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Abstract

Introduction: the ramified sewerage system for receiving and
transferring household and industrial sewage typical for a large
city is considered. Consideration is restricted to the sub-system of
sewage conveyance (sewer network). Methods and materials:
the relative raw sewage volume that could be potentially
discharged to the environment as a result of component failures
in the sewer network is proposed as a measure of overall system
reliability. Results: a simple method for quick and proper
calculation of this volume is presented. The problem reduced
to finding of the raw sewage volume potentially discharged
from the sewer network, and is solved using the following
assumptions and limitations: mathematically, an urban sewer
network is a simply connected, acyclic, oriented graph (so-called
tree-like graph); of a pipe fails, its capacity becomes equal to
zero; all specific peculiarities of a pipe (material, diameter, age,
operating conditions, etc.) manifest itself in its failure rate; the
network pumping stations are taken absolutely reliable. The
basis for this method is a representation of the sewer network
by a combination of structure-forming fragments. Each such
fragment is formally substituted by a fictitious equivalent
sewer that has a failure rate leading to the same output for
the same input. Conclusion: as a result, the problem reduces
to a sequential consideration of elementary sub-problems the
solution of which is easily accomplished.

Keywords: sewer network, reliability, sewage discharge, Y-like
network fragment, decomposition-equivalenting method.

Introduction

The proper functioning of the urban sewage
disposal system is a primary determinant of the
city’s ecological and sanitary-hygienic conditions.
Confronting problems associated with the sewer
network maintenance as a subsystem of an entire
sewage disposal system, is a necessary step for
improving operation efficiency in an urban waste

AHHOTAIIUS

BBenenune: paccMarpuBaeTCs TUMUYHAS JUIsi KPYHMHOTO Tropoja
Pa3sBETBIICHHAA KaHaJIM3allMOHHasA CUCTEMaA, IpEAHa3HAYCHHasA
JUIA TIpuE€Ma U OTBEACHUA 6])ITOBI)IX W MPOMBINIIEHHBIX CTOYHBIX
BoA. PaccmoTpeHune orpaHu4MBaeTcCsi MOICHCTEMOI TpaHCHOp-
TUPOBKU BOABI (KaHAIM3ALMOHHOW ceThio). MeToabl M Mare-
PHAJIBI: TpeIaraeTcs Moj Mepod HaJeKHOCTH CHCTEMBI B Iie-
JIOM IIOHMMAaTh OTHOCHUTEILHBIA O00LEM HEOUYMIIEHHOM CTOYHOM
BOJ/Ibl, MOTEHIMAIBHO COpachIBaeMOW B OKPYXKAIOIIYI0 Cpemy
BCJIG/ICTBHE CJIyYaifHOTO BBIXOJA M3 CTPOsI KOMIIOHEHTOB KaHa-
JU3aOHHON ceTd. Pe3yibrarhl: pazpaboTaH MpOCTOH MeTOx
OBICTPOrO U TOYHOTO pacyera 3TOro oobema. 3amada CBOANUTCS K
OIPE/IeIICHNIO KOJIMYECTBA HEOUMIIEHHON BOJIbI, IOTEHIMATIBHO
cOpachlBaeMOH M3 CeTH, M petIaeTcs Mpu CAEAYIOMUX JOIyIie-
HUSIX M OrPaHUYCHUSIX: TOPOJACKAsh CHCTeMa BOJIOOTBENCHUS, C
MaTeMaTU4eCKOM TOUKH 3pC€HUA, NPEACTABIACTCA OAHOCBA3HBIM,
AIMKIMYECKIM, OPUEHTUPOBAHHBIM TpadoM (TaKk Ha3bIBaeMbIM
«IepeBOM»); TIPU aBapuu TPYObI ee MPOIyCKHasi CIIOCOOHOCTD
CUMTACTCS] PABHOW HYITIO; Criel(UUECKHe OCOOCHHOCTH KXk I0M
TpyOBl (MaTepual, TuaMeTp, BO3PAcCT, YCIOBHsI PabOTHI M T. I1.)
UHTErPaJIbHO MPOABJIAIOTCA B MHTCHCUBHOCTU €€ OTKAa30B, KaHa-
JIM3ALMOHHbBIE HACOCHBIC CTAHI[MHU CETH MOJAraloTcsi abCOMOTHO
HaJIOKHBIMU. B OCHOBE MeToza JIOKUT TPEACTaBICHHE KaHAIHU-
3allMOHHOM CeTH B BHJE KOMOMHAIIMM CTPYKTypOOOpa3yroLIMX
¢dparmenToB. Kaxplii Takoii (pparMeHT GopMaabHO 3aMeHsIeTCs
O71HOW (D)MKTUBHOM KBUBAJICHTHON TPYyOOH, HHTEHCHBHOCTb OT-
Ka30B KOTOPOH OIpeeNseTcss U3 YCIOBHs PaBEHCTBA PAaCXOIOB
BOJIbI Ha BXOZIaX M BBIXOJE (pparMeHTa M 3aMeHsIomIeil ero Tpy-
Obl1. 3aK/II0YeHHe: pacyeT Mepbl HAJIeKHOCTH KaHAIN3aMOHHOH
CEeTH CBOJMTCS K IMOCIIEI0BAaTEIbHOMY PACCMOTPEHHUIO HPOCTBIX
0/13a/1a4, PEIICHNEe KaXK/0il N3 KOTOPBIX JIEMEHTapHO U HE BbI-
3bIBAET TPYAHOCTEH.

