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Abstract: It is necessary to evaluate the reliability of the water supply network, when the water
supply network is damaged by an earthquake. Therefore, this paper researched the feasibility and
characteristics of the surplus power entropy as the reliability index of the water supply network, and
established a scheme framework for optimizing and improving the reliability of the water supply
network. This paper developed a reliability evaluation model for the water supply network after an
earthquake. Combined with the Monte Carlo stochastic simulation hydraulic analysis, this model is
also based on the pressure-driven nodes water demand model. In the case study, the surplus power
entropy method was applied to test the reliability of the model. The statistical curves of the surplus
power entropy of nodes and pipe networks, the distribution of the surplus power entropy with
different intensities in pipe networks, and the comparison results of three reliability improvement
schemes, before and after, were obtained. The influence factors of the surplus power entropy were
obtained from the data analysis. The high consistency between the surplus power entropy and flow
entropy verifies the feasibility of the surplus power entropy as a reliability index. The three schemes
show that the surplus power entropy index can be used as a beneficial supplement to the reliability
evaluation index of the pipe network.
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1. Introduction

In this era of rapid economic development, the safety and reliability of a water supply network, as
the urban infrastructure, is considered the basis for normal operation of cities and communities. After
an earthquake, the effective operations of medical, fire, and other systems depend on the water supply
network system. Therefore, it is of great social and practical significance to study the reliability of the
urban water supply network after earthquakes. It would not only assist in reducing the damages from
the secondary disasters, but also improve the earthquake relief capacity.

There is much research on the reliability of the urban water supply network by domestic and
foreign scholars [1,2]. The methods used in this research can be divided into three categories of methods:
analytics, simulation, and agency [3]. In the analytics method, a failure enumeration is used to select the
state, first. Next, the reliability index is calculated by using mathematical derivation. The mostly used
analytics methods include the state enumeration method [4], the objective programming method [5],
minimum cut set method [6–8], the first-order and second-order matrix methods [9], etc. The simulation
method uses static simulation or the dynamic delay simulation method to simulate the system under a
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variety of specified working conditions, investigate the pipe network’s ability to meet the demand,
and test the reliability of the water supply network. The commonly used simulation methods include
the Monte Carlo method [10], the quasi-Monte Carlo method [11], and so on. The agency methods do
not directly test the reliability of the pipe network, but use the appropriate agency model to test the
reliability [12]. The agency methods include information entropy [13,14], flow entropy [15], the path
entropy method [16], and the recoverable index method [17]. Many academics and researchers used a
combination of reliability methods in their studies. For example, Deng et al. [18] proposed a system
reliability solution method for a water supply pipe network by combining analytics methods and
simulation methods, while calculating path importance and connectivity ratio. The simulation methods
can simulate and perform hydraulic analysis under various working conditions. However, this method
requires many rounds of hydraulic calculation to reach the results. In addition, the agency method
models are simple and easy to program and calculate, but they lack the source of certainty.

This study combined the advantages of simulation methods and agency methods, and used
Monte Carlo stochastic simulation to obtain the hydraulic analysis of the water supply network after
earthquakes, based on the pressure drive node water demand model. Surplus power entropy was
taken as the reliability evaluation index of the water supply network. On the basis of solving the
entropy value, the paper developed the structural optimization scheme framework of the water supply
network after earthquakes. The purpose of this study is to analyze the characteristics of surplus power
entropy data of the post-earthquake pipe network and its feasibility as a reliability index. In addition,
the network entropy value was taken as constraint condition, and the reliability improvement of the
network was taken as goal. The reliability of network can be improved by improving the reliability
of a single node in different ways. This provided theoretical support for the reliability improvement
strategy by proposing multi-mode combination and multi-node promotion, taking the network entropy
value as network operation index, and taking the reliability as result index. The established model
was applied to a small pipe network example to calculate and analyze the entropy value, put forward
the reliability improvement scheme, and make a comparative analysis, before and after. This paper
consists of four sections. Section 1 is the introduction. The second section introduces the surplus power
entropy solution method based on the Pressure Drive Demand (PDD) model. The third section applies
the method to an example, makes a comparative analysis of the results, puts forward a reliability
improvement scheme, and analyzes the changes, before and after. The fourth section is the research
conclusion and the future research direction.

