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Abstract. Using the peak ground acceleration (PGA) under
four exceedance probabilities calculated via a probabilistic
seismic hazard analysis method for China, the probability
density function of PGA was obtained by fitting with the
Cornell seismic hazard exceedance probability PGA func-
tion model. Combined with the seismic fragility function of
the water supply system calculated on the basis of the empir-
ical matrix of actual earthquake damage and the exposure of
fixed assets, the expected seismic loss and expected loss rate
models of the water supply system were established, and the
classification standard with the expected seismic loss rate of
the water supply system as the index was proposed. The seis-
mic fragility of the water supply system was classified, and
the exposure of the water supply system was analyzed. The
total fixed assets in the Statistical Yearbook of Urban Wa-
ter Supply, henceforth called Water Supply Yearbook, were
taken as the exposure to earthquake in the region. The accu-
racy of the fragility model in this paper was verified through
the actual earthquake damage losses in Deyang. Taking the
water supply system of 720 cities in mainland China as an
example, the distribution maps of expected seismic loss and
expected loss rate were calculated and drawn. The expected
loss rate model was verified by the key earthquake prevention
areas in mainland China. The assessment model based on the
expected loss and expected loss rate was taken as the seismic
risk assessment model of water supply systems in mainland
China.

1 Introduction

Today, with the advancements in modern society and the
steady development of infrastructure systems, the increas-
ing number of earthquake disasters around the world poses
a huge threat to urban water supply systems. An estimated
40 % of the main cities in China are located near major earth-
quake zones, with 17 % facing high risk; overall, 55 % of
cities may suffer serious disasters (Gao, 2020). The urban
water supply system, as an important component of civil en-
gineering, and the emergency rescue system in lifeline engi-
neering are called “lifelines”. Therefore, to ensure the nor-
mal operation of lifelines after an earthquake, governments
should increase investment in and management of these life-
lines (Nigg, 1998). Once the water supply system is dam-
aged by an earthquake, not only can it not meet the normal
water supply for residents, but also it cannot provide wa-
ter for emergency rescue departments and for the preven-
tion of the spread of fires. At the same time, the inability
of enterprises to use production water can also lead to indi-
rect economic losses. In 1994, the 6.6 magnitude Northridge
earthquake in the United States caused widespread rupture
of over 1400 Los Angeles water supply pipelines, of which
100 were located on the main water supply network (Han,
2002). In 1995, the 7.3 magnitude Kobe earthquake in Japan
caused damage to 1610 of the main water supply systems
in the earthquake area, resulting in water supply interrup-
tions for 80 % of users in nine cities, damaging 90 % of wa-
ter supply facilities in the Kobe area of Osaka and caus-
ing leaks in 120000 underground water supply pipelines.
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At the same time, the interruption of the water supply also
seriously hindered firefighting work (He, 2009). The power
failure of the Fukushima nuclear power plant caused by the
11 March 2011 earthquake in Japan led to the failure of the
water supply system, which caused a nuclear reactor melt-
down. The 1976 Tangshan earthquake resulted in the paral-
ysis of the city’s water supply system, with a pipeline dam-
age rate of 4 per kilometer. A total of 332 main networks
in Tanggu District were damaged, and after half a month of
emergency repair, only 50 % of the water supply capacity
was restored (Han, 2002). The water supply system of Mi-
anzhu suffered devastating damage in the 2008 Wenchuan
earthquake of 8.0 magnitude (Institute of Engineering Me-
chanics and CEA, 2009). Research has shown that the indi-
rect economic losses caused by water supply interruptions
are often dozens of times greater than the direct economic
losses caused by earthquake damage in the water supply sys-
tem (Brozovic et al., 2007). Therefore, it is a matter of impor-
tance and urgency to build a seismic risk assessment model
for regional and urban water supply systems in order to pro-
vide a decision-making basis for both government and busi-
ness sectors.

In the 1984 UNESCO research plan (Jiang et al., 2022),
Varnes proposed a definition of natural disasters and risks,
which has been widely recognized by experts in the field of
natural disaster research, both domestically and internation-
ally. The basic model of earthquake (disaster) risk assess-
ment also conforms to this definition. At present, scholars at
home and abroad have different definitions of the concept of
earthquake disaster risk. The commonly used term of “earth-
quake disaster risk” refers to (i) the possibility of damage and
loss to buildings (structures) or lifeline projects in specific ar-
eas within a certain time limit in the future, as well as (ii) the
possibility of loss of life and/or property and losses for the
national economy, etc., which can be expressed as

R=f(H,E,V).

Considering the impact of the site conditions, the above
equation can be further expressed as

R=H-E-V-S,

where R is the risk of earthquake (disaster), referring to the
potential losses caused by future earthquakes; H is the seis-
mic hazard, which refers to the probability of future earth-
quakes occurring within a certain region and within a spe-
cific period of time; E is the value of the disaster-bearing
body or social wealth, which refers to the exposure level of
the disaster-bearing body (including buildings, lifeline engi-
neering, population, property, etc.) threatened by earthquakes
in a given area; V is the vulnerability of the disaster-bearing
body under earthquake action, or the loss rate of the disaster-
bearing body under different earthquake intensities, which
can be represented by a number between 0 and 1 (0 repre-
sents no loss; 1 represents complete loss); and S is the site
impact coefficient.
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The risk assessment research in this paper was based on
three elements of earthquake disaster risk — seismic haz-
ard, vulnerability of disaster-bearing body, and asset expo-
sure — to establish a risk assessment model based on the ex-
pected loss rate of the water supply system. Based on this
approach, we carry out data collection, organization, model-
ing and other work. The flowchart of seismic risk assessment
for water supply systems is shown in Fig. 1.

2 Basic database for risk assessment

The risk assessment data involved in this study include re-
gional basic data of the water supply system, including five
categories. The first category is the material of the water sup-
ply pipeline network extracted from the Water Supply Year-
book (China Urban Water Supply and Drainage Association,
2009-2018). The second category is the urban basic fortifica-
tion intensity extracted from the “Seismic Code” (GB50011-
2010 Code for seismic design of buildings, 2010). The third
category is the urban population, the GDP and other data ex-
tracted from the national census (National Bureau of Statis-
tics of China, 2011), which have been processed to provide
an urban classification. The fourth category is site classifica-
tion. The fifth category is seismic hazard data extracted from
the “Fifth-Generation Zonation Map” (GB18306-2015 Seis-
mic ground motion parameter zonation map of China, 2015).
These basic data cover 720 cities in 31 provinces and au-
tonomous regions excluding Taiwan, Hong Kong SAR and
Macau SAR.

