
water

Article

Research on Hydraulic Safety Assessment of Water
Distribution Systems

Weiping Cheng 1,*, Yongxin Shen 1, Xing Zhang 1, Gang Xu 2, Zipeng Zhu 2 and Zhihong Long 2

1 College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, China;
syx_zju@zju.edu.cn (Y.S.); xingzhang@zju.edu.cn (X.Z.)

2 Guangzhou Water Supply Co., Ltd., Guangzhou 510600, China; xugangcn@gmail.com (G.X.);
zzp432105@126.com (Z.Z.); lzh73@126.com (Z.L.)

* Correspondence: chengweiping@zju.edu.cn

Received: 13 May 2020; Accepted: 14 June 2020; Published: 17 June 2020
����������
�������

Abstract: There are two key issues in the safety assessment of the water distribution system (WDS).
One is how to evaluate the safety levels of water supply for customers, while the other is how to
describe the importance of a pipe for the global or local WDS. The water demand guarantee rate (DGR)
and the water demand failure rate (DFR) are proposed. The mathematical expectations of the DGR
and DFR describe the average customer’s water safety levels for the first issue. Moreover, the unit
influence of pipe failure (UIPF) is put forward for the second issue. It describes the importance of the
pipe for the global or local system. Several cases show how to calculate the above values with the
pressure-driven model. It is also shown how to find key pipelines in the WDS. The results show that
the method can provide an effective reference for real-life WDS management.

Keywords: water distribution system; water demand guarantee rate; water demand failure rate; unit
influence of pipe failure

1. Introduction

The Water Distribution System (WDS) is one of the most important urban infrastructures. Serious
pipe bursts and water pollution accidents usually cause great social and economic losses, and even
cause social panic [1–3]. It is one of the most important tasks to ensure the safety of the WDS for
urban security. Traditional research on the safety of a WDS uses reliability for its optimal design [4].
The research on the reliability theory of the WDS was first proposed by Alperovits and Shamri in
1977 [5]. The definition of reliability is the ability of the system to satisfy the customers’ water demand
under normal or accident conditions, which means that the pipeline network provides water with
effective water pressure, sufficient quantity, and standard quality. The early reliability research of pipe
networks was focused on the study of the statistical theory. Combined with hydraulic models, it was
applied to the design, optimization, and evaluation of actual projects. Tung defined the reliability of
the WDS as the probability that the water consumption of all customers in the pipe network is satisfied,
assuming that the probability of the failure in the entire pipeline is independent and the same [6].
Khomsi regarded the probability that the water demand can be satisfied in a water distribution node
on a specified condition as the reliability index. If customers obtain enough water from a node, it is
regarded as a normal one; otherwise, it is regarded as a failed one [7]. Wagner proposed to measure the
reliability of the WDS by two indices: the node reachability and WDS connectivity. The reachability
is the probability that a specified node in the WDS is connected to at least one water source node.
The connectivity is the probability that every node in the WDS is connected to at least one water source
node. The reachability of any node is always greater than or equal to the connectivity of the entire
network as a whole [8,9] Kansal believed that the failure of the pipeline would not only cause the
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pressure of one or more nodes to drop but also cause the connectivity between the water source and
the nodes in the WDS to decrease. Connectivity is defined as the probability that the water source is
connected to all customers at the same time, and the global pipeline network connectivity is calculated
based on the additional spanning tree [10]. Guercio defined the node reliability as the probability that
the water distribution pipeline network can provide the required water pressure to the node after some
components are withdrawn from service due to failure. In this situation, the actual available water
pressure of every node in the WDS is greater than the minimum allowable pressure. According to
the proportion of the water demand of each node to the total water demand of the pipeline network,
the reliability of each water distribution node is weighted and summed to obtain the reliability value of
the WDS. Finally, the reliability evaluation model is solved by a linear programming algorithm and is
applied to the design and optimization of the WDS [11]. Shinstine applied the minimum cut set method
to the reliability analysis of the WDS in two large cities in Arizona, providing a method to check the
robustness of the pipe network during the design phase of the pipe network [12]. The connection
mode and network layout of the pipe network are analyzed to evaluate the reliability and resilience
of the pipe network system. Complex networks and “graph theory” techniques are used to quantify
the redundancy and robustness of the pipe network [13,14]. Even though great advances in reliability
theory have been made, there are some obstacles in the real-life application: (1) the concept of reliability
is too abstract for common engineers to understand the real meaning; and (2) the analysis procedure is
complicated [9,15]. When dealing with sudden and large-scale accidents that have not been experienced
before, it is difficult for the management department to make right judgments quickly.