KitroueBble ¢J10Ba: KaHAIM3aLMOHHAS CETh, HAJIGKHOCTb, COPOC
CTOYHO# BOZIBI, Y-00pa3HbIil ()parMeHT CETH, METO]] ISKOMITO3H-
WA U DKBUBAJICHTUPOBAHUA.

water disposal system as a whole. In recent years,
in response to increasing congestion in urban
sewer networks and the adverse environmental
impact of such congestion, substantial attention
has been focused on working out the proposals
to improve waste water disposal processes.
A critical issue in the evaluation and effective
implementation of these proposals is development
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of the best, in some specified sense, sewage disposal
strategies. In practice, meanwhile, very significant
improvements in management efficiency could be
accomplished simply by better maintenance of the
waste water disposal system.

There is a great deal of research dedicated to
the reliability problems of water supply systems
reported in the literature [2— 4, 7, 1315, 17]. From
the latest publications we emphasize the work of
Gheisi et. al. [8], which provides an in-depth review
of the relevant research literature in the context of
the mathematical methods for measuring water
distribution system reliability. However, as noted in
other works, for example: “A review of the literature
reveals that there is currently no universally
acceptable definition or measure of the reliability of
water distribution systems ... For a large system ...
it is extremely difficult to analytically compute the
mathematical reliability” [13].

By contrast, the reliability problems of the sewage
disposal systems are still uninvestigated [5, 6, 9, 10,
12, 18]. Therefore, any effort to comprehend, set up
and refine the issue of sewer network reliability takes
on great significance. The final objective of these
investigations is to develop sewer network design,
reconstruction and maintenance methods with due
regard for reliability.

1. Short description of the object and problem
statement

An urban wastewater disposal system is
anetwork of structurally and technologically
interconnected structures intended for sewage
collection and its conveyance to the purification
plants. Usually the city sewage disposal system is
designed and constructed according to the head-and-
gravity concept. This means that the sewage passes
through underground sewers having a specified
fall by gravity, and pumping stations lift sewage in
areas where gravity flow is impossible. (As a rule,
the sewage pumping station is designed as a system
providing a redundancy of the pumping equipment.
Because of this, in the following, we assume that the
pumping stations are absolutely reliable).

By this means the sewer network, by nature, is
a peculiar water distribution system. The reliability
of such systems is often defined by heuristic
guidelines, like having all pipe diameters greater
than a minimum prescribed value. By using such
guidelines it is implicitly assumed that reliability

will be assured, but the level of reliability provided
is not quantified or measured. Thus, the question:
“Is the system reliable?” is usually well understood
and easy to answer, while the question “What is its
reliability level?” is not straightforward. As a result,
only limited confidence can be placed on such rules,
as reliability is not considered explicitly.

The underground pipes, as sewer network
components, are subject to so many influences
that it is difficult, if not impossible to predict their
combined effect in advance. These influences include
the corrosive action of the soil and sewage, ground
movements, etc. Most of these factors are random,
and are characterized by significant variability.
These circumstances adversely affect sewer network
reliability. Currently, traditional wastewater disposal
system design and maintenance methods usually fail
to account for this situation.

A determination of the timeline and the sequence
of a sewerage modernization plan is an important
problem of the applied reliability theory. The strategy
development for the object reconstruction falls into
two stages. At the first stage, the object’s technical
condition is established, and a need for renovation
is determined. The second stage is job scheduling
for the specific network elements requiring repair or
replacements.

Depending on the purpose of the study and the
specifics of an object, its technical state may be
estimated, from the viewpoint of a reliability, using
different quantitative measures: for example, by the
average time between failures or by the probability
of trouble-free functioning over a given period
of time. We note that these traditional measures,
accepted in theory, as applied to sewer networks,
provide not enough information because it is very
hard to interpret them physically.