(1) Water supply systems

This paper is mainly based on the pipeline material data from
the 2018 Water Supply Yearbook and collects data on the
length of five pipeline materials, namely, ductile cast iron
pipe, steel pipe, cast iron pipe, prestressed reinforced con-
crete pipe and plastic pipe. At present, data from a total
of 720 cities have been compiled. Although the data cover
31 provinces and cities in mainland China, there are differ-
ences in data coverage for each province. The western region
does not have as complete data as the eastern region, e.g.,
Qinhai and Tibet, which only have data for one city each.

(2) Fortification intensity data

This paper extracts the seismic fortification intensities of
720 cities that have been organized in the “Seismic Code”.

(3) City category data (population and GDP)

We extracted urban category data based on the urban popula-
tion and GDP data from the Sixth National Population Cen-
sus released by the national statistics department. The city
categories of 720 cities were determined through data pro-
cessing methods.
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Figure 1. Flowchart of seismic risk assessment for water supply systems.

(4) Site category data

In the national site classification database established using
the back propagation (BP) neural network site classification
method (Allen and Wald, 2007; Shi, 2009; Yu and Ma, 2020),
720 site categories representing the water supply system of
cities were extracted.

(5) Seismic hazard data

According to the potential source area division scheme, the
seismicity parameter scheme and the ground motion param-
eter attenuation relationship that were determined, the peak
acceleration agr under four different exceedance probabil-
ity levels of basic ground motion, frequent ground motion,
rare ground motion and extremely rare ground motion in the
I site category of grid-averaged distribution sites nation-
wide was given using the probabilistic seismic hazard anal-
ysis method and the basic database of the Fifth-Generation
Zonation Map. The grid density is 0.1° x 0.1°. This paper
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Table 1. Seismic hazard data for the city of Heyuan (raw data of
four probability control points).

50-year exceedance probability 63% 10 % 2% 0.5%

PGA (gal) 196 1716

1724  296.6

extracted seismic hazard data for government residences in
720 cities from the database. Taking the city of Heyuan as an
example, raw data on seismic hazard are presented in Table 1.
The probability density function of the peak ground acceler-
ation (PGA) of 720 cities was calculated by the piecewise
fitting method of the seismic hazard curve.

Among the five types of data in the aforementioned
databases, the water supply network data from the Water Sup-
ply Yearbook, the seismic fortification intensity of the seis-
mic code, and the population and GDP data from the census
do not require complex processing for this study. However,
the site category data need to be analyzed for accuracy and

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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Table 2. Basic data of water supply network in the city of Heyuan.

T. Yu et al.: Study on seismic risk assessment model of water supply systems in mainland China

(@)
City Province City Province Longitude Latitude Site City Fortification
code code category  category intensity
441600 440000 Heyuan Guangdong 114.692 23.7367 II 3 7
(b)
Pipe category Ductile  Steel Plastic  Prestressed Cast
cast pipe pipe reinforced  iron
iron concrete pipe
pipe pipe
Pipe length of water ~ 48.96  84.23  289.16 41.3 15

supply network
(km)

Table 3. Seismic damage rates of different pipeline materials in the
Haicheng earthquake (location per 10 km).

City Steel  Asbestos Cast
pipe  cement iron

pipe pipe

Panshan (VII) 70.0 13.0 16.0
City of Yingkou (VIII) 114.0 20.0 10.6
Yingkou (IX) 21.0 70.0 12.3
Haicheng (IX) 157.0 90.0 212.0

usability, and the seismic hazard data need to be processed
using seismic hazard analysis methods for this study. Taking
the basic data of Heyuan as an example, the database struc-
ture is shown in Tables 1 and 2.

This study collected seismic damage data from cities such
as Haicheng, Tangshan and Wenchuan (Institute of Engineer-
ing Mechanics and CEA, 1979; Institute of Engineering Me-
chanics, 2009) and classified, organized and calculated the
seismic damage matrices of water supply pipelines, water
tanks and pump houses according to the city classification
and seismic damage data. A database of seismic damage data
for water supply systems was then established.

After sorting, the seismic damage rates of different materi-
als of water supply pipelines in the Haicheng earthquake are
shown in Table 3. The water supply pipeline materials are
mainly cast iron pipes.

The seismic damage rates of the water supply pipelines
in the Tangshan earthquake are summarized in Table 4. Wa-
ter supply pipelines include cast iron pipes, prestressed re-
inforced concrete pipes, steel pipes and self-stressing rein-
forced concrete pipes, with cast iron pipes accounting for the
largest proportion.

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024

Table 4. Seismic damage rates of water supply network in the Tang-
shan earthquake (location per km).

City Pipe  Diameter Average
length (mm) damage rate

(km) (location per km)

Tianjin (VII-VIII) 870  75-1000 0.18
Tanggu (VIII) 79.5 75-600 4.18
Hangu (IX) - - 10
Tangshan (IX-X) 111 75-600 4

Table 5. Seismic damage rates of water supply pipelines in the
Wenchuan earthquake (location per 10 km).

Seismic Steel Cast Cement PE Ductile PVC
intensity pipe iron pipe  pipe cast pipe
pipe iron
pipe
VI 0 1.50 0 0 0 0
Vil 0.60 12.90 830 3.00 0.34 6.14
VIII 22.30 40.00 20.36  8.00 1.20  25.00

After sorting, the seismic damage rates of various pipes
in the water supply network in the Wenchuan earthquake are
shown in Table 5.

2.1 Water reservoirs (clean water reservoirs and water

treatment reservoirs)

We compiled seismic damage data for 200 clean wa-
ter reservoirs and 124 water treatment reservoirs in the
Haicheng earthquake, the Tangshan earthquake, the west
Baotou earthquake, the Yutian—Cele earthquake in Xinjiang,
the Wenchuan earthquake and the Yushu earthquake (Gao et
al., 2012). The seismic damage statistics are shown in Ta-
bles 6 and 8; the seismic damage matrix of the clean water

https://doi.org/10.5194/nhess-24-803-2024
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Table 6. Statistics for seismic damage of clean water reservoirs.