The safety level of the WDS and the importance of facilities are discussed in this paper. Firstly,
from the perspective of customers’ water demand, the water demand guarantee rate (DGR) and
the water demand failure rate (DFR) are proposed to evaluate the performance of the WDS on a
water distribution failure condition. Secondly, to describe the importance of pipelines on customers’
demands, the influence function is defined to measure the role of pipelines in the WDS. Thirdly,
the method is carried out to evaluate the influence of pipelines’ failure in the WDS on customers’
demands and to locate key pipelines by using the pressure-driven hydraulic model [16,17]. Finally,
some cases demonstrate how to analyze the safety level of the WDS. One of the most important
contributions of this paper is to provide an easy method to find the key pipelines. It is helpful for the
management department to set up plans for the construction, operation, and maintenance of water
distribution facilities.

2. The Methodology

2.1. Definition of the DGR and the DFR

In the water industry, water distribution reliability is the probability that the expected amount of
water can be fully satisfied. In a WDS, even if a system cannot fully satisfy the design requirements,
it can still satisfy some of the customers’ demands. The concept of water distribution reliability is
extended to the DGR, which is the proportion of customers’ water demands in the state of pipelines’
failure in the WDS. It is a little different from the traditional concept of reliability. The DGR is proposed
as the index of the actual effective water supply to customers on the failure condition in the WDS.
Meanwhile, the DFR is the proportion of the unsatisfied customers’ demands to the total demands in
the failure state. The two indices can be applied to both a single node and the entire WDS. The DGR
intuitively demonstrates the degree to which the customers’ water demand is satisfied, and the opposite
is the DFR. In this paper, the water distribution reliability is replaced by the DGR. The expression of
the DGR is as follows:

GA,T =

s
T,A Qs,tdsdt

s
T,A Qreq

s,t dsdt
(1)

where Qs,t is the available flow in a region S at time T and Qreq
s,t is the demand in area S at a specific T

domain. This function demonstrates the system’s water distribution service capacity within a specific
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time and region. In a WDS model, the node demand is defined as the water consumption in a region.
The above formula can be expressed as Equation (2):

GN,T =

∑T
k
∑N

i Qi,k∑T
k
∑N

i Qreq
i,k

(2)

where i and k are the specified period time and the node number, respectively. T and N are the total
numbers of periods and nodes. Equations (1) and (2) cover the water distribution service capacity
from the perspective of the time and space, which can be evaluated not only on the whole system but
also for the local system and within a specific time range. The calculation is carried out repeatedly in
the whole time domain. It can be simplified by using average water demands.

When a pipe in the WDS is in failure, it cannot be used to convey water. The failure of
conveyance may cause insufficient water pressure at some nodes of the WDS, affecting the normal
water consumption of nearby customers. Even though the water pressure is lower than the required
service pressure, the customers can still get some of the required water from the pipeline network.
The part that fails to meet the demand is defined as the DFR. The failure rates in a specific period time
and a specific area are expressed as Equations (3) and (4).

FA,T =

s
T,A

(
Qreq

s,t −Qs,t
)
dsdt

s
T,A Qreq

s,t dsdt
(3)

FN,T =

∑T
k
∑N

i

(
Qreq

i,k −Qi,k

)
∑T

k
∑N

i Qreq
i,k

(4)

2.2. Mathematical Expectations of the DGR and the DFR

The DGR and DFR are indices of the pipeline network to satisfy the customers’ water demands in
the failure state. They do not involve the statistical feature of pipe failure. The mathematical expectation
of the DFR comprehensively demonstrates the average water distribution guarantee capacity [11].
Considering all possible situations, the mathematical expectation of the GFR at node n in the pipeline
network is Equation (5).