2. The Basic Theory of Surplus Power Entropy

In the 1860s, the famous German physicist, R. Clausius, first proposed entropy as a concept of
thermodynamics. Entropy was used to compare the direction of change in a system under different
states. In 1948, Shannon introduced entropy into the information theory and proposed the concept
of information entropy. It extended the use of the concept of entropy into information theories,
management theories, and other disciplinary areas. With the expansion of the application field of
information entropy, Awumah et al. [19] first applied information entropy to the reliability analysis
of the water supply pipe network system. Nodal flow entropy and system flow entropy indexes are
proposed to measure the uncertainty of path selection and pipe network redundancy [20].

He [21] proposed a new index, “surplus power entropy”, by combining the concept of “flow
entropy”, proposed by Awumah et al. [19], and the index of “surplus power factor” proposed by
Vaable [22]. The surplus power entropy is defined as follows:

SPE j = −
∑
i∈U

sp fi j

SPF j
ln

( sp fi j

SPF j

)
(1)

where, SPE j is the surplus power entropy of node j, sp fi j is the surplus power factor of pipe ij, SPF j is

the sum of the surplus power factors flowing from the direct upstream node to node j. SPF j =
n∑

i=1
sp fi j;
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the probability space is defined by sp fi j and SPF j.pi
j =

sp fi j∑n
i=1 SPFi j

=
sp fi j
SPF j

, meeting the requirement

of:
n∑

i=1
pi

j =
n∑

i=1

sp fi j
SPF j

= 1, 0 < pi
j < 1.

How to determine the reliability of the water supply network by node reliability is an important
area in evaluating the reliability of the water supply network. The surplus power entropy formula of
the water supply network system is as follows:

SPEnetwork =

nn∑
i=1

SPFi
SPF0

SPFi −

nn∑
i=1

SPFi
SPF0

ln
(

SPFi
SPF0

)
. (2)

where, SPEnetwork is the surplus power entropy of the network, nn is the total number of nodes in the

network, SPF0 is the sum surplus power factors of all pipe. SPF0 =
nn∑

i=1
SPFi.

3. Surplus Power Entropy Solution Based on PDD Model

3.1. The PDD Model

Traditional hydraulic analysis methods of the water supply network assume that the node water
demand is known, or the node water demand is fixed, and it is not affected by the change of node
pressure. Then the node pressure and pipe flow can be calculated. This method is the Demand Drive
Analysis (DDA) method [23]. Under normal working conditions, due to the sufficient pressure of
the water supply network, the change of pressure will not affect the change of water consumption
on the basis of meeting the user’s water demand. At this time, the analysis result of this calculation
method is accurate and effective. However, when the working status of the pipe network is abnormal
(such as pipe burst, insufficient water supply, and daily maintenance process), the actual pressure of
the network cannot reach the ideal pressure demand, and the user’s water consumption will depend
on the node pressure. In these situations, according to the Pressure Drive Demand (PDD) model,
water consumption not only changes with time, but also depends on the water supply pressure of the
network [24].

The PDD model is developed as follows. When the actual water pressure at the node reaches or
exceeds the designed water pressure (Hdes), the node’s water supply is equal to the water demand.
When the actual water pressure at the node is lower than the minimum water pressure (Hmin), the node’s
water supply is 0. When the actual water pressure at the node is between the design water pressure
(Hdes) and the minimum water pressure (Hmin), the node’s water supply and the water pressure satisfy
a certain functional relationship. Wagner et al. [25] proposed the relationship between node water
pressure and water distribution. The formula is as follows:

Q∗i =


0 , Hi < Hmin

i

Qi·

√
Hi−Hmin

i
Hdes

i −Hmin
i

, Hmin
i ≤ Hi < Hdes

i

Qi, Hdes
i ≤ Hi

. (3)

where, Qi is the pre-earthquake water supply of node i (L/s); Q∗i is the water supply of node i, which
conforms to the relationship between node water pressure and node water supply (L/s); Hi is the water
pressure for node i (m); Hmin

i is the minimum node water pressure required by node i, when node i
water supply Q∗i is greater than 0; Hdes

i is the design water pressure required by node i when the water
supply of node i reaches Qi before the earthquake.

3.2. Solution Process

In this paper, based on the PDD model, hydraulic adjustment calculation was conducted without
changing the topological structure of the pipe network by adopting the iterative method [6]. Epanet2.dll
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was used for hydraulic adjustment calculation many times. According to the calculation results of
hydraulic adjustment, the surplus power entropy of nodes and network system was also calculated [26].
The calculation process is shown in Figure 1. The main steps are as follows [10].