807

Table 8. Statistics for seismic damage of water treatment reservoirs.

Damage level Basically  Slight ~ Moderate  Severe  Destroyed Damage level Basically  Slight  Moderate  Severe  Destroyed
intact damage  damage  damage intact damage  damage  damage
Total (seats) 156 15 12 14 3 Total (seats) 97 8 10 8 1

Table 7. Seismic damage matrix of clean water reservoirs (%).

Table 9. Seismic damage matrix of water treatment reservoirs (%).

Seismic  Basically Slight Moderate  Severe  Destroyed Seismic  Basically Slight Moderate  Severe Destroyed
intensity intact damage damage damage intensity intact damage damage damage

VI 85 15 0 0 0 VI 92 7 1 0 0
Vil 76 19 5 0 0 viI 64 21 12 3 0
VI 19 29 33 15 4 VIII 33 26 22 13 6
IX 8 12 43 28 9 IX 0 0 35 45 20
X 0 0 25 45 30

reservoirs and of the water treatment reservoirs is shown in
Tables 7 and 9.

2.2 Pump station buildings

This paper uses the seismic damage matrix of pump station
buildings obtained through actual seismic damage statistical
analysis as the basic seismic damage data for the fragility
curves. The seismic damage matrix of pump station buildings
can be found in the literature in the publication Research on
New Techniques for Evaluating the Loss of Large Earthquake
Disasters in Water Supply Systems (Institute of Engineering
Mechanics and China Earthquake Administration, 2013).

The above data constitute the basic database for seismic
risk assessment of water supply systems.

3 Seismic risk assessment model based on expected loss
(rate)

The expected seismic loss is expressed by the coupling of
three factors: seismic hazard, structural vulnerability and so-
cial wealth (Chen et al., 1999); as an expression of earth-
quake disaster risk, the expected seismic risk loss (rate) refers
to the intersection of seismic hazard, structural vulnerability
of water supply system facilities and total fixed assets of wa-
ter supply systems in a certain region during a specific period
of time in the future.

3.1 Seismic hazard

The process of seismic hazard probability analysis includes
complex earthquake repetition models and earthquake mo-
tion prediction models, but the expression of seismic hazard
analysis results is not complex and is generally represented
by seismic hazard curves. The seismic hazard curve should
provide an exceedance probability curve for the ground mo-
tion parameters, which is the probability of exceeding the
given ground motion parameter value on the probability dis-
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tribution curve. The seismic hazard curve is determined by
the potential source and the attenuation law of ground motion
parameters. In this paper, the probability density function of
peak ground acceleration (PGA) was calculated by using the
piecewise fitting method of seismic hazard curves.

The relationship between the seismic hazard function
H;(a) of the engineering site and the PGA a is (Cornell,
1968)

Hi(a) =1 —exp (k;,tak”) , (1)
where a is the PGA, t is time (year), and k; and kg are the
parameters of the seismic hazard curve.

This paper used certain designated control points for
piecewise fitting of the seismic hazard curve, while the ex-
ceedance probability of the other PGA parameters was ob-
tained from the seismic hazard curve.

The probability seismic hazard analysis method compiled
by the Fifth-Generation Zonation Map was used to calculate
the annual exceedance probability of the PGA of the rock
site in Mengzi, Yunnan Province (Wen, 2017), as shown in
Table 10.

The corresponding relationship between the PGA of four
control points of a rock site in Mengzi and the exceedance
probability in different timescales is shown in Table 11.

According to Table 11, the parameters of the 1-year seg-
mented seismic hazard function for the rock site in Mengzi
were fitted using the least squares method, as shown in Ta-
ble 12. The data in Table 10 and the fitted 1-year seismic
hazard curve for the rock site were plotted in the same coor-
dinate system, as shown in Fig. 2.

From Fig. 2, it can be seen that the seismic hazard curve
obtained by the piecewise fitting method is basically consis-
tent with the seismic hazard calculation points obtained by
the Fifth-Generation Seismic Zonation Map method. When
the PGA is small, the annual exceedance probability will be
overestimated. In fact, when the PGA is small, the water sup-
ply system is basically in good condition, and its loss ratio
is 0. Even if the exceedance probability is overestimated, the

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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Table 10. Peak ground acceleration (PGA) of a rock site in the city
of Mengzi: annual exceedance probabilities.

PGA Annual PGA Annual PGA Annual
(gal) exceedance (gal)  exceedance  (gal)  exceedance
probability probability probability
1 4.12x 107! 60 687x1073 200 1.46x10~4
5 327 x 107! 70 4.68x1073 250 5.31x1073
10 1.58 x 107! 80 3.29x1073 300 2.02x107°
15 9.31 x 1072 90 238x1073 350 7.85x107°
20 6.02x1072 100 1.74x1073 400 2.98 x 107°©
30 299x 1072 125 8.64x107% 450 1.11 x107©
40 1.70x 1072 150 4.60x10™% 500 3.95x 10~
50 1.05x1072 175 255x107% 600 2.33x10°8

Table 11. Peak ground acceleration (PGA) of a specific rock site in
the city of Mengzi: exceedance probabilities.

PGA (gal) 37.92 9431 156.80 224.76
1-year exceedance probability 1.97 % 021% 0.04% 0.01%
10-year exceedance probability 18.03 % 208% 040% 0.10%
50-year exceedance probability 63.00% 10.00% 2.00% 0.50%
100-year exceedance probability 86.31% 19.00% 3.96% 1.00%

accuracy of the seismic risk analysis results of the water sup-
ply system will not be affected. Therefore, it is feasible to
obtain seismic risk curve parameters in different regions of
mainland China by piecewise fitting of four control points
given in the Fifth-Generation Zonation Map (GB18306-2015
Seismic ground motion parameters zonation map of China,
2015).