Fn = Fn(u)P(u) +
N∑

i=1

Fn(i)P(i) +
N∑

i=1

∑
j,i

Fn(i, j)P(i, j) + · · · (5)

where Fn(u) is the DFR of node n when there is no pipeline failure in the WDS; P(u) is the probability
of no pipeline failure in the pipeline network; P(i) is the probability of the pipeline i failing; Fn(i) is
the DFR of node n when there is only component i failing; P(i, j) is the probability of pipeline i and j
failing at the same time; Fn(i, j) is the DFR of node n when pipeline i and j fail at the same time; and N
is the total number of pipelines.

The probabilities of the pipeline failure in Equation (5) are as follows: [18]

P(u) =
N∏

i=1

[1− p(i)] (6)

P(i) = p(i)
∏
m,i

[1− p(m)] (7)

P(i, j) = p(i)p( j)
∏
m,i, j

[1− p(m)] (8)
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The set of all pipelines in the WDS is defined as K = {1, 2, 3, · · · , N}. A failure subset Km

corresponds to an accident state, and the total number of the accident states of the system is
C1

N + C2
N + C3

N + · · ·+ CN
N = 2N

− 1. The mathematical expectation of the DFR of node n can be
expressed as Equation (9):

Fn = Fn(u)P(u) +
2N
−1∑

m=1

Fn(Km)P(Km) (9)

In the same way, the mathematical expectation of the DGR at node n can be expressed as
Equation (10):

Gn = Gn(u)P(u) +
N∑

i=1

Gn(i)P(i) +
N∑
i

∑
j,i

Gn(i, j)P(i, j) + · · · (10)

The general expression of the mathematical expectation of the node DGR is as Equation (11):

Gn = Gn(u)P(u) +
2N
−1∑

m=1

Gn(Km)P(Km) (11)

where Gn(u) is the DGR of node n when the WDS is not in failure. Gn(Km) is the DGR of node n when
the subset Km fails.

In most cases, the probability that two or more pipes fail at the same time affecting the customers
in the same area is very small, thus the high-order items can be ignored. The first-order mathematical
expectation of the node DFR is approximate as Equation (12):

Fn = Fn(u)P(u) +
N∑

i=1

Fn(i)P(i) ≈
N∑

i=1

Fn(i)P(i) (12)

In normal conditions, the water demands of all nodes in the WDS can be satisfied, i.e., Fn(u) is 0
and Gn(u) is 1. Equation (12) can be expressed as Equation (13):

Fn =
N∑

i=1

Fn(i)p(i) =
N∑

i=1

[(
1−

Qn

Qreq
n

)
p(i)

]
(13)

In the same way, the mathematical expectation of the node DGR after truncating the high-order
items is as follows:

Gn =
N∏

i=1

[1− p(i)] +
N∑

i=1

[(
Qn

Qreq
n

)
p(i)

]
(14)

Because high-order small quantities are ignored, Fn is the lower bound of the mathematical
expectation of the node DFR, and 1− Fn is the upper bound of the mathematical expectation of the
node DGR [19].

2.3. Definition of Pipe Importance—Unit Influence of Pipe Failure (UIPF)

The WDS is a complex network system composed of many facilities. Pump stations, water
plants, and main water pipelines are primary components. Those important components are checked
by the management department every day. However, the number of pipelines is too large for the
management to be checked one by one. Thus, a method is needed to locate those important pipelines
and key pipelines need more attention. The evaluation indices should be useful for the management to
understand what the impact level is to the local or global system when a specific pipe fails.