Here the specific reliability index is proposed.
This index is intended for functioning efficiency
estimation of tree-like hierarchical structures; an
urban sewer network is a typical representative of
such structure. The relative volume of raw sewage
potentially discharged from the sewer network to the
environment over some time period (for example,
one year) resulting from network components
failures, is considered as a quantitative reliability
measure.
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Thus, the problem reduced to finding of the raw
sewage volume potentially discharged from the
sewer network.

2. Assumptions and limitations

The following basic assumptions and limitations
are accepted in the subsequent consideration:

e Mathematically, an urban sewer network is
a simply connected, acyclic, oriented graph (so-
called tree-like graph).

e [f a pipe fails, its capacity becomes equal to
Zero.

o All specific peculiarities of a pipe (material,
diameter, age, operating conditions, etc.) manifest
itself in its failure rate.

e The network pumping stations are taken
absolutely reliable.

3. Reliability analysis of the sewer network
fragment

Two features of a sewer network should be
pointed out: 1) sewage gravitates through each sewer
in one direction only, and 2) the hydraulic elements
used to link different sewer basins are lacking. This
means particularly that the sewage entering into any
network inlet, may be piped to a certain its outlet by
a strictly specified sequence of sewers, i.e. along the
only path.

We consider the three-component Y-like sewer
network fragment shown in Fig. 1.

Each enumerated sewer of this fragment is
characterized by its length (Z;;L,;L3); in addition,
we suppose that the unidirectional sewage flow rates
in the inlets of sewer / and 2 (¢; and ¢,, respectively)
are known, constant and equal to the mean values
calculated by averaging the historical data obtained
over a long period of time. We assume that, from time
to time, each sewer fails, is repaired and, thereafter,
put back in service again. Thus, each sewer can be
either up (operable) or down (failed). This means
that so-called failure and repair flows are both acting
on each sewer.

For a mathematical description of these flows,
what is meant by term “failure” must be ascertained.

The exact definition of failure is somewhat vague
and depends on the level of detail of the required
analysis, and has a variety of meanings to different
individuals. In actual practice, a disturbance of the
normal operation of the sewer can be manifested
as a reduction of its capacity caused by cracks in

the pipe, sewer breaks under extreme mechanical
load, increasing rates of infiltration, repeated
overflows, etc. Here, we shall define “failure” as an
event implying a need for immediate overhaul or
replacement of the pipe. In other words, the failure
of a sewer is defined as an event when the sewer
capacity becomes equal to zero, and consequently,
all sewage entering into the sewer discharges to the
environment.

The repair is taken here to mean that a renewal
process reaches completion and the sewer is returned
to service.

Usually, such events are documented with
accompanying parameters. This information is
systematically renewed, statistically processed and
stored in relevant data bases.

Both of these flows are characterized by their
rates. Physically, the failure rate is the mean number
of failures in a unit of time. The repair rate is defined
similarly. In line with a much used assumption, we
suppose that the failure flow as well as the repair
flow are exponentially distributed flows [11, 13].
From this it follows that the specific failure rate
(the failure rate per unit sewer length) for each
sewer ((Ag);,(Ag)2,(Xg)3, respectively) is constant.
Analogously, the repair rates for sewers /, 2 and 3
(ny,19,13) are constant as well. We assume that all
these values are given.

The problem is stated as follows: given the
values of all quantities listed above, it is necessary to
estimate the volume of raw sewage discharged from
the sewer network to the environment over some
time period (one year in this study).

This problem formulated for the sewer network,
shown in Fig. 1, is solved in [5] using so-called

{Ly; Qo)is i} (L (ho)s 1o}

L35 (hg)ss ms}

(9:*q)

Fig. 1. Y-like sewer network fragment
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state-enumeration method [16]. The Y-like sewer
system shown in Fig. 2, a is superseded formally
with an equivalent fictitious sewer /23, having the
dimensionless parameter y, = y,,3 and sewage flow
rate at the inlet (¢, + ¢,) (Fig. 2, b)).

The parameter v, is calculated by formula:
‘. e+ +V3)42’ (1)

91 +49

where y; =& /py572 =Ao /1o3v3 =A3/pg; and, in its
turn, Ay = (o) Li;Ay = (ho)aLashs = (Ao )3 Ls.

Sometimes, the cases occur when at one point
of network more than two (generally, k) sewers are
connected (Fig. 3, a)).

In this case, as shown in [1], y, must be calculated
by formula:

k
2 Vidi
Yo =Ven +5—, )
2.4
i=1

and, then, the system depicted in Fig. 3, a can be
superseded by one sewer as shown in Fig. 3, b.