The ratio relationship between the PGA corresponding
to the 50-year exceedance probability of 63 %, the 50-year
exceedance probability of 2 %, and the annual exceedance
probability of 10~* and the basic ground motion PGA (50-
year exceedance probability of 10 %) is very complex, and
its spatial distribution has a strong correlation with the dis-
tribution of potential source areas, which is mainly affected
by the seismotectonics environment, and the ratios in dif-
ferent regions vary greatly (Gao and Lu, 2006; Lei et al.,
2010). Therefore, it is not possible to directly use the PGA
(0.05, 0.1, 0.15, 0.2 0.3 g) corresponding to the 50-year ex-
ceedance probability of 10 % of the specific sites in the Fifth-
Generation Zonation Map to calculate the PGA under the
other three exceedance probabilities in a fixed proportion.
Instead, based on the basic database of the Fifth-Generation
Zonation Map, further analysis and processing are conducted
on the actual calculated seismic hazard data (using China’s
Probabilistic Seismic Hazard Analysis (CPSHA) method)
extracted from the database.

Since the PGA provided in the Fifth-Generation Zonation
Map is under a specific site category, it is necessary to ob-
tain the PGA under the corresponding site category by in-
terpolation and transformation according to the actual site
category of the city using the method provided in the Fifth-

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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Figure 2. Seismic hazard curve of 1-year rock site in the city of
Mengzi.

Generation Zonation Map. This paper collected seismic haz-
ard data (four control points) and actual site categories of
720 cities in mainland China.

By using the relationship between the cumulative distribu-
tion function (CDF) and the exceedance probability, the func-
tional relationship between the CDF C;(a) and the PGA a
can be obtained as follows:

Ci(a) =1 — Hy(a) = exp (kbtakﬁ) . )

The probability density function (PDF) of PGA can be ob-
tained by calculating the first derivative of the CDF; that is,
the functional relationship between f;(a) and the PGA a is

fi(@) = exp (kbmkﬂ) kptkpy-akinL 3)

Based on the above method, the relevant parameters of the
PDF f;(a) of the PGA of 720 cities at 10-, 50- and 100-year
scales under the actual site categories are calculated, and a
seismic hazard database that can be used for the seismic risk
assessment model is formed. This paper lists the parameters
of segmented seismic hazard functions at 10-, 50-, and 100-
year scales for the actual site categories of three typical cities,
as shown in Table 13. The seismic hazard curves of four typ-
ical cities are plotted in Figs. 3-6.

3.2 Seismic fragility analysis of water supply facilities

The main purpose of seismic fragility analysis is to establish
the relationship between the probability of water supply sys-
tem facilities reaching or exceeding different seismic damage
levels and ground motion parameters (intensity or PGA). The
main methods include earthquake damage investigation, the-
oretical analysis and experimental analysis.

The water supply system facilities mainly include the wa-
ter supply pipeline network, the water pool and the pump

https://doi.org/10.5194/nhess-24-803-2024
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Table 12. Parameters of seismic hazard function in the city of Mengzi.
City Fortification Site Segmentation 1-year scale
intensity classification kg kp
VII First segment —2.47 —156.2
Mengzi I Second segment  —3.26 —5841.5
Third segment —-3.85 —113627.1
Table 13. Parameters of seismic hazard function for example cities.
City Site  Segmentation 10-year scale 50-year scale 100-year scale
ky kp ku kp ke kp
First segment -176 —3.00x 107> -1.76  —3.00x 107> -1.76  —3.00x 107>
Heyuan 1T Second segment —1.86 —2.37 x 107 —1.85 —240x107° —1.85 —240x107°
Third segment ~ —3.76 —1.31x107° —378 —1.29x107° -377 —130x107°
First segment —222 —346x107 —221 -340x107° —221 -350x107°
Deyang I Second segment —4.08 —1.08x 107° —407 —1.11x107° —407 —1.11x107°
Third segment ~ —4.92 —3.26x 10~/ —4.94 —3.18x 1077 —493 —322x1077
First segment -198 —1.76x 107> —198 —1.77x107 —198 —1.80x107°
Kelamayi II ~ Second segment —2.49 —5.17 x 107° —2.48 —529x107° —2.48 —529x107
Third segment ~ —3.13  —1.68x 107 -3.15 —1.65x107° —3.14 —1.67x107°
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Figure 3. Seismic hazard curve for the city of Heyuan.

station buildings. In this paper, the water supply pipeline
network was divided into five types according to the mate-
rial: ductile cast iron pipe, steel pipe, plastic pipe, reinforced
concrete pipe and cast iron pipe. Each pipe is divided into
five different types of seismic capacity zones according to
the pipeline city category; that is, each pipe has a total of
five types of fragility curves. For the calculations, the corre-
sponding pipe fragility curve must be selected according to

https://doi.org/10.5194/nhess-24-803-2024
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Figure 4. Seismic hazard curve for the city of Deyang.

the seismic capacity zone of the pipeline city. The water pool
and pump station buildings are divided into two categories
based on the seismic capacity zone.

Based on the seismic damage data collected in this pa-
per and the Classification of Earthquake Damage Levels for
Lifeline Engineering (GB/T24336-2009, 2009) specification,
the seismic damage level of pipelines is determined by the
pipeline seismic damage rate. The proportion of pipeline

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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Figure 6. Seismic hazard curve for the city of Mianzhu.

damage levels under the same seismic intensity (see Fig. 7)
obtained from seismic damage sample data is the damage ra-
tio in the seismic damage matrix, which then forms the seis-
mic damage matrix for pipelines of various materials.

Based on the seismic damage matrix of the pipeline, the
distribution of different damage ratios under different inten-
sities was obtained, and a fitting curve for the damage ratios
of different damage levels under different intensities of the
water supply pipeline network in five levels was established.
The results from fitting show that its distribution follows the
trend of polynomial function distribution:

P; =a0d;-‘+a1d;’+a2d12-+a3dj + Y0, 4)

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024

where P; is the damage ratio of the ith level (a total of five
different seismic capacity zones); d; is the jth damage level
(basically intact — 1, slight damage — 2, moderate damage —
3, severe damage — 4, destroyed — 5); and ag, a1, a», az and
Yo are parameters.

We obtained parameters (ag, a1, az, az, yo) through poly-
nomial fitting. The goodness-of-fit results showed that the
R? value of the polynomials for all pipes is greater than 0.98.