(1) Random sampling was used to determine the seismic damage state of the pipeline. The hydraulic
model of the network after an earthquake was developed [27]. The hydraulic adjustment of the water
supply network after an earthquake was calculated based on the pressure-driven node’s water
distribution model [28].

(2) The flow direction of the segment was determined, and the pipe segments were sorted by
using the numbers at the end of the pipe segment. Next, the pipe segment parameters and surplus
power factors flowing into each node were counted.

(3) The sum of all surplus power factors of each node was calculated. Following it, the surplus
power entropy of the node was calculated.

(4) The sum of the surplus power entropy of all nodes was calculated to obtain the surplus power
entropy of the water supply network.
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Figure 1. Steps for solving surplus power entropy of the water supply network system.

The first step of the process needs to do the following work [10]. The first is to determine
the number and location of pipeline failure points. It is assumed that the pipeline failure after the
earthquake is a random independent event, and the Poisson distribution is observed along the pipeline
length. The probability formula of pipeline seismic damage is Equation (4).

P f = 1− exp(−RR·L) (4)
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where, P f is the probability of pipeline failure after an earthquake; RR is the average seismic damage
rate of the pipeline (repairs/km); L is pipeline length (km).

L is a random number subject to an exponential distribution with a mean of 1/RR. Then,
the calculation formula for the location of the pipeline failure point after generating earthquake
is Equation (5) [29].

Lk = −
1

RR
· ln(1− µa) (5)

where, Lk is the distance between the (k− 1)th and kth locations of damage; µa is a random variable,
which is uniformly distributed between 0 and 1.

The earthquake damage rates are calculated via adopting the models developed from Jeon [30]
and Wang [31] on the seismic oscillation data of the Northridge earthquake in 1994, and the seismic
damage data of water supply network. Equation (6) can be used to calculate the seismic damage rate
of steel tubes (riveted joints, diameter D ≥ 600 mm).

ln(RR) = 1.41·ln(PGV) − 8.19 (6)

where, PGV is peak ground acceleration (cm/s2).
The second is to determine the type of pipeline failure point and leakage form. The American

Lifeline Association (ALA) [32] divides pipeline damage into two types: disconnection and leakage.
Shi and O Rourke [33] divided pipeline leakage into five forms, according to different pipe materials
and joints. Then the hydraulic model of failure point was built on EPANET by adding a virtual pool
and diffuser [34]. Finally, the hydraulic adjustment of the water supply network after the earthquake
was calculated based on the water distribution model of pressure drive node’s demand.

4. Applications and Results

The surplus power entropy model of the water supply network system is applied to the model of
the urban water supply network in a certain area [35]. The topological structure of the water supply
network model is shown in Figure 2. The water source of the water supply network is node 50, 51, 52,
53, with a total head of 76.95 m, 74.31 m, 83.58 m, and 81.98 m, respectively. The specific pipe network
node elevation and water demand, pipe segment length and diameter, and Monte Carlo simulation
parameter information were used according to the literature [10,35].Sustainability 2020, 12, x FOR PEER REVIEW 6 of 17 
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It is assumed that for pipes with diameter greater than 600mm, the formula of steel tube (riveted
joint) shall be applied. The seismic damage rates of VII, VIII, IX degrees were calculated as 0.0246,
0.0542, and 0.1254 respectively. For pipes less than 600 mm in diameter, the formula of ductile iron
(rubber seal joint) shall be applied. The damage rates of VII, VIII, IX degrees were calculated as 0.0103,
0.0260, and 0.0690, respectively.

4.1. Statistics of Surplus Power Entropy of Network

In order to objectively analyze the reliability of the pipe network and calculate the surplus
power entropy of the pipe network system, this paper divided it into 15 groups for different times of
calculation. The results of the network entropy mean, and standard deviation in the VII, VIII, and IX
degrees, are shown in Figure 3. The specific data of IX degree are shown in Table 1.