The influence function of a pipeline can be defined according to the reduction of the customers’
water demands. The customers’ demands can be either in a specific assessment area or in the global
WDS. For example, when an event such as a pipe burst or a leak occurs, some valves usually need to
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be closed. The component is out of service. This will cause the pressure of water supply in a certain
area to drop, and the water consumption in that area will also drop. The greater the decrement is,
the higher the importance of the pipe is. The failure influence function of the pipe is defined as follows:

Ei = 1−

N∑
j=1

Q j

N∑
j=1

Qreq
j

(15)

where Ei is the influence degree of pipeline i; Q j is the actual consumption of customer j at the pipe i
failure state; Qreq

j is the water demand of customer j; and N is the total number of customers in the
water distribution area. The proposed Equation (15) can be used for a specific service area or the
whole WDS.

The pipeline is the main component of the WDS, and the length of the pipeline will affect the
calculation results of the pipeline’s failure influence function. The probability of pipeline failure is
positively related to the pipe length; for example, the probability of pipe burst is proportional to the
length of the pipe [20]. Thus, the unit influence of pipe failure (UIPF) is defined as:

ei =
Ei
li

(16)

where Ei is the influence of pipe i failure and li is the length (km) of pipe i. In a specific WDS, the upper
threshold of the failure influence per unit length can be specified in the design process. If the value is
larger than the threshold, it is necessary to make some improvements to reduce the failure influence
value of the pipeline. For example, the long-distance conveyance pipeline is usually designed as
double lines to reduce the risk of failure.

2.4. Pressure-Driven Model of WDS

The field test of the pipeline failure will affect the normal running state of WDS. Thus, the numerical
model is an alternative method. In hydraulic analysis and calculation of the pipe network model,
traditionally, the node demand is set to a constant value, and then the node demand will be taken as a
known parameter into the basic equation group to solve the unknown parameters such as the pipe
flow and the node pressure. It is called demand-driven Analysis [21]. Under the normal condition,
the water pressure of every node can satisfy the water demands of all customers. If the node’s water
demand is still taken as the actual flow for analysis under the pipe failure condition, it is inconsistent
with the real-life situation, and even there are unreasonable results such as negative pressure. It is
suitable to use the demand-driven method to analyze the state under the pipe failure condition. When
the pipeline fails, the pressure at some nodes will drop so that the pressure demand cannot be met.
The actual water consumption decreases, and the flow of individual nodes even drops to zero.

The actual water consumption of the customer is related to the terminal pressure. When the
pressure is greater than the demand pressure, the node water demand can be fulfilled. When the node
pressure is lower than the demand pressure, the actual consumption of the node will be less than the
demand. Consumers can still get some water, as long as the water supply pressure is higher than the
minimum service pressure. The method of combining the actual water consumption with the node
pressure is called pressure-driven analysis. The pressure-driven model can provide a more accurate
result than that of the demand-driven model. Some researchers have provided good models for
this. Based on many experiment data, Reddy [22], Germanopoulos [23], Rossman [24], Fujiwara [25],
and Wagner et al. [8] proposed different formulas which are applied in different scopes. Equation (17)
is the most widely used, thus it is used in this paper to define the actual available node demand.



Water 2020, 12, 1733 6 of 14


Qavl = Qreq, Havl ≥ Hreq

Qavl =
(

Havl−Hmin
Hreq−Hmin

) 1
n

Qreq, Hmin < Havl < Hreq

Qavl = 0, Havl ≤ Hmin

(17)

This model is adopted by many researchers, and the parameter n is usually set as 1.5–2. The model
is based on the water pressure to reduce the customers’ demands so that the calculated water volume
can be as close as possible to the actual water distribution. Some calculation examples to evaluate the
hydraulic safety of the WDS are introduced in the next section to verify whether the calculation results
are consistent with common sense. To facilitate the display and description of the results, all cases in
this paper are calculated by the non-delay model [26].