The seismic risk assessment model for water supply sys-
tems proposed in this paper involves at least five types of
pipeline materials, namely, ductile iron pipes, cast iron pipes,
steel pipes, polyethylene (PE) pipes and prestressed rein-
forced concrete pipes. The pipeline fragility curve of each
material will be divided into five categories according to the
seismic capacity zones of cities in mainland China because
the seismic capacity of mainland China is divided into five
zones according to seismic fortification intensity, site classi-
fication and the economic condition of the city in this paper.
Due to the fact that the research subject of this study is a
large-scale water supply network, which represents a macro-
perspective, this paper to some extent considers the seismic
disaster risk of pipelines caused by fault dislocations. The
urban fortification intensity is obtained from the zonation
map, which considers factors such as the seismic geology
of the city, including the impact of faults on urban facilities
reflected in seismic fortification. The fragility curves in this
paper are calculated by fitting the actual seismic damage of
pipelines, which includes the damage caused by seismic fault
dislocations. As shown here in the example of the PE pipe
fragility curves, each pipeline material involved in the model
in this study will have similar data to the parameters of the
PE pipe fragility curve. Due to space limitations, only the
fragility curves of the PE pipe will be presented here.

The fitting parameters of the damage ratio curve of the
seismic damage matrix for PE pipelines are shown in Ta-
ble 14.

This study established a seismic fragility function model
with the input parameter of seismic PGA. The seismic
fragility analysis results can generally be represented by the
seismic fragility curve or the seismic damage exceedance
probability matrix. Therefore, it is necessary to convert the
seismic damage matrix based on the PGA into the ex-
ceedance probability matrix that reaches or exceeds a certain
limit state.

In this paper, the logarithmic normal distribution func-
tion model (Chen et al., 2012, 2018) is used as the seismic
fragility function Fy, (a). F;, (a) is the function of the PGA a:

ln(%)

Fua)=®
(a) b

, ®)

where a is the PGA; m is the seismic damage level; m = 1, 2,
3, 4 and 5 represent damage levels of basically intact, slight
damage, moderate damage, severe damage and destroyed, re-
spectively; @ is the standard normal distribution function;

https://doi.org/10.5194/nhess-24-803-2024
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Figure 7. Damage ratio of PE pipe under different seismic intensities (level-1 area to level-5 area).

O 1s the median value of the seismic fragility curve for the
mth damage level; and B,, is the logarithmic standard devia-
tion of the seismic fragility curve for the mth damage level.

The probability of being at the mth damage level can be
calculated using the following formulas:

Pi(Dla) =1— F3(a), (6)
Pn(Dla) = Fu(a) = Fon+1)(a), )
P5(Dla) = Fs(a). ®)

The two parameters of the seismic fragility function F,,(a)
in Eq. (5), 6,, and B,,, are obtained by first converting from
the pipe seismic damage matrix to the exceedance probability
matrix and then by fitting using the least squares method.

We use the PE pipe as an example and list the parameters
of the seismic fragility function in Table 15. The fragility
curves are shown in Figs. 8—12.

https://doi.org/10.5194/nhess-24-803-2024

3.3 Water supply system exposure

Before assessing the seismic risk in the water supply sys-
tem, it is necessary to know the exposure of the water supply
system. The total fixed assets of the water supply system, as
the quantitative characteristics of the expected loss caused by
the possible earthquake disaster in the region, can represent
its exposure. Using the Water Supply Yearbook to collect the
total fixed assets of the regional water supply system, it is
necessary to know the proportion of water supply network,
pool and pump station building assets in the total fixed as-
sets. Based on statistics and analyses from the literature, this
study determined that in the water supply system, pipeline
assets account for 70 %, pool assets account for 22 % (with
clean water pools and water treatment pools each accounting
for 50 % of pool assets) and pump station buildings account
for 8 % (Fan, 2020; Nong, 2006; China Urban Water Supply
and Drainage Association, 2009-2018).

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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Table 14. Parameter values of damage ratio curves for different
damage levels of PE pipes under different intensities.

Seismic Parameter VI VII VIII X
capacity level
ag 4.15 0.79 -0.77 0.42
ap —58.03 —12.85 11.99 —5.50
Level-1 area a) 294.20 78.51 —62.18 21.58
a3 —638.10 —215.50 111.20 —=27.50
Yo 497.50 226.00 —18.20 31.00
ag 4.00 0.65 0.94 0.83
ay —56.10 —10.48 —8.46 —11.50
Level-2 area a) 285.30 64.70 20.31 50.67
az —621.20 —182.50 —14.79  —79.00
Yo 487.00 200.50 38.00 54.00
ag 3.83 0.04 1.88 0.63
ap —53.87 —2.12 —19.92 —9.75
Level-3 area a 274.70 23.41 67.63 47.38
a3 —600.60 —98.03 —88.58 —78.25
Yo 474.00 143.70 71.00 50.00
ag 3.50 —0.17 1.67 —1.04
ay —49.40 1.47 —18.17 8.08
Level-4 area  ap 253.50 1.87 62.83 —14.46
as —559.60 —45.37 —79.33 442
Yo 448.00 102.20 58.00 6.00
ag 3.58 —0.88 2.60 —2.00
ap —49.43 11.12 —29.79 19.07
Level-5area  ap 247.40 —44.83 111.10  —56.30
a3 —533.60 47.78 —153.00 66.63
Yo 422.00 40.80 87.00 —27.00

Table 15. Seismic fragility function parameters of PE pipes under
different seismic capability levels.

Seismic ~ Parameter ~ Slight = Moderate  Severe  Destroyed

capacity damage  damage  damage

level

| 0 0.2466 0.4724 0.8187 1.3791
B 0.8000 0.8000 0.6500 0.5952

’ 0 0.2255 0.4066 0.7047 1.1724
B 0.7500 0.7500 0.6667 0.6427

3 0 0.1993 0.3234 0.5488 0.8607
B 0.6333 0.7000 0.6800 0.5302

4 0 0.1597 0.2594 0.4066 0.7469
B 0.7446 0.6574 0.7000 0.6539

5 0 0.1319 0.2466 0.3679 0.6703
B 0.5391 0.5600 0.5800 0.7000

3.4 Comparison with actual earthquake damage losses

When the water supply system encounters a seismic PGA
of a, the loss is (Yin and Yang, 2004)

L(@) =Y (Wyrms) Pus(Dla), ©)

where L(a) is the loss of the water supply system when en-
countering a seismic peak ground acceleration of a, W; is

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024

1 T T T T T T T T T
—ausiaieg .
0.9 - 9
= = = Noderate damage //
08k * Severe damage o o} -
T | se—— Destroyed / -
: : : -
zo7 / S
8 e =g
Zos #
e -
a ”
0.5 ~
£ g
s 4
8 0.4 / "
,
=
P
o3 s "
L4 5 -
0.2 ’: - g
7 e
# . i
0.1 froe e g
- e L

1]
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

PGA/g

Figure 8. Fragility curves of PE pipes in seismic capacity level-1
area.

