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Abstract—The battle of background leakage estimate (BLE)
in water supply networks has been the subject of discussion in
the last years. This paper aims to investigate the effect of pipe
materials with particular reference to their impact on the BLE
in looped water supply networks using a graph-based integrated
hydraulic model. In the applications, the hydraulic modelling
was carried out through steady-state flow modelling. The model
was demonstrated on a water supply network derived from the
literature. The results obtained evidence the influence of pipe
materials on the background leakage estimation. The effect is
more pronounced on very smooth and new cast iron or welded
steel pipe while the least effect on BLE is observed when oil
cast iron and bricks is considered.

Index Terms—Background leakage, Hydraulic model, Pipe
materials, Water loss, Water supply networks.

I. INTRODUCTION

WATER loss occurs in all distribution systems, even
though the volume of the losses depends on the type

of systems and monitoring equipment attached. A major
component of water loss is the leakage from the installed
piping systems. In water supply systems (WSSs), leakage is
inevitable and makes up a larger part, sometimes more than
70% of the total water losses [1]. This has been a threat
to the operational services of water utilities and has been
a subject of discussion in the last years. In most cases, the
level of service provided to the consuming end is usually
compromised, whilst reducing the income of water suppliers,
and increasing the environmental impact of water extractions
[2].

With the increasing growth in technology, the use of
information and communication technology (ICT) for water
network analysis [3] is becoming increasingly common. Wa-
ter distribution networks (WDNs) are disperse in nature, and
in some cases, measurement data are not always available,
the use of advanced computing tools and software package
for the analysis of the pipe networks for state estimation,
leakage analysis and demand forecasting purposes has im-
proved the planning and schedule maintenance of water
supply networks. In the last years, the use of geographical
information and supervisory control and data acquisition
(SCADA) systems in the water industries permit the easy
usage of hydraulic modelling for the assessment of water
supply network facilities for pressure control and leakage
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analysis. In WDNs, background leakage is often hidden and
constitutes a major threat to water loss volume in the system.
Because of their diffuse nature, they go unreported for a very
long period of time. In recent times, the battle of background
leakage estimate combines with optimal pressure control and
network rehabilitation [4–14] will be a major breakthrough
in reducing the overall water network leakage ratio.

Several research studies have been conducted with the aim
of reducing water loss through leaking pipes for leakage
management, and control of water losses. Understanding the
characteristics of leakage or leakage hydraulics is vital to
reducing water loss through leaking pipes. To this effect,
several factors have been reported to influence the leakage
flow through a hole or crack in pipes. Amongst others, the
pressure through the pipe, the soil hydraulics, as well as
the water demand pattern, have been reported to influence
the behaviour of leaks in WSSs [15]. The pipe material is
another interesting factor that cannot be overlooked.

The goal of reducing water losses to an acceptable level
remains elusive. Due to the dispersed nature of water supply
networks, the problem is more aggravated when a leak occurs
in more than one point along a single pipe in the system.
Thus, the complexities involved in this problem are much
greater than initially thought. Nevertheless, a huge research
progress has been made in understanding the various factors
that affect water losses, however, much still remains to be
done to achieve a well-reduced network leakage ratio. In this
paper, the influence of the pipe materials (M1 to M5) on the
background leakage estimate (BLE) in a looped water supply
system is presented. The rest of the paper is organised as fol-
lows. Section II presents the integrated hydraulic modelling
of the water supply distribution networks using graph theory.
The results of the investigation of a water supply distribution
system derived from literature are discussed in Section III
while Section IV concludes the paper.

II. GRAPH-BASED HYDRAULIC MODELLING OF WDNS

Using graph theory, a water distribution network (WDN)
may be viewed as a connected graph with a finite set of edges
and vertices or nodes. The former consist of pipes, pumps,
and valves. Conventionally, the basic hydraulic equations de-
scribing the flow in a water distribution network are governed
by the principle of mass continuity in the node and energy
conservation around the hydraulic loop. For any water supply
distribution networks comprising of b number of pipes, n
number of junction nodes, ns number of source nodes or
fixed-grade nodes (nodes with known pressures), and nl
number of load nodes (nodes with unknown pressures), the
total number of nodes in the network is n = ns + nl.
The mass continuity equation can be written for each node
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while the energy conservation equation can be written for
any loop in the network. For the sake of simplicity, while
still maintaining generality, other network elements such
as pumps and valves are neglected. Thus, the governing
equations result in a system of partly linear and partly non-
linear equations which may be expressed as

AQ− CTl Pl − CTs Ps = 0

ClQ+ q = 0
(1)

where A is a diagonal matrix of size (b × b) relating the
pressure drop to the flow in each pipe. The matrix A may
be expressed as

A = diag(k|Q|α−1) (2)

That is

A =


k1|Q1|α−1 · · · · · · · · ·
· · · k2|Q2|α−1 · · · · · ·

...
...

. . .
...