3. Cases of WDS Safety Evaluation

3.1. Case of Nodal DFR Mathematical Expectation

DFR mathematical expectation can rescript the average risk at the specific area. In this section,
“Anytown” pipe network is used to analyze the DFR mathematical expectation by the pressure-driven
model in the calculation. Poisson distribution is used to estimate the failure probability of pipes as
follows [27]:

Pi =
λ·T·l

365× 24
× e−(

λ·T·l
365×24 ) (18)

In this case, parameters of pipes’ DFR are assumed and λ = 1 and T = 24. The pressure-driven
model is used to calculate the supply–demand difference ratio when pipelines fail one by one, and
the mathematical expectation of each node’s DFR is obtained by accumulation. The calculation
result is marked on the corresponding nodes with different colors (as shown in Figure 1). The result
demonstrates that the nodes close to the water source and the reservoir have a low DFR mathematical
expectation, which is close to 0. Because those nodes have good connectivity to the source, the failure of
pipelines has little impact on them. The nodes located in the center of the pipe network have low DFR
expectations, too. Because these nodes are connected to multiple pipes, the degree of water safety level
is also high. However, Nodes 5, 7, and 9, located at the edge of the pipe network, have relatively high
DFR mathematical expectation, because these nodes only have two connecting pipes and long distance
from the water source. Among them, Node 9 has the highest expectation of DFR, which is 2.4%.

3.2. Cases of Pipe Importance Assessment

DFR and DGR can quantify the safety level of the WDS. From the perspective of the management
department, they want to know the importance of every pipeline. The following two cases introduce
the calculation of the pipelines’ impact degree.

3.2.1. Case of Global UIPF

Anytown model is used in this section to analyze pipelines’ influence in the WDS. The pressures
Hreq = 20m, Hmin = 2m are used in the pressure-driven model. In the simulation, the UIPF is marked
with different colors according to Equation (13). Considering UIPF of pipelines for the whole WDS,
there are eight pipelines (marked in orange and red) with UIPF of 0.01 or higher. The key pipeline is
the outlet pipe of the southwestern pool, the UIPF of which is 0.155. The second one is the outlet pipe
of the southern water pool, and the UIPF value is 0.031. Water outlets of the pool and the water plant
play the most important roles for the entire area, so failure will have a significant impact on customers
in the WDS. The UIPFs of pipelines in the center of the pipeline network are low in Figure 2. It is
because that the nodes’ demands in this area are supplied by multiple pipes and one pipeline’s failure
has little impact. As a result of the UIPF, Figure 2 demonstrates this phenomenon very well.
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3.2.2. The Local and the Global UIPF of Real-Life WDS

(1) The Global UIPF of WDS

This case introduces that the local UIPF is different from that of the global for different evaluation
areas. The result of the UIPF in the whole WDS is shown in Figure 3. From the perspective of the
UIPF, there are 13 pipes (marked in orange and red) with a UIPF of 0.01 or higher in this case. Among
them, the southern water plant outlet Pipe a (1400 mm) is with the highest UIPF of 0.088 (marked in
red). This pipeline is the main outlet pipe of the southern water plant, and plays a key role in the
southern region. The failing of Pipe a will have a significant impact on customers’ water consumption
in its water distribution area, and the calculation result shows this phenomenon well. Meanwhile,
it demonstrates that the UIPF of outlet Pipe b in charge of the southwest is not high, because the
flow of Pipe b is only 370 m3/h, which accounts for 9.8% of the total outflow of the southern water
plant. The water consumption in the southwest region is low, so the failure of Pipe b has little effect
on the whole WDS. It shows that the importance of the pipeline is closely related to the downstream
demand. The overall evaluation results visually identify the pipes with a high impact on the whole
WDS. The above result can be used by the management to evaluate the hydraulic safety of the WDS.
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Equation (13) can be applied in a local area too. The assessment result in a local area can show a
distinction between the UIPFs of pipelines in a local area. The UIPF in the local area can be effectively
expressed only in the evaluation of the local area with a clear distinction. If the UIPF is evaluated in
the WDS, the distinction of the UIPFs of the pipelines is not high.