1 T T T T
Slight damage e
0.9 1= = =Moderate damage e iy
- * Severe damage / ke -
08 Destrayed P P -
-
= -
£ 07 / P
= -
=] / -
808 o
e ’
0.5 ot
o 0.
= ,/ /’
Q04 =t #
o ’ -
£ / e
W o3 ’ >
/ 4 " 4"
02 s -
. 7 P o
! s - ol
/ ’ -
0.1 P P
/ ’ L T
e O

1]
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

PGA/g

Figure 9. Fragility curves of PE pipes in seismic capacity level-2
area.

the total replacement cost of Class-S water supply system fa-
cilities, ry,, is the loss ratio of Class-S water supply system
facilities in the M damage level and P,,;(D|a) is the proba-
bility of Class-S water supply system facilities experiencing
M damage level when PGA is a.

According to the seismic hazard curve of Deyang, com-
bined with the seismic fragility of various facilities of the
water supply system and the distribution of the assets of
these facilities, 50-year exceedance probabilities of 63 %,
10 % and 2 %, respectively, were predicted, corresponding to
the earthquake disaster losses of the water supply system in
Deyang when the intensity was VI, VII and VIII. The actual
earthquake losses and predicted losses are shown in Table 16.
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The probability of occurrence of a seismic event of inten-
sity VI and VII in Deyang is 39.24 % and 24.63 %, respec-
tively, which is 1-2 orders of magnitude higher than the prob-
ability of occurrence of other intensities. This indicates that
the seismic intensity threat in Deyang in the next 50 years is
mainly of events of intensity VI and VII. Although the ex-
ceedance probability of intensity VI is 63 %, which belongs
to the level of frequent seismic motion, the predicted loss for
intensity VI is less than that of intensity VII by 1 order of
magnitude, and the destructive effect is relatively small. Al-
though the predicted loss for intensity VIII is greater than that
of intensity VII, the exceedance probability for intensity VIII
is only 2 %, which belongs to the level of rare seismic mo-
tion. Therefore, the seismic risk faced by Deyang is mainly
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Table 16. Earthquake disaster loss prediction for the Deyang water
supply system.

Intensity ~ Actual losses  Predicted losses 50-year
(CNY 10000) (CNY 10000)  exceedance

probability

(%)

VI 613 63
VII 3500 3394 10
VIII 5634 2

the earthquake losses caused by intensity VII. The predicted
loss for intensity VII in Deyang is CNY 33.94 million, which
is more consistent with the actual loss of CNY 35 million
caused by the Wenchuan earthquake. This confirms the relia-
bility of the seismic fragility function proposed in this paper.

4 Seismic risk distribution based on expected loss
(rate) in water supply systems

Using the seismic hazard analysis method, the seismic
fragility model of water supply systems and the distribution
of fixed assets introduced in Sect. 2, the expected loss and the
expected loss rate of earthquake disasters in a certain area at
different timescales were calculated. At the scale of ¢ years
in the future, the full probability of the Class-S water supply
system facilities experiencing M damage level is

PDfy; = / Pus(Dla) fy(a)da, (10)

where PDf,,; is the full probability of Class-S water supply
systems facilities experiencing M damage level in ¢ years
in the future, P,s(D|a) is the probability of Class-S water

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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supply system facilities experiencing M damage level when
PGA is a, and f;(a) is the PDF of PGA at a future ¢-year
scale.

At the scale of ¢ years in the future, the expected loss of
water supply system facilities caused by the PGA of various
intensities that may occur in the local area is expressed as
the sum of the product of direct loss when the Class-S water
supply system facilities experience M damage level and the
full probability. The calculation model is

E[L] =Y (W) PDfys, (11

where E[L;] is the expected loss of the water supply sys-
tem in ¢ years in the future, W; is the total replacement cost
of Class-S water supply system facilities (Class-S total fixed
assets) and 7y, is the loss ratio of Class-S water supply sys-
tem facilities experiencing M damage level.

For example, let us assume that the probability of a spe-
cific damage level occurring at the PGA a of Class-S wa-
ter supply facilities is Py,5(D]a), and this specific damage
level is assumed to be m (a total of five damage levels, with
a sum of 1 at the same peak acceleration). The economic
loss when a specific damage level m occurs is the product
of the total asset cost W; and the loss ratio r,,5. Due to the
fact that under a specific PGA a, the probability of m dam-
age level occurring is not 1, but P,,;(D]a). Therefore, under
a peak acceleration a, the loss of a water supply facility with
m damage level occurring is Wry,s Ps(Dla) (Eq. 1). Ac-
cording to seismic hazard analysis, the exceedance probabil-
ity of PGA a at a certain timescale can be converted into the
cumulative distribution probability of peak acceleration a.
The PDF f;(a) of the peak acceleration a can be obtained
by calculating the first derivative of the cumulative distribu-
tion probability function. Due to the fact that the PDF is a
continuous function rather than a step function, the proba-
bility of the occurrence of peak acceleration a can be con-
sidered f;(a)da. For a complete seismic risk assessment, the
possibility of the earthquake itself should be considered. The
loss caused by damage level m of s-type water supply fa-
cilities should be multiplied by the probability of the oc-
currence of peak acceleration a based on Eq. (1), that is,
Wstms Pms(Dla) fi(a)da (Eq. 2). Due to the uncertainty of
earthquake occurrence, each peak acceleration a has a certain
probability of occurrence. Therefore, Eq. (2) is summed in
the direction of acceleration a: f Wrms Pus(Dla) fi(a)da =
(WsFims) f Pus(Dla) fi(a)da. The total expected loss caused
by various damage levels and types of water supply facili-
ties is E[L;]1=Y_Y (Wsrps)PDf,s. At the scale of ¢ years

s m
in the future, the expected loss of water supply system facili-

ties caused by PGAs of various intensities that may occur in
the local area divided by the total cost of resetting the water
supply system facilities in the local area is the expected loss
rate:

