T T
5IE E1260T
1 Glomeders

T
51120

b)

Fig. 7. Loss estimation map of storage tanks: (a) DBE, (b) MCE

Fig. 7-b presents the loss analysis map for storage
reservoirs subjected to MCE ground motions, revealing
increased vulnerability for elevated reservoirs. Notably,
Tanks #10 (43%) and #23 (83%) display the highest
collapse probabilities, signifying critical failure risks
during MCE events. Comparative analysis indicates that
elevated tanks exhibit higher mean probabilities for
severe DS compared to on-ground tanks, likely due to
the combined influence of structural aging and SSI.
Moreover, MCE conditions lead to a significant increase
in structural damage probabilities for moderate,
extensive, and complete states relative to DBE levels.
Conversely, DBE scenarios result in higher probabilities
of slight damage.

Fig. 8 shows the spatial distribution of seismic risks
for pump stations under both DBE and MCE ground

Water and Wastewater

motions. As previously noted, the empirical fragility
functions were modified to account for design and
degradation effects, utilizing the adjustment factors in
Tables 6 and 7. A comparison of the results indicates
that MCE scenarios result in higher mean damage
probabilities than DBE conditions for severe states, often
causing prolonged service disruptions. In contrast, DBE
produces greater probabilities of slight to moderate
damage compared to MCE, affecting operational
efficiency.

Table 9 compares the DR. and mean damage
probabilities for all water system point components
under two distinct seismic hazard levels. As shown,
storage tanks exhibit the highest collapse potential and
functional loss probabilities among all component types.
Under the MCE scenario, elevated tanks show the
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Table 9. Mean damage parameters (%) for water system components under DBE and MCE conditions
Damage state DR
Component None Slight Moderate Extensive Complete ¢
DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE
Water well 18.74 11.39 43.64 3640 29.16 36.32 6.35 11.66 2.10 4.22 204 29.2
On-ground tank  5.68 1.81 4220 18.81 40.01 42.53 8.10 21.72 4.00 15.13 349 533
Elevated tank  5.68  0.00 28.03  0.00 43.39 46.01 18.91 21.89 3.99 32.10 42.1 68.0
Pump station ~ 3.26 1.21 21.71 8.83 58.70 56.54 13.05 25.48 328 7.94 37.1 50.2

highest mean complete damage probability (32.1%) and
the highest DR. (68.0%), confirming their critical
vulnerability under severe ground motions. On-ground
tanks follow with a complete damage probability of
15.1% and DR of 53.3%, while pump stations show
lower values (7.9% and 50.2%, respectively).

Water wells exhibit the lowest vulnerability, with a
mean complete damage probability of approximately 4%
and a DRc of 29.2% under MCE. Under DBE
conditions, elevated tanks again show the highest DR,
(42.1%) and the highest slight damage probability
(60.0%), while on-ground tanks show a complete
damage probability of 4.0% and water wells show the
lowest DRc: (20.4%). These results highlight the
significant influence of seismic intensity on the expected
performance of water system components, with elevated
tanks consistently showing the highest vulnerability
across all DS.

The damage analyses were carried out for both
anchored and unanchored on-ground tanks and pump
stations, underscoring the importance of seismic
anchorage in loss assessments. Fig. 9 presents a
comparison of mean damage probabilities for water
system components under anchored versus unanchored

Water and Wastewater
Vol. 37, No. 6, 2027

Q

conditions for both DBE and MCE demands. The results
reveal that elevated storage tanks and unanchored on-
ground tanks are the most susceptible to collapse and
functional loss among all component types.