As is shown in [5], the numerical value of v,
is a part of Q that is not conveyed to the network

123 {Ve :*":Ym}

outlet outlet

Fig. 3. Extension of the equivalenting procedure

outlet, i.e. is discharged to the environment. When
multiplied by 100, y, physically shows the raw
sewage discharge resulting from sewer network
failures, expressed as a percentage of total sewage
volume entered to its inlets. By virtue of the fact that
v, 1s varied from O (absolutely reliable network) to
1 (theoretically, completely inoperable network), the
parameter y, may be used as an objective, single-
valued measure of the sewer network reliability.

We emphasize that the sewer network fragment
of Fig. 2, a) (or Fig. 3, a)) is a structure-forming
component in the sense that any arbitrary complicated
dendritic sewer network may be thought of a
composition of such components. Below we give a
technique of how to apply this approach.

4. Decomposition-equivalenting technique

We shall call this procedure as the “decomposition-
equivalenting technique”. It is more convenient
to demonstrate this technique by the following
example.

Consider the network in Fig. 4, a consisting of
seven sewers, each determined by the values A; and
y;, and, hence, by the value y; =X;/p; (=1+7).
In addition, the sewage flow rate at the network inlets
(91,92-93,94) Will be considered to have constant
values. It is necessary to estimate the raw sewage
volume discharged from the network throughout the
year as a consequence of possible failures.

First we consider the contours I and Il in Fig. 4, a.
Either contour includes the Y-like system, and,
consequently, can be substituted by one equivalent
sewer with its associated value of parameter y
calculated according to the method proposed above.
Using Eq. (1), we have y; for contour I. Similarly,
with assigned notations, for contour II we have y;.

The results obtained enable one to present the
initial network in the form shown in Fig. 4, b). But
this is an Y-like system (contour III) again. Using
Eq. (1), we have finally the parameter y,;; = v, of one
equivalent sewer substituting the initial network (see
Fig. 4, ¢). Thus, the problem reduces to a sequence
of simple computations using, at every stage, the
results of the preceding step.

Although this methodology has been applied
to a comparatively simple case, it can be extended
easily to multicomponent networks.

(The application of the “decomposition-
equivalenting technique” for more complicated
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Fig. 4. Decomposition-equivalenting technique

sewer network is considered in “Supplemental
material”).

Conclusion

Although sewer reliability depicts a fairly
complete reliability measure of the sewer network,
it is convenient to use a single index to represent
the composite effect of the component reliabilities.
We propose to assess sewer network reliability as a
whole by a volume of raw sewage discharged from
the system because of failures of its components for
an appreciable length of time. The traditional method
for solving such problems is the so-called state-
enumeration method. But, for the multicomponent
networks, this generates a need to solve a set of
equations having very high order, which renders the
method unsuitable for many practical applications.
The approach proposed in this work makes it
possible to circumvent these difficulties by using
the concept of equivalent sewer. As a result, the
problem reduces to a sequential consideration of
elementary sub-problems the solution of which is
easily accomplished (see “Supplemental material”).

As the methodology is applicable for sewer
networks each component of which can be either up
(operable) or down (failed), additional research is
needed for extending the method for more complex
cases.
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Supplemental material

The method developed in this article may be used
to solve many practical problems. Some of these,
in the form of numerical examples, are considered
below in a deliberately simplified statement.

Problem 1. The sewer network shown in
Fig. S1, a is given. There is a need to estimate a
reliability level of this network (in the sense of the
proposed criterion).

The network consists of 15 enumerated sewer
sections; the number of inlets is equal to 8. The
direction of the sewage flow through an each sewer
is shown by the arrow. To carry out the calculations
we need some data. Such data are represented in
Table 1.

Besides, the inlets sewage flow rates in Table 2
are shown.

In addition, without loss of generality, we assume
that the length of each sewer section is equal to 1
km. We note also that all values are hypothetical,
convenient for calculations only.