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024

E[L]
2 Ws

N

E[R,]= . (12)

China’s capital circle, southern Liaoning, the north—south
seismic belt, northwestern Xinjiang, and the Yangtze River
Delta and Pearl River Delta regions, as well as most provin-
cial capital cities, have high expected seismic loss rates.
The high level of seismicity and the high seismic hazard
risk are the main reasons for the high seismic loss expected
in Xinjiang and the north—south seismic belt; for the east-
ern region it is due to the developed economy, the high
level of urbanization, the abundant water supply system fa-
cilities and the high exposure of disaster-bearing bodies.
The high seismic loss expected for the capital circle and
the southern Liaoning region is the result of the combina-
tion of seismic hazard and the exposure of disaster-bearing
bodies. The top 10 cities in descending order of expected
loss are Beijing, Kunming, Tianjin, Shanghai, Guangzhou,
Guyuan, Shenyang, Chengdu, Ningbo and Xi’an. Among
them, megacities, such as Shanghai and Guangzhou, may
not necessarily be in seismic hazard areas, mainly due to
the large stock of water supply networks in megacities and
the high asset value affecting the expected loss. Cities with a
high expected loss rate are generally located in seismic haz-
ard areas or have high seismic fragilities and are not only af-
fected by the large stock of water supply networks and high
assets. Moreover, the expected loss rate is anticipated to have
exponential characteristics, which can be used as a regional
seismic risk index to compare the seismic risk between cities.

Considering the difference between the expected seismic
loss rate of the water supply system or a certain facility at
different timescales due to the seismic hazard probabilities,
the 10-year scale (see Figs. 13 and 16) and 100-year scale
(see Figs. 15 and 18) standards adopt the 50-year scale for
the classification standard of the expected seismic loss rate
index.

For the 50-year scale (see Figs. 14 and 17), considering
that the expected seismic loss rate of the water supply system
is independent, when determining the classification standard
of the expected seismic loss rate index of the water supply
system, we divided the classification standard of the expected
seismic loss rate index of the water supply system according
to the principle that the number of cities in all categories ac-
counts for basically the same proportion. The classification
standard can be seen in Table 17.

The expected seismic loss rate of the water supply system
can be used as the regional seismic risk index to compare the
seismic risk between cities, so as to carry out the seismic risk
assessment for the regional water supply systems.

The seismic disaster risk assessment model for water sup-
ply systems proposed in this paper is an assessment of the
uncertainty of the occurrence of seismic disasters in water
supply systems, and model validation should adopt a qualita-
tive approach. This model covers the levels of ground motion

https://doi.org/10.5194/nhess-24-803-2024
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Table 17. Classification standard of the expected seismic loss rate index of regional water supply systems.

Classification A B
of expected loss
rate

C D E

Expected loss

rate [0.085,1.0) [0.030,0.085) [0.018,0.030) [0.0075,0.018) (0O, 0.0075)
index

Risk level Very high High Medium Low Very low
Symbol Red Orange Yellow Blue Green
color

at the probability levels of frequent, basic, rare and extremely
rare occurrences. Therefore, taking the Wenchuan 8.0 mag-
nitude earthquake that occurred on 12 May 2008 as an exam-
ple, this study used the model to calculate the expected seis-
mic loss rate and risk levels of water supply systems in five
cities in Sichuan Province and one city in Shaanxi Province
before the earthquake, as shown in Table 11. For the con-
venience of verifying the rationality of the model, Table 18
lists the leakage rates of the water supply systems before and

https://doi.org/10.5194/nhess-24-803-2024

after the earthquake, the basic seismic ground motion (pre-
earthquake fortification intensity), the on-site investigation
seismic intensity, and the evaluated earthquake damage de-
gree (Institute of Engineering Mechanics, China Earthquake
Administration, 2009). It can be seen from Table 18 that the
post-earthquake on-site investigation intensities of the listed
cities are to varying degrees greater than the pre-earthquake
fortification intensities. Among them, the post-earthquake
intensity of Mianzhu and Dujiangyan exceeded the pre-

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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Table 18. Comparison between the Wenchuan 8.0 magnitude earthquake damage and predicted seismic risk levels.

City Pre- Post- Basic seismic On-site Seismic Pre- Pre-
earthquake earthquake ground motion investigation damage earthquake earthquake
leakage leakage (fortification seismic level expected  risk level
rate (%) rate (%) intensity) intensity loss rate description
index index
Mianzhu 17 85 VII IX Destroyed 0.111 Very high (A)
Dujiangyan 27 60 Vil IX Destroyed 0.087 Very high (A)
Jiangyou 26 50 VIl VIII Severe damage 0.032 High (B)
Mianyang 12 17 VI VIl Moderate damage 0.019 Medium (C)
Guangyuan 21 24 VI VII Moderate damage 0.018 Medium (C)
Ninggiang 20 25 VI VIl Slight damage 0.018 Medium (C)

earthquake intensity by 2°, and the pre-earthquake predicted
seismic risk levels are the highest (Grade A). The post-
earthquake intensity of Jiangyou, Mianyang, Guangyuan and
Ninggiang exceed the pre-earthquake intensity by 1°. The
pre-earthquake predicted seismic risk levels are Grade B and
Grade C, although they are lower than that of the first two
cities; however, they are still at high and medium risk lev-
els, respectively. In addition, cities with a predicted seismic

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024

risk level of A for water supply systems before the earth-
quake correspond to the earthquake intensity of “IX” and the
earthquake damage level of “destruction” surveyed on site
after the earthquake. Cities with a seismic disaster risk level
of B correspond to the seismic intensity of “VIII” and seis-
mic damage level of “severe damage” in the post-earthquake
on-site investigation. Cities with a seismic disaster risk level
of C correspond to the seismic intensity of “VII” and the seis-
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Figure 15. Distribution map of 100-year expected seismic loss of water supply systems in 720 cities in mainland China.

mic damage level of “moderate damage” or “slight damage”
according to the on-site investigation after the earthquake.
The validation results indicate that the proposed risk model
for the water supply systems can accurately predict the level
of seismic risk faced by urban water supply systems in China.