From the curve in Figure 3a, it can be seen that the entropy values of VII, VIII, and IX degrees
basically reach stable convergence after 3000 times. From the standard deviation curve of Figure 3b,
it can be seen that the standard deviation also reached stable convergence and gradually stabilized at
0.29–0.30 after 3000 times. The average of the seven groups mean values after 3000 simulations was
taken as the surplus power entropy of the pipe network. The surplus power entropy of pipe network
at VII, VIII, and IX degrees are 4.984, 4.950, and 4.868, respectively. The mean of standard deviation
after stabilization are 0.294, 0.300, and 0.291, respectively.
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Table 1. Statistical results of IX degree.

Number Mean Standard Deviation Number Mean Standard Deviation

10 4.808 0.200 4000 4.865 0.289
50 4.827 0.243 5000 4.869 0.292

100 4.814 0.267 6000 4.867 0.291
200 4.817 0.285 7000 4.869 0.290
500 4.832 0.292 8000 4.868 0.292

1000 4.846 0.300 9000 4.869 0.291
2000 4.860 0.294 10,000 4.870 0.291
3000 4.868 0.292
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According to the curve changes, in the first 3000 simulations, the entropy value curve of VII
degree has a large fluctuation range. At the beginning, it fluctuates from the lowest value 4.879 to
the highest value 5.044, and then the fluctuation range decreases. The stable value of fluctuation is
4.984, and the standard deviation gradually decreases from 0.357 to 0.291. That network surplus power
entropy at VII degree, in front of the stability of the discrete degree is higher, having a larger fluctuation
at a high level, compared to the other degree. The range of the entropy curve fluctuation reduces
at VIII degree. The fluctuation quickly enters a stable state with a stable value of 4.950. The mean
entropy gradually increases, smoothly, from 4.808, and quickly enters a stable state with a stable value
of 4.868. The entropy of each simulation at IX degree is lower than the surplus power entropy of pipe
network at VII degree and VIII degree. With the increase of intensity, the entropy curve of the pipe
network is distributed from high to low. Viewing from the whole picture, the surplus power entropy
of the network with relatively low intensity is larger than that with relatively high intensity, which also
conforms to the actual situation.

The standard deviation curve of Figure 3b also shows that the standard deviations of different
intensities are relatively close after stabilization. After stabilization, the standard deviations of VII,
VIII, and IX degrees are 0.294, 0.300, and 0.291, respectively, with little difference. It indicates that there
is no significant difference in the dispersion degree of the data after stabilization and the stability of the
data after the entropy value of the pipe network among VII, VIII, and IX degrees.

4.2. Comparative Analysis of Node Entropy

In the present study, 4000 Monte Carlo simulations under IX degree were conducted with network
data to obtain the post-earthquake hydraulic analysis results of the water supply pipe network based
on the PDD model. After processing the results, the flow entropy and surplus power entropy can be
obtained by substituting into the formula. The average value of node entropy is shown in Table 2
(and data drawn, as shown in Figure 4).

Table 2. Mean surplus power entropy of nodes after earthquake.

Nodes
No.

Upstream
Nodes

SPE
Mean

Nodes
No.

Upstream
Nodes

SPE
Mean

Nodes
No.

Upstream
Nodes

SPE
Mean

1 50 0.0000 8 2 0.4452 40 44|46 1.3376
11 51 0.0000 43 42|36 0.5462 22 21|28|29 1.3594
33 53 0.0000 23 16|29 0.5621 14 9 1.3735
49 52 0.0000 34 33|41 0.5900 37 30|44 1.4026
41 39 0.0349 48 43 0.6391 18 7|9 1.4033
35 41 0.0389 27 34 0.6766 45 37 1.4633
47 41 0.0684 7 2|6 0.7146 17 7|18 1.5389
36 35 0.0719 4 3|5 0.7854 32 26|39 1.8972
28 36 0.1628 44 48 0.8313 31 26 1.9744
3 1 0.2342 13 12|14 0.8719 19 14|18|25 2.3513

42 35 0.2476 20 27 0.9094 25 17|24 2.3472
5 .3 0.2524 30 24|29 0.9770 46 38 2.3726

16 5 0.2679 15 4|20 1.0518 38 25|45 2.4735
12 11 0.3592 9 7|8 1.0556 26 14|19 2.4676
29 28 0.3892 10 9|13 1.1334 39 31|46 2.6250
2 1|3 0.4018 24 6|23 1.1457
6 2 0.4279 21 15|16|27 1.3325
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Due to different random simulation, different failure locations, and different specific working
conditions, it is not feasible to select the working conditions generated by a random simulation as
the specific working conditions of entropy mean analysis. Therefore, in the second column of Table 2,
direct upstream nodes, of user nodes under normal working conditions, are adopted in the present
study. Under the damage of earthquakes, the upstream and downstream relationship of some nodes
will change; the number of these nodes is small, and the relative position of the points will not change,
so the overall and partial node analysis can be conducted.

