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Abstract

Introduction: Water distribution systems (WDS) are the crucial component of urban
infrastructure that play a critical role in delivering sufficient water to users with acceptable
pressure, volume and quality. Occurrence of a pipe failure may interrupt service, undermine
system performance and ultimately lead to consumer dissatisfaction. Nowadays, the threat of
accidental or man-made disruptions motivates water utilities to plan risk mitigation works
and to improve the preparedness for extreme events. Pipe breaks increase with aging
infrastructure, natural disasters such as earthquakes and man-made disruptions. Three
criteria; reliability, resiliency and vulnerability have been used to assess the performance of
the water distribution system (Hashimoto et al., 1982). The resilience capacities are absorptive,
adaptive and restorative that a system needs to be able to respond to perceived or real shocks
(Francis and Bekera, 2014). Butler et al. (2017) defined the resilience in WDSs as “the degree to
which the system minimizes level of service failure magnitude over its design life when subject
to exceptional conditions”. Failure modes in WDSs can be broadly categorized into structural
failure and functional failure (Mugume et al., 2015). Response to pipe failure can indicate
system resilience to loss of structural connectivity (Butler et al., 2014). Todini (2000) proposed
a technique based upon the definition of resilience index that emulate both reducing the cost
and preserving a capability of the system to overcome failures while still satisfying demand
and pressure at each node. Diao et al. (2016) proposed the Global Resilience Analysis (GRA)
as a methodology that focusses on the response to system failure modes. Using GRA, the
whole range of performance strains resulting from any stress magnitude can be evaluated. In
GRA, the model of pipe failure mode (stress on the system) is modified by changing the pipe
status to close for three hours during peak consumption (Diao et al., 2016).

In this paper, the numerical code of the GRA method for NET3 network is evaluated and the
resilience of water distribution network is examined separately from the main transmission
lines. Then, the pressure-based algorithm for the above method is assessed. Then, the resilience
of the real water distribution network in Iran is examined. Based on the inquiry from the water
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and wastewater company, and considering the diameter of the network pipes, the failure time
of the pipes in the consumption peak (12-18) is considered to be an average of 6 hours. Finally,
the critical network pipes are identified and the resilience analysis of the network is examined
if these pipes are protected.

Methodology: In this paper, the GRA approach is adopted to evaluate the system resilience
under different pipe failure modes (Diao et al., 2016). The possible failure modes were
modelled with increasing the stress magnitude and estimating the corresponding strains
(Johansson, 2007). Different combinations of pipe failure are considered as stress magnitude
and ratio of unsupplied demand to total demand is defined as strain magnitude. Due to huge
number of possible combinations (i.e. a system with N component and m simultaneous
failures has }n!/m!(n-m)! potential failure scenarios), it is not possible to model every
conceivable scenario for each system failure magnitude (Sweetapple et al., 2018). For any given
stress magnitude, an appropriate affordable number of failure scenarios must be determined.
Where the total number of scenarios (TNS) is determined as follows (Diao et al., 2016).

As a demand-driven model, EPANET2 determines the nodal pressures by considering the
specified demand at nodal points (Rossman, 2000). To illustrate actual supplied water to
customers in abnormal conditions, the available nodal demand is expressed as a function (Eq.
2) of nodal pressure head (Wagner et al., 1988).

Results and Discussion: Figure 4 shows the calibration of code with results (Diao et al., 2016)
for the Net3 distribution network. The results of the code above 95% correspond to the results
(Diao et al. 2016). In Fig. 5 the resilience of Net3 for two approaches (i.e., whole network (WN),
and network without CRP (NWCRP)) are compared. The GRA showed that Net3 encountered
complete failure due to simultaneous failure of the four main CRPs. Whereas excluding these
pipes caused the failure of 12 pipes lead to the same results. The maximum and average
network supply shortage were 36% and 12% higher than the whole network model. The
supply shortage for all combinations of CRP failures in the peak demand period (18-20 pm) is
presented in Fig. 7. In Fig. 8 the resilience of real water distribution network for three
approaches (i.e., network without CRP1 (NWCRP1), and network without CRP2 (NWCRP2))
are compared. If the resilience of the main transmission lines is examined separately from the
total distribution network, the resilience of the network will increase in three modes of
maximum, average, and minimum by 72, 23, and 14%, respectively. The results showed that
if ten critical pipes were protected, network resilience would increase by an average of 20
percent (Fig. 9).

Conclusion: Resilience analysis is critical to the presentation of emergency schemes in
distribution networks before a crisis occurs. One of the network components that is considered
in resilience analysis is the failure of part or all of the different pipe combinations. In this study,
after testing the resilience analysis model in the NET3 study network, the model was
implemented for a real water network in Iran. Accordingly, by reinforcement of the main lines,
the efficiency of the real network will increase by a maximum of 72%. Because this network
has the only major source, with a single failure of the pipes, it reaches 100% of the water
supply. The resilience analysis of other network pipes also shows that if the network's ten
critical pipes are protected, the network's resilience will increase by an average of 20%.

Keywords: Real water distribution network, critical pipes, water supply deficit, Calibration.
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Load basic WDS information

}

Run hydraulic simulation by EPANET,
compute PO and Q0

I

’ Compute TNS(Eql)

}

| i=1, j=1 |
1
l pipe j fails }4
The ith combination based on TNS and target pipes |« |
| T=t+1 |

l Run hydraulic simulation by EPANET ‘

> calculate the available flow by Eq(2)

\
If P<0 If 0< P<Pmin If P>Pmin \
‘ Qavl=0 Qavl=Qreq*(P/Pmin)™0.5 Qavl=Qreq }

NQ

If PO-P<107(-3)

calculate the Resilience by Eq(3)

List target pipes=20% pipes with maximum
and minimum supply shortage

Fig. 2 A flowchart for resilience analysis of pipe failure in WDS by isolation valves
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Table 1. Properties of Net3 and Real water distribution network in Iran

Networks Junctions Pipes Reservoirs Tanks Demand(L/s)
Net3 91 115 2 3 7173
Real water
distribution 1217 1325 1 0 317
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