In order to illustrate the rationality of the classification
of the expected seismic loss rate index of the water supply
systems in mainland China, the research results of China’s
seismic hazard and key monitoring and defense areas from
2006 to 2020 (Wang et al., 2006) are introduced. The key
hazard areas and seismic damage prediction results are the
main basis for determining the key monitoring and defense
areas in China from 2006 to 2020. The key monitoring and
defense areas are determined based on a comprehensive con-
sideration of the earthquake situation, disaster situation and
social development. Among them, the prediction results of
earthquake-related loss of life and economic losses are the
most important basis for determining the key monitoring and
defense areas.

As shown in Fig. 19, the country is divided into four seis-
mic hazard areas and key monitoring and defense areas (areas
surrounded by the blue line in the figure): 1 represents north

https://doi.org/10.5194/nhess-24-803-2024

China (Beijing, Tianjin, Hebei, Shanxi, southern Liaoning);
2 represents the north—south belt (Gansu, Qinghai, Ningxia,
Shaanxi, Sichuan, Yunnan); 3 represents the northwest re-
gion of Xinjiang; 4 represents the southeast coastal region
(Fujian—Guangdong border area, the Taiwan Strait, city of
Haikou, Hainan Province).

The expected loss rate index and seismic risk levels of
the water supply systems are relatively high in the four seis-
mic hazard and key monitoring and defense areas mentioned
above. This result is consistent with the research results of
seismic hazard and key monitoring and defense areas in
China from 2006 to 2020. As shown in Fig. 19, because the
above areas are located in the seismic zone, seismicity is fre-
quent and the seismic hazard is high.

5 Discussion

In terms of the research on the resilience of post-earthquake
water supply networks, this paper introduced the concept of
recovery difficulty to evaluate the resilience of water supply
networks after earthquakes. The recovery difficulty index can
be calculated as follows:

Nat. Hazards Earth Syst. Sci., 24, 803-822, 2024
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where Qr, is the post-earthquake leakage rate (%) and
Orp is the pre-earthquake leakage rate (%).

This indicator has low requirements for the completeness
of statistical data in practical operation, and therefore it has
practical engineering value. The changes in the leakage rate
of water supply pipelines before and after an earthquake can
reflect the damage situation of the pipeline network. The
greater the leakage rate of the pipeline network after an earth-
quake, the more severe the damage to the pipeline network
and the greater the difficulty of recovery.

It can be seen from Table 19 that Mianzhu and Dujiangyan
— where the seismic intensity was 9, the network fortification
intensity was 7 and the water supply network damage level
was destroyed — were the most difficult to recover. Second
was Jiangyou, with a seismic intensity of 8, network for-
tification intensity of 7 and water supply network damage
level of severe damage. The seismic intensity of Mianyang,
Guangyuan and Ningqgiang was 7, and the seismic fortifica-
tion intensity of the networks was 6; the difficulty of recov-

Ry = 13)
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ering the water supply networks after the earthquake was rel-
atively low.

6 Conclusion

This paper proposed an assessment model based on the ex-
pected loss and expected loss rate for seismic risk assess-
ment of water supply systems in mainland China. This model
solves the different needs of government sectors for the as-
sessment of seismic risk levels in the water supply system
and provides technical support for the risk zonation and risk
mapping of earthquake disasters in the water supply system.
The specific conclusions obtained through this study are as
follows:

1. Based on multi-source basic data such as an urban in-
dustry yearbook, seismic zonation, seismic code, pop-
ulation GDP and historical earthquake damage data, a
basic database for seismic risk assessment of 720 ur-
ban water supply systems in mainland China was es-
tablished. The PDFs of PGA were calculated by using
the seismic hazard analysis method, and the parame-
ters of the seismic risk curves of 720 cities were cal-

https://doi.org/10.5194/nhess-24-803-2024
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Figure 17. Distribution map of 50-year expected seismic loss rate of water supply systems in 720 cities in mainland China.

Table 19. Damage and recovery difficulty index of water supply networks in the Wenchuan earthquake.

City Pre- Post- Basic seismic On-site Seismic Recovery
earthquake earthquake  ground motion investigation damage difficulty
leakage rate  leakage rate  (fortification seismic level index
(%) (%) intensity) intensity
Mianzhu 17 85 VII IX Destroyed 4.00
Dujiangyan 27 60 VII IX Destroyed 1.22
Jiangyou 26 50 VII VIII Severe damage 0.92
Mianyang 12 17 VI viI Moderate damage 0.42
Guangyuan 21 24 VI VIL Moderate damage 0.14
Ninggiang 20 25 VI Vil Slight damage 0.25

index is used as the seismic risk assessment index to
evaluate the water supply systems. The grading evalu-
ation criteria of the risk index (A-E) were established,

culated. The seismic damage matrix of pipelines and fa-
cilities was obtained based on the actual seismic dam-
age through statistical analysis, and the seismic fragility
curves of various facilities in the water supply system and the distribution maps of expected seismic loss and
were given based on the logarithmic normal distribution the classification maps of the expected loss rate index
model. of 720 urban water supply systems in mainland China

o . . in the medium term and long term were given.
2. The risk index of earthquake disasters is the result of the £ £

joint action of earthquake occurrence probability, vul-
nerability and exposure. The expected seismic loss rate

https://doi.org/10.5194/nhess-24-803-2024

. According to the conclusion that the region where

the cities with risk levels of A and B are located is
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Figure 18. Distribution map of 100-year expected seismic loss rate of water supply systems in 720 cities in mainland China.
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Figure 19. Seismic hazard and key monitoring and defense areas in China from 2006 to 2020.
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more consistent with the research results of China’s
seismic hazard and key monitoring and defense areas
from 2006 to 2020, the seismic risk assessment of re-
gional water supply systems is highly correlated with
the medium- and long-term earthquake prediction re-
sults, which is suitable for medium- and long-term risk
assessment and verifies the rationality and applicabil-
ity of the model proposed in this paper. In particular,
we should strengthen the prevention and control of seis-
mic risk in key cities in north China, northwest China,
southwest China and southern northeast China, and im-
prove the seismic capacity of water supply systems and
facilities in these key risk cities.
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