Table 2 presents the ten nodes with the minimum entropy value are the nodes 1, 11, 33, 49, 41, 35,
47, 36, 28, and 3. Since the water source is the initial node of the pipe network, and no water flows into
it, the entropy of the water source node is 0. The direct upstream node of the nodes 1, 11, 33, and 49 is
the water source point, and there is only a single water supply path from the water source point to the
node. Therefore, the entropy value of the nodes 1, 11, 33, and 49 is always 0, if the path is not destroyed.
The entropy value of the nodes 41, 35, 47, 36, 28, and 3 depends on the water supply path from the
water source point to the node. If the water supply path is a single path, the entropy value is 0. If it is
not a single path, the entropy value will depend on the distribution uniformity of remaining energy
factors in different paths. When a pipe segment in these nodes was broken, the original downstream
nodes of the pipe segment were no longer supplied by adjacent water sources, instead, by other water
sources. In this circumstance, its water supply path is not a single path, and its entropy value is not zero.
However, during most of the simulations in this study, no earthquake damage simulations occurred
around this section, so these nodes would also have 0 entropy value. It is necessary to improve the
entropy value of such nodes to improve the reliability of the network. When the node has only a single
water supply path, once the pipe segment of this water supply path fails, it will have a significant
impact on the water supply of the node, or even stop the water supply. For nodes with multiple water
supply paths, if one water supply path fails, the other path can continue to supply water to the user
node; thus, the reliability of water supply is higher. Therefore, when optimizing the network topology,
it is suggested to consider the circumferential network laying to ensure multi-path water supply for
user nodes, improve the redundancy of water supply path for user nodes, and improve the reliability
of the network [36].
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On the other hand, entropy is also related to the average distribution of surplus power in different
paths. Some nodes that have more than one water supply path from the water source have low
entropy. The reason for the low entropy is that there is a large gap between the distribution of surplus
power in different pipe segments; for nodes with a large gap between the distribution of residual
energy in different water delivery paths. Once the path with a large distribution of residual energy
fails, the residual energy in the remaining paths is not enough to undertake the water delivery task
transferred from the fault pipe segment, leading to the node’s low reliability. The entropy value
of nodes with low average distribution degree is normally higher than those nodes with a single
water supply path. Therefore, when considering the topological structure optimization of network,
the optimization of nodes with a single water supply path should be taken into account to improve the
reliability of network.

Combined with the network topology, it can be seen from Figure 4 that if the surplus power
entropy points in the figure are connected, and flow entropy do the same, the two curves obtained are
consistent in the changes between nodes. There is a high correlation between the flow entropy and the
surplus power entropy of nodes. The correlation coefficient of the two indexes was 0.971. It shows that
the flow entropy and the surplus power entropy of nodes are consistent in the change between nodes.
It verifies the feasibility of surplus power entropy is a reliability index. The comparison of the entropy
values of the same node shows that the surplus power entropy is higher at the high level and closer to
the low level than the flow entropy. The value of surplus power entropy of most nodes is normally
higher than that of flow entropy, which indicates that the evaluation of reliability of the same node has
a higher degree of differentiation in the evaluation of reliability compared with flow entropy.

4.3. Analysis of Working Conditions under Different Seismic Intensities

In the present study, a working condition with the most damaged sections was selected from
10,000 simulations at VII, VIII, IX degrees, and the surplus power entropy of its nodes was calculated,
respectively. The entropy value was classified, and its quantity distribution was shown in Table 3. It
was marked in the pipe network structure drawing (Figure 5a–c).