Table 10 further quantifies these findings by
comparing mean damage parameters for anchored versus
unanchored conditions. The results demonstrate that
unanchored on-ground tanks under MCE show
substantially higher DR, (53.3%) and complete damage
probability (15.1%) compared to anchored conditions
(40.3% and 5.5%, respectively). Similarly, unanchored
pump stations under MCE exhibit higher DR. (50.2%)
compared to anchored ones (45.7%). The most
pronounced differences between anchored and
unanchored conditions are observed for on-ground tanks
under MCE, where the complete damage probability
increases by approximately threefold in the absence of
anchorage, and for pump stations under DBE, where the
moderate damage probability increases from 36.7%
(anchored) to 58.7% (unanchored). Consistent with the
visual comparison in Fig. 9, these findings confirm that
proper seismic anchorage effectively reduces potential
losses in these facilities. Additional risk mitigation
strategies exist, including retrofitting measures that can
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Table 10. Mean damage parameters (%) for unanchored and anchored components
Damage state
Earthquake . . DRc
Component scenario None Slight Moderate Extensive Complete
Unanch. Anch. Unanch. Anch. Unanch. Anch. Unanch. Anch. Unanch. Anch. Unanch. Anch.
On-ground DBE 5.68 12.84 4220 53.15 40.01 2942 8.10 333 4.00 127 349 263
tank MCE 1.81 4.10 1881 30.86 42.53 4736 21.72 12.18 15.13 549 533 403
Pump DBE 326 6.86 2171 40.10 5870 36.70 13.05 13.05 3.28 328 37.1 29.7
station MCE 121 341 883 19.99 56.54 43.18 2548 2548 794 794 502 457

A
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Table 11. NSI to fragility modification factors
Factor variation DR. range DR variation
Component DRcpbase . NSI
(%) (min-max) (%)
Elevated tank 0.421 +20 0.383-0.457 +9 0.43
On-ground tank 0.349 +20 0.305- 0.390 +12 0.60
Pump station 0.371 +20 0.302- 0.424 +18 0.88

Table 12. Compounded DR; (%) for all component types

Fallah-Aliabadi et al.,

W/O factors With factors Eskandari et al., (2024)
o (2020)
(Sorgoents - (CondtT Independent Dependent
DBE MCE DBE MCE  Scenariol Scenario2 T o
Well - 20.4 292 - - - - 25.6 78.7
Elf:fﬁed - 203 397 421 680 28.5 36.2 13.0 97.0
On-ground  Unanch. 264 41.2 349 533 28.5 36.2 13.0 97.0
tank Anch. 18.6 31.0 26.3  40.3 28.5 36.2 2.4 36.5
Pump Unanch. 30.6 44.0 37.1 50.2 - - 22.1 100
station Anch. 244 374 29.7 457 - - 4.6 77.9
Table 13. Expected hydraulic service loss under DBE and MCE scenarios
Component Hydraulic Total DR (%) Expected loss Increase
P parameter capacity MCE DBE MCE factor
Water well Discharge (L/s) 1100 29.2 224 321 1.43
Elevated tank Capacity (m?) 5050 68.0 2319 3888 1.68
On- d tank
TBrOUREIANS - Capacity m®) 101000 533 35279 50274 1.42
Unanchored
P tati
YR SO Copacity (Ls) 545 50.2 223 308 1.38

Unanchored

further enhance resilience. However, for outdated wells,
low-seismic standard installations, and pre-code storage
tanks, reconstruction may be more economical than
rehabilitation, as upgrade costs can exceed replacement
expenses.

Fig. 10 shows the standard deviations of damage
probabilities for the water system components,
considering the seismic hazard levels of DBE and MCE.
These standard deviations were calculated using the
same dataset employed for determining the mean
probabilities linked to specific DS. It is evident that the
standard deviation for each damage state is lower than
the corresponding mean probability. Overall, the highest
standard deviations were found for elevated tanks and
unanchored on-ground tanks.

The results of the sensitivity analysis indicate that
pump stations exhibit the highest sensitivity, with DR
ranging from 0.30 to 0.42 (a £18% variation around the
baseline estimate of 0.37). Ground-supported tanks show
moderate sensitivity (£12%), while elevated tanks show
lower sensitivity (£9%). For elevated tanks, the NSI is
0.43, meaning that a 10% increase in the modification
factor leads to a 4.3% increase in damage ratio. This

Water and Wastewater

NSI, being less than 1.0, confirms that the results are not
overly sensitive to the exact choice of modification
factors. However, the higher sensitivity of pump stations
suggests that future studies should prioritize more
accurate degradation and design factor assessments for
this component type. Table 11 summarizes the
sensitivity analysis results for all component types under
the DBE scenario, which is selected as the representative
hazard level for this analysis.

5.1. Validation and comparison
Table 12 compares compounded DR; for all components
with two previous Iranian studies (Fallah-Aliabadi et al.,
2020; Eskandari et al., 2024). The comparison shows
reasonable agreement within +10% for most
components. Our method yields higher estimates than
independent loss models (which ignore degradation and
design factors) but lower than dependent loss models
(which account for interdependencies), confirming that
the degradation-factor approach provides a reasonable
and balanced estimate.