(2) The local UIPF in the northwest region

In the analysis of the node DGR expectation, the pipe network in the northwest region is firstly
analyzed, and the UIPF is marked in different colors in Figure 4. It can be clearly identified from the
figure that Pipe c (600 mm) and Pipe d (800 mm) are the key pipes, of which Pipe c’s UIPF is 0.105
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and Pipe d’s UIPF is 0.127. These two pipes are the primary channels of the northwestern area. If an
accident occurs, the water consumption in the northwest area will be greatly affected. In contrast,
even if the surrounding pipes’ diameters are larger than these two pipes, the UIPFs are not higher.
The water consumption in the area will not be greatly affected by the failure. This case shows that the
diameter of the pipe is not the only factor that affects the UIPF of the pipeline, and the UIPF of the
pipeline in the key area is higher than that of the thick ones.
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(3) The local UIPF in the southeast region

The southeast region is the region with the lowest level of the nodes’ DGR, and the evaluation
result is shown in Figure 5. The UIPF assessment results show that the key pipeline is the outlet
Pipe a of the southern water plant, with a UIPF of 0.376. This shows that Pipe a is the main pipeline
for supplying water to the southeast region and it is very important to ensure its normal state. It is
noteworthy that the green Pipe e with a larger pipe diameter is not one of the key pipes in this area.
Pipe e’s UIPF is only 0.02, while the UIPFs of several small-diameter pipes downstream are higher.
The reason is that Pipe e is not a unique channel for downstream customers. Although the diameter of
Pipe e is large, its UIPF is not high for the local evaluation area downstream. The pipes closer to the
customers downstream are more important than Pipe e.
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4. Conclusions

The water demand guarantee rate (DGR) and the water demand failure rate (DFR) are proposed
to assess the safety of a Water Distribution System (WDS) in this paper. The mathematical expectation
of DGR and DFR can describe the average safety level of the WDS. Based on the influence of pipe
failure on water consumption, the Unit Influence of Pipe Failure (UIPF) is proposed to describe the
relative importance of the pipelines in the system. The UIPF demonstrates the relative importance
of pipelines based on water consumption in evaluation areas. Thus, it can be used to evaluate the
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impact of the pipeline’s failure, not only for the whole WDS but also for the local areas. UIPF’s
advantages are that it can be used for both the local system and the global system, and it can improve
the discrimination of pipe importance. It is a simple and intuitive indicator to describe the relative
importance of various pipelines in large-scale and complex pipe networks. Even if experience can
help public utility managers to judge the importance of pipelines, the UIPF provides a very important
reference for them to make decisions, especially for those managers who lack professional experience
and relevant technical background. The UIPF provides an important reference for the formulation
of design, monitoring, and maintenance strategy for the WDS. It is beneficial to ensure safety and
reasonable budget allocation. All cases show that UIPF can help the researchers find key pipelines in
the WDS easily. It is an effective index to help the water management department make the plan for
improving the safety level according to the importance of the pipelines.
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Glossary

WDS Water distribution system
DGR Water demand guarantee rate
DFR Water demand failure rate
UIPF Unit influence of pipe failure
GA,T The expression of the DGR
GN,T The discretization result of the DGR
Qs,t Available flow in region S at time T
Qreq

s,t The demand in area S at a specific T domain
Fn(u) The DFR of node n when there is no pipeline failure in the WDS
P(u) The probability of no pipeline failure in the pipeline network
P(i) The probability of the pipeline i failing
Fn(i) The DFR of node n when there is only component i failing
P(i, j) The probability of pipeline i and j failing at the same time
Fn(i, j) The DFR of node n when pipeline i and j fail at the same time
Km A failure subset which corresponds to an accident state
Gn(u) The DGR of node n when the WDS is not in failure
Gn(Km) The DGR of node n when the subset Km fails
Fn The mathematical expectation of the DFR of node n
Gn The mathematical expectation of the DGR at node n
Ei The influence degree of pipeline i
Q j The actual consumption of customer j at the pipe i failure state
Qreq

j The water demand of customer j
li The length (km) of pipe i.
ei Unit influence of pipe failure
Qavl Node actual available flow
Qreq Node demand flow
Havl Node actual head
Hreq Node demand head
Hmin Node minimum service head
Pi Poisson distribution probability
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