Both the number of water supply routes from the water source to the node and the uniformity of
residual energy factors on multiple water supply routes determine the value of surplus power entropy.
In Figure 5a–c, the nodes with entropy of 0 have certain characteristics in the spatial distribution, most
of which are distributed near the water source. Moreover, the nodes with entropy of 0 are distributed in
the pipe network at different intensity levels. This is because in most cases, the earthquake failure did
not change the single water supply path of the node near the water source. For nodes, only when there
are two or more water supply paths, the residual energy factor be distributed and the water supply
path have redundancy, and the entropy value can be improved. Therefore, the water supply path
redundancy of nodes in the network has an important impact on the value of surplus power entropy. In
addition, the water supply path from the water source point to the node with non-zero entropy value
is not the single path, and the entropy value of such node is closely related to the random distribution
uniformity of residual energy in different water supply paths. In the present study, the nodes with
entropy of 0 are considered from the perspective of network structure optimization in lifting condition.
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The surplus power entropy reflects the capacity to undertake the water transportation task
transferred from other pipe segments in addition to the completion of its own water transportation task.
The surplus power entropy quantifies the redundancy of the pipe segment. In addition, it measures
the reliability of the network through the distribution uniformity of residual energy, and can be used
as an operating index to measure the reliability of the pipe network. The present study suggests
that the surplus power entropy of the network can be improved and the reliability of the network
can be improved by adjusting pipe network structure. In addition, the scheme is developed based
on the increase of the network’s surplus power entropy, and the scheme is verified by using the
satisfaction of water volume and head as the result index, to determine the optimal scheme of the pipe
network structure.

4.4. Reliability Improvement Scheme

In the present study, three reliability improvement schemes are proposed, including increasing
pipe segment, increasing pipe diameter, and adding water pump. Under the damage situation of the
network, the weak part of the network, the nodes with low entropy value, and the units with high
influence or importance are identified and then optimized.

4.4.1. Increase the Pipe Section

This study was to optimize part of the pipe section and test the rationality and feasibility of the
optimized scheme, with a further goal to improving the reliability through comparative analysis of
the optimized reliability index. This study increases the water supply path of a node based on the
working condition in Figure 5c, and a new pipe section is added between node 34 and node 28 to
improve the reliability of the pipe network. The number of the newly added pipe segment is No. 79,
with a length of 4150 m, a diameter of 800 mm and an approximate coefficient of 120. The data of pre
and post optimization are shown in Figure 6. The reliability index used to verify the optimization
results is water pressure reliability. Water pressure reliability refers to when there is less than 70% of
the designed water demand of the node flow, and the node reliability is 0. If the flow is greater than or
equal to 70%, the node reliability is the ratio between the node heads under normal working conditions.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 17 
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It was found that the reliability and surplus power entropy of the node 28 are all improved after
optimization. The reliability increases to 0.0153 and the surplus power entropy increases to 1.052.
The index of the pipe network system was also improved. The reliability increased from 0.26 to 0.2613,
and the entropy increased from 4.749 to 4.8488. It was also found from Figure 6 that the reliability and
surplus power entropy values of most nodes did not have a significant difference, before and after
optimization. However, Figure 6 shows that the nodes around nodes 34 and 28 changed significantly.
The results analysis of the entropy value show that after optimization, except for nodes 14, 34, and
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42, the entropy value of node 28 increased from 0 to 1.052. It indicates that the water supply path
increased, resulting in an increase in the water supply redundancy of node 28. The analysis of the
reliability results also shows that after optimization, except for the decrease of nodes 33, 34, and 49,
the remaining nodes were unchanged. The nodes 33, 34, and 49 are located upstream of the new
section 79; node 28 and its downstream nodes shared the head energy of these nodes, resulting in a
decline. No matter what the index value of the node after optimization rises or falls, both the surplus
power entropy and reliability value of the pipe network system were higher than pre-optimization.
For users, the higher the index of the nodes, the better. However, in order to improve system index,
more consideration should be given to the reliability of the pipe network system and the improvement
of entropy value in the optimal design.