According to ALA, (2001), elevated concrete tanks
experience moderate damage (spalling at joints) at PGA

N Vol. 37, No. 6, 2027
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0.2-0.3g, with less than 5% collapse probability at PGA
0.4-0.5g. Our results show similar agreement: DR, at
DBE is 42% (with fragility modification factors) and
20% (without factors) at ~0.3g; DR, at MCE is 68%
(with factors) and 41% (without factors), corresponding
to collapse risks of 32% and 6%, respectively, at ~0.4g.

Comparison with SRMLIFE (Pitilakis et al., 2014)
shows that HAZUS estimates higher probabilities of
slight-to-extensive damage, whereas SRMLIFE predicts
substantially higher complete damage probabilities
(Tahghighi and Ghafoori, 2023). For wells under MCE,
the complete damage probability is 4% according to
HAZUS, compared to 15% for SRMLIFE. SRMLIFE's
distinction between low-code and high-code seismic
design levels is particularly relevant for Kashan's wells,
a significant number of which were constructed before
1995. Given the lack of local empirical validation, a
hybrid conservative approach could be considered for
risk management applications, adopting the higher
damage probability from either model for each damage
state, as proposed in the same reference.

While the above comparisons provide reasonable
validation, full validation with empirical damage data
remains a future need. Large earthquakes near Kashan
are rare, and empirical data for direct calibration are
currently unavailable. Subsequent research should
prioritize the collection of post-earthquake damage data,
site-effect microzonation, and fault-rupture
considerations to further validate and refine the fragility
functions used in this study.

5.2. Hydraulic service loss comparison

To further interpret the DR values in terms of expected
hydraulic service loss, Table 13 presents the comparison
of flow and volume losses across DBE and MCE
scenarios. As shown in Table 13, elevated tanks exhibit
the highest increase in expected service disruption under
MCE conditions (1.68-times), followed by water wells
(1.43-times), on-ground tanks (1.42-times), and pump
stations (1.38-times). These results highlight the
disproportionate vulnerability of elevated storage
infrastructure under stronger ground motions, providing
valuable insights for seismic risk mitigation planning in
Kashan's water system.

Overall, the results indicate that elevated tanks are
the most vulnerable components, while anchorage
significantly reduces losses. The sensitivity analysis
confirms that the results are robust to variations in
modification factors, and the validation exercise supports
the reliability of the proposed methodology.

6. Conclusions

This study presented a comparative seismic risk
assessment for water system components, including
wells, storage tanks (on-ground and elevated), and pump
stations, in Kashan, Iran. The fragility analysis combined

empirical HAZUS functions with analytical models,
supported by field observations. Vulnerability
assessments accounted for seismic anchorage, design
code levels, and degradation effects through
modification factors, yielding damage distributions
across five states under DBE (475-year) and MCE
(2475-year) scenarios. The DR. was introduced as a
single index to quantify expected physical and hydraulic
losses. Key findings are as follows:

e Elevated tanks are the most vulnerable, with the
highest DR, (0.421 under DBE; 0.680 under MCE) and
complete damage probability (4.0% under DBE; 32.1%
under MCE).

e On-ground tanks and pump stations show
moderate vulnerability, with DR, values of 0.533 and
0.502 under MCE, respectively, while wells show the
lowest DR; (0.292).

e MCE scenarios cause severe damage and
prolonged disruptions, while DBE scenarios result in
slight to moderate damage, consequently impacting
operational efficiency.

e Unanchored components show significantly
higher losses; anchorage effectively reduces DR, and
damage probabilities.

e Elevated tanks experience the highest increase
in service disruption under MCE (1.68-fold), followed
by wells (1.43-fold), on-ground tanks (1.42-fold), and
pump stations (1.38-fold).

e Mitigation should prioritize elevated tanks,
followed by on-ground tanks, with anchorage,
retrofitting, or reconstruction as key measures.

The findings support targeted risk mitigation
strategies for Kashan and provide practical guidance for
other seismically active regions. Future research should
prioritize empirical validation using post-earthquake
damage data, site-effect microzonation, and fault-rupture
considerations to further refine fragility functions and
improve loss estimation.
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