First we consider the contours 7, Il and I/
(Fig. Sla) at the network periphery. Either contour
includes the Y-like system, and, consequently, can
be substituted by one equivalent sewer with its
associated value of parameter y calculated according
to the method proposed above. Using Eq. (1) (from
the article), where now, taking account of the new
notations, and the data from Table 1 and Table 2 we
have for contour /:

L= (Y2 +7v9)d2 + (3 +79)93 _ 7.54.107,
92 *43
Similarly, for contour /I
Y= (rs +713)95 + (Y6 +¥13)96
95 T 46
and for contour //1:
_ 7 4714)47 + (s +114)98 _ 4 1073,
q7 T 43
The results obtained enable one to present the
initial network in the form shown in Fig. S1, b).
But here are the Y-like systems (contours // and V)
again. Using Eq. (1) we have the parameter vy for
contour /V:
_ (1 +7110)(92 +93) + (¥4 +710)94
g 92 +93+44
and vy, for contour V:

=5,85-107,

Y

=10,95-107,

Ty =
(v +712)(Gs +46) + (v +112)(q7 +45) _
95 *4q6 + 47 + 43
=13,79-107.

As a result, the structure shown in Fig. 7, b)
substitutes by the structure depicted in Fig. S1, ¢
where the Y-like sub-system (contour V/) may be
selected. Equivalenting this contour again by one
sewer section with the parameter

Tvr =
_ i At)a Gy 1092 93 +494) _
htdr 931494
=16,78-107
we are going to the Fig. S1, d.

But the structure shown in Fig. S1, d) is the
Y-like fragment (contour VII) in itself that may be
substituted by one sewer (see Fig. S1, e). Thus, finally
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Fig. S1. Initial sewer network (a) and its sequential transformations (b, c, d, e)
Table 1
Input data for calculations
Section, 7 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Failure rate A, (1/yr) 0,52 0,68 10,79 10,91 |1,34 0,83 {0,75 |0,03 |0,85 0,62 [0,84 |1,10 (0,03 |0,50 |0,05
Repair rate p, (1/yr) 220 220 [220 |220 [220 |220 |220 |220 [200 |150 |120 |[120 {200 |200 |90
Parameter y,= A,/ 1, (x10%) 2,36 13,09 (3,59 |4,14 [6,09 |3,77 |3,41 |0,14 [4,25 |4,13 [7,00 |9,17 0,15 |2,50 [0,56
Table 2 1,6 % of the total sewage volume that entered the
Network inlets sewage flow rates network inlets during time 7', discharges from the
Inlet, i 11234151678 sewer network to the environment arising from the
(Segja)ge flow rate ¢(x10?), 31906 145|157 network component failures. The accuracy of this
m-/s

we have the parameter v;;; of one equivalent sewer
substituting the initial network depicted in Fig. S1, a):
(ryr +715)0q1 + 92 + 43 +q4) +
+(vy +715)(95 + 96 + 97 +48)
N +92+493 194145 +96+97 43
The sequence of “decomposition-equivalenting”

operations is completed. Hence, in this case,
Ye =Yyn =0,016. This means that, on the average,

T =16,00-10>.

measure increases as 7'increases, that is characteristic
for probabilistic problems at all.

Problem 2.1 etusassumethatspecialistsanalyzing
the results obtained in preceding Problem 1 come to
the conclusion that the raw sewage discharge from
the sewer network (Fig. S1, a)) is much too large,
and, consequently, the network reliability needs to be
increased. The question concerning replacement of
some components by a new sewer pipe is discussed,
but it is possible to replace only one sewer because
available funds are limited. On the present evidence,
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it may be argued that the failure rate for a new sewer
(manufacturer’s data) is &, =0,02 1/yr; the repair
rate p,, is taken to be equal to 200. It is desired to
identify the preferential alternative.

First of all, we compute A, =4, /p, =0,1-107.
As before, we will take the discharged sewage
volume as an efficiency index of the alternative to be
accepted. Calculate this quantity assuming that the
replacement of sewer section / in the initial network
(Fig. S1, a)) has just been made. For this purpose, we
substitute the input data (associated with the sewer 1)
of the Problem 1, for one another (corresponding to
the new sewer), namely vy, = 0,1:1073. Carrying out
the relevant calculations, we obtain the discharged
sewage volume expressed as a percentage of the total

sewage entered the network: 1,582 %. By repeating
the similar calculations with respect to each network
section we come to the results represented in Table 3.

Referring to Table 3, it is seen that the smallest
volume of sewage to be discharged from the network
occurs when the network’s section 12 is replaced
(in Table 3 this is highlighted in bold print). It is
obvious that, under otherwise equal conditions, this
alternative is preferable from the viewpoint of the
reliability index accepted in this work.

The problems considered are simple as well;
for this reason, the results seem to be trivial. Note,
however, that the simplicity of the examples makes it
possible to see the potential of the proposed method
for practical use.

Table 3
Result of calculations
Section to be replaced 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Relative sewage volume  |1,5821,532(1,547|1,559|1,524{1,5901,558|1,599 1,444 (1,408|1,220{1,191|1,599|1,527|1,553

discharged from network,
%
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