4.4.2. Increase the Pipe Diameter

The pipe diameter was increased in the pipe segment with both the diameter of more than 500
mm and the 0 entropy value at the beginning or end of the nodes; the lifting scheme was developed
based on the improved entropy value after optimization and the improved reliability. The earthquake
damage statistics showed the pipe diameter varies within the range of 200 to 500 mm, and the reliability
did not fluctuate significantly [37]. Therefore, this study chose to increase the pipe diameter of the
section with the pipe diameter above 500 mm in Figure 5c. The pipe diameter of the section near the
water source was increased to provide more water for downstream users. Therefore, the pipe diameter
of section 76, between the water source point 51 and node 11, increased from 500 to 800, and other data
remained unchanged. The water pressure reliability was used as the reliability index. The data before
and after optimization are shown in Figure 7.
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The comparison between reliability and entropy was shown in Figure 7. The pipe diameter of
section 76 increased from 500 to 800, resulting in a significant increase in the water head of node 11,
from 25.38 to 55.88. The reliability then also increased from 0.547 to 1, and the entropy value remained
unchanged. It shows that after the optimization, the performance index of the pipe network system
improved. The surplus power entropy of the pipe network also increased by 0.101, from 4.749 to 4.850,
and the proportion of the increased part was 1.84%. Moreover, the reliability increased by 0.0148, from
0.260 to 0.275, and the proportion of the increased part was 5.68%. In Figure 7a, it was found that due
to the increase in a pipe diameter of section 76, the water head of node 11 increased greatly and other
nodes slightly improved. The reliability of the pipe network increased from 0.260 to 0.275. Figure 7b
shows the change of entropy value laid in the user node, with water source point 51 as the main water
source. It was mainly distributed in the lower left of the pipe network.
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The improvement scheme started with increasing the pipe diameter, and then the pipe segment
with the pipe diameter of more than 500 mm from the vicinity of the water source point was selected.
The entropy value of the pipe network increased, and the lifting scheme that improved the reliability
of the pipe network was selected. The increase of pipe diameter was used as the supplementary means
of structural adjustment, and increase of pipe segment, to provide a scheme to improve the reliability
of the pipe network.

4.4.3. Add Pump Station

This study increased the water head of the node and its adjacent nodes by adding pumps, to
change the entropy value and reliability of the node. In order to improve the entropy value and
reliability, the reliability improvement scheme was developed. This lifting scheme was based on the
working conditions shown in Figure 5c. A water pump was added between nodes 16 and 6 with a flow
of 250 LPS and a head of 35 m. The results, pre and post-optimization, were shown in Figure 8.

It was found that the water head of node 6 was increased by adding the water pump from 21.37 m
to 25.76 m, and the reliability also increased from 0.463 to 0.558. However, node 16 was affected, and
the reliability decreased from 0.482 to 0.419. The reliability and entropy of the pipe network system
improved; the surplus power entropy increased from 4.749 to 4.763, and the reliability increased from
0.260 to 0.263. It indicates that the addition of water pumps improved the reliability of the pipe network
system to a certain extent.
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In Figure 8a, the reliability of the downstream nodes of the water pump, such as nodal 6, 7, 9, 17,
18, 24, 25, and so on, had improved. Among them, the reliability increased by 20.55%. The upstream
nodes of the pump, such as 4, 5, 16, 23, and so on, declined, with node 16 dropping the most; the
water head and reliability decreased by 13.07%. Adding the water pump added a water delivery path
between node 16 and 6. It inevitably led to a certain decrease in the water pressure of the upstream
and downstream nodes of node 16. A large number of nodes in the network entropy decreased, owing
to when the water pumps were added; the flow direction of one pipe segment (segment 3 between
nodes 2 and 3) in the network changed as well. It had an impact on the downstream node entropy
value of these two nodes, resulting in a decrease in the entropy value of most nodes in the downstream
node of node 2. However, the reliability index of the pipe network system was improving, with the
entropy value increasing by 0.29% and the reliability increasing by 1.25%. Figure 8b shows the entropy
value of most nodes after node 28 had slightly changed, indicating that the water pump had a great
influence on the reliability of nodes near its installation location. In addition, the reliability of the pipe
network mainly laid in the importance of the target node of the water pump in the pipe network. Every
single pump could play an important role in improving the reliability of important local nodes in the
pipe network and ensuring the water security of specific important user nodes. In the optimization
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design of the pipe network system, the scheme of adding a water pump was adopted to improve
the reliability of the local important user nodes. This ultimately provided overall reliability for the
pipe network.