· · · · · · · · · kb|Qb|α−1


Also in (2), k = [k1, k2, ......, kb]

T is a (b× 1) vector of the
pipe hydraulic resistance whose values depend on the head
loss model used. Both Pl and Ps are the pressure at the load
and supply nodes respectively. Q and q are the vectors of
the flow in each pipe and the demand at the load nodes.
The vector q comprises of the actual nodal demand and the
pressure dependent leakage model. Also, Cl of size (b× nl)
and Cs of size (b×ns) are the incidence sub-matrices derived
from the topological incidence matrix C, with Cl connecting
the pipes to the load nodes and Cs connecting pipes to the
supply nodes. The matrix C has an element of 1 if the flow
in the pipe is entering the node connected to that pipe and
an element of -1 if the flow in the pipe is leaving the node
connected to such pipe. This may be expressed as

Cij =


+1 if the flow in pipe j enters node i
−1 if the flow in pipe j leaves node i
0 if pipe j is not incident to node i

By solving the system of equations in (1) using a Newton-
like method, the iterative solution of the model in (1) at every
iteration “t′′ may be expressed as

P
(t+1)
l = −B−1{q + ClD

−1[(D −A)Q(t) + CTs Ps]}

Q(t+1) = Q(t) +D−1[CTl P
(t+1)
l −AQ(t) + CTs Ps]

(3)

In (3),

B = ClD
−1CTl (4)

where B represents the network admittance matrix which is
symmetry and highly sparse, D ∈ <b×b is a diagonal matrix
whose elements are the partial derivatives of the matrix A
with respect to the flow in the pipe.

A. Accounting for background leakage model in the vector
q

Background leakage flow occurs continuously along the
length of a pipe and it is usually lumped at the pipe end
nodes. If Q̄ denotes the vector of the background leakage
flow along all the pipes defined by Germanopoulos [16], then
the vector of the nodal leakage level may be expressed as

q̄nleak =
1

2
ψQ̄ (5)

where q̄nleak represents the vector of the leakage flow at the
node and ψ is the absolute of the network incidence matrix
C. That is,

ψ = |C| (6)

III. RESULTS AND DISCUSSIONS

Fig. 1 shows the schematic diagram of the case study water
supply network used for the numerical example 1. As may
be observed in Fig. 1, the network consist of 1 supply node
(or source node) and 45 demand or load nodes. The supply
node (node 1) and the load nodes (which indexes from node
2 to node 46) are interconnected by a series of pipes of
varying lengths and diameters between 25 m to 300 m and
80 mm to 300 mm respectively. The base demand at the load
nodes varies between 0.19 l/s to 12.4 l/s. The hydraulic data
relevant to this network may be found in [17].

Fig. 2 shows the profile of the leakage flow at the pipe
level for the case study water supply network used in the
numerical example. The figure demonstrates the variability in
the background leakage outflow that exists among individual
pipes with different materials. Depending on the boundary
conditions surrounding each pipe, it may be observed that,
in most cases, the least impact on the background leakage
estimation is observed when an oil cast iron and bricks are
considered. Moreover, the most effect on the BLE is noticed
in very smooth pipe and new cast iron or welded steel.

Fig. 3 shows the nodal leakage flow for the case study
water supply network used in the numerical example. When
different pipe materials are investigated, the variability in the
background leakage flow that exists among individual nodes
is illustrated. From this figure, and in a similar manner to
the result presented in Fig. 2, at the node level, it may be
observed that oil cast and bricks have the least influence on
the background leakage outflow while the significant effect
is noticed when a very smooth pipe and new cast iron or
welded steel is considered.

The results presented in Fig. 4 gives a similar inference to
those presented in Fig. 2 and Fig. 3. Fig. 4 indicates the pipes
of the network that contribute mostly to the network water
loss volume when different pipe materials are considered.
As may be seen in Fig. 4, the effect of pipe materials on the
BLE considering a very smooth pipe and new cast iron or
welded steel is more pronounced than those of oil cast iron
and bricks.
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Fig. 1. The layout of the water supply distribution networks used for the numerical example.

Fig. 2. The profile of the background leakage flow in each pipe.
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Fig. 3. Nodal leakage outflow.

Fig. 4. The volume of water losses in each pipe.
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IV. CONCLUSION

With the increasing growth in technology, the adoption of
ICT which permits the use of hydraulic models for water
network analysis and leakage reduction is becoming increas-
ingly common. The goal of reducing water losses to an
acceptable level remains elusive. Due to the dispersed nature
of water supply networks, the problem is more aggravated
when a leak occurs in more than one point along a single
pipe in the system. Nevertheless, a huge research progress
has been made in understanding the various factors that
affect water losses. In this paper, the influence of the pipe
materials (M1 to M5) on the background leakage estimate
in a looped water supply system is discussed. The overall
simulation results indicate the influence of pipe materials on
the background leakage estimation. While the effect is more
pronounced on very smooth and new cast iron or welded
steel pipe, the least effect is observed when an oil cast iron
and bricks are considered.
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