4.5. Discussion

The urban pipe network, as a complex network system to provide its seismic capacity. On the
one hand, the seismic resistance of the pipe is directly improved by adopting the pipe with better
seismic resistance. On the other hand, it can be adopted to improve the redundancy and the overall
anti-seismic capacity of the pipe network to improve reliability. This paper does not change the
seismic resistance of the structural members, but improves the reliability of the pipe network system
through the latter. Through combining the three schemes, it was found that the optimization of a
single structural unit could change the reliability of the nearby downstream nodes with the flow of
water; thus, improving the reliability of the pipe network system. However, since the optimization of
a single node or unit has limited influence in the whole pipe network, the reliability and entropy of
the three schemes in this study are relatively limited. It was shown in the study that the reliability
of the pipe network was increased by 0.001, 0.015, and 0.003 respectively, and the surplus power
entropy was increased by 0.100, 0.101, and 0.014, respectively. In addition, the researchers found
that the reliability and entropy value could be further improved by selecting the appropriate unit for
optimization, based on the optimization of a single structural unit. Moreover, economic factors will be
taken into consideration in further work. In future research, a variety of adjustment schemes for the
pipe network structure will be developed based on the increase in entropy value, and the adjustment
scheme will be determined with the satisfaction of water volume, or head, as the result index. In order
to improve the reliability of the pipe network system, multiple nodes will be optimized by the same
scheme, or multiple nodes will be optimized by a combination of different schemes. This process will
be used in the optimization and reinforcement of the pipeline network before earthquake damage and
the formulation of a post-earthquake recovery strategy.

5. Conclusions

(1) In this study, based on the flow model of the pressure-driven node, the Monte Carlo hydraulic
simulation was conducted in a case study to provide a reference for the optimization of the pipe network.

(2) The curves of simulation times, standard deviation, and the mean value of surplus power
entropy of the water supply network, under different intensities, were calculated in the process of
solving surplus power entropy by using the Monte Carlo stochastic simulation. It was found that
the entropy value was basically stable after 3000 simulations. After stabilization, the surplus power
entropy of the pipe network at VII, VIII, IX degrees were 4.984, 4.950, and 4.868, respectively. With the
increase of intensity, the network entropy curve was distributed from top to bottom.

(3) Based on the analysis of the surplus power entropy of the nodes, it is concluded that the node
entropy is related to the water supply path of the nodes and the distribution uniformity of the residual
energy in different pipelines. The consistency of flow entropy and surplus power entropy verifies
the feasibility of surplus power entropy as a reliability index. This provides a basis for the targeted
transformation and optimization of the pipe network.

(4) Specific working conditions under different intensities were selected for analysis in this study,
and the spatial node position of a single water supply path was unchanged, which is the reason for the
similar distribution of nodes with an entropy value of 0 in the spatial network position. The specific
research object and optimization target of network optimization were further clarified in this study
as well.

(5) It was also concluded that the surplus power entropy index was a beneficial supplement to the
reliability evaluation index of the pipe network and could be used as the operating index to evaluate
the rationality of the pipe network structure.
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The surplus power entropy calculation method can be used to obtain the distribution of entropy
value in the pipe network, and the specific object of reliability improvement is determined. According
to the entropy value of specific nodes and segments, the scheme of improving reliability in the local
pipe network is designed. Through quantitative calculation of network reliability and network entropy
value, before and after the improvement, the effect of network reliability improvement is determined
and the network reliability improvement scheme is formulated. In this study, economic factors were
not taken into account when formulating the optimization scheme, such as the indicators related
to the financial efficiency of the investment. Moreover, the improvement effect of single node unit
optimization was limited. Thus, this study suggests we combine economic factors, multiple schemes,
and multi-node optimization together to enhance the reliability of the pipe network in future work.
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List of Notation

SPE surplus power entropy
SPF surplus power factor
SPE j the surplus power entropy of node j
sp fi j the surplus power factor of the pipe segment consists of starting node i and ending node j.
SPF j the sum of the surplus power factors flowing from the direct upstream node to node j.
U the upstream node set of node j
SPEnetwork the surplus power entropy of the network
nn the total number of nodes in the network
SPF0 the sum surplus power factors of all pipe network
SPFi the sum of the surplus power factors flowing from the direct upstream node to node i.
SPEi the surplus power entropy of node i
Qi the pre-earthquake water distribution of node i

Q∗i
the water distribution of node i considering the relationship between node water pressure and
water distribution. (L/s)

Hi the water pressure for node i
Hmin

i the minimum node water pressure when Q∗i is greater than 0
Hdes

i the design water pressure when node i reaches the pre-earthquake water distribution Qi
P f the probability of pipeline failure after earthquake
RR the average seismic damage rate of pipeline
L the pipeline length
Lk the distance between the (k− 1)th and kth locations of damage
µa a random variable which is uniformly distributed between 0 and 1
PGV the peak ground acceleration
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