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Досліджено причини відмов та значення пито­
мого параметра потоку відмов металевих водо­
провідних труб. Аналіз статистичних даних 
щодо відмов дозволив побудовати залежності 
питомого параметра потоку відмов від діамет­
ра трубопровода. Виконано порівняльний аналіз 
отриманих даних та розроблені відповідні виснов­
ки та пропозиції. Отримані дані корисні для роз­
рахунків надійності систем водопостачання
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Исследованы причины отказов и значения 
удельного параметра потока отказов металли­
ческих водопроводных труб. Анализ статисти­
ческих данных об отказах позволил построить  
зависимости удельного параметра потока отка­
зов от диаметра трубопровода. Выполнен срав­
нительный анализ полученных данных и разрабо­
таны соответствующие выводы и предложения. 
Полученные данные полезны для расчетов надеж­
ности систем водоснабжения
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1. Introduction

Water supply networks are the most extended water 
supply system element, and, therefore, the most vulnerable  
in terms of reliability. Emergency situations in water supply  
networks lead to many negative consequences for both 
utilities companies and consumers of water. On the one 

hand, damaged sections in the existing water supply net-
works lead to the loss of a valuable resource – water, and 
additional financial expenses to eliminate accidents. On the 
other hand, it causes discontent of the population due to the 
shortfall of water in required amount to meet their needs in 
a timely manner. No less distrurbing this issue for industrial 
enterprises when a break in water supply leads to losses due  
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to unsatisfied demand for products. Given this, consumers 
of water, both legal entities and physical persons, always put 
forward requirements regarding the reliability of water supply. 
These requirements can be formulated differently, but, at pre
sent, it is impossible to perform a comparison of the specified 
requirements to the normative parameters of reliability of wa-
ter supply. Thus, DBN V.2.5-74:2013 «Water supply. Outdoor 
networks and facilities» [1] formulates requirements only for 
the duration of interruptions in water supply (Table 1) and 
does not indicate the frequency of such interruptions.

Table 1

Categories of centralized water supply systems by reliability 
or by a degree of water supply provision 

Category 
of the 

centralized 
water 
supply 

systems

Conditions of system operation by permissible limits

Water supply 
decrease

Break in water supply

% time

1 <30 <3 days
Allowed during period of shutdown 
of damaged and switching on the re-
serve system elements <10 min

2 <30 <10 days

Allowed during period of shutdown 
of damaged and switching on the 
reserve system elements and the re-
pair <6 hours

3 <30 <15 days

Allowed during period of shutdown 
of damaged and switching on the 
reserve system elements and the re-
pair <24 hours

At the same time, in accor-
dance with the Decree of Cabinet 
of Ministers of Ukraine [2], it is 
stipulated that: the absence of 
water for consumers should not 
last lpnger than 6 hours per day 
and not oftener than 2 times per 
month. The given Decree is ge-
neric in nature and it does not 
indicate for which consumers (an 
individual person or a populated 
area) these requirements are valid.  
The above aspects limit working 
out measures to improve the re-
liability of water supply system 
as whole.

2. Literature review and 
problem statement

At present, the issue of reli-
ability of separate structures of 
water complex is rather important 
for both scientists and specialists 
in the field of water supply. This 
factor is important because it is di-
rectly linked to the efficiency and 
quality service of water supply  
to consumers.

Development of methods and techniques for calculating 
the reliability was addressed by a significant amount of 
scientific papers. It is proposed to determine the level of 
reliability for water supply systems by the coefficients of 
readiness KR or failure-free operation KF.O. [3]. However, in 
order to determine a coefficient of readiness, it is necessary 
to know the average duration of the elimination of break-
down (mean duration of repair). Article [4] proposed an 
improved classification of consumers and water-supply sys-
tems by reliability (Table 2) than that of DBN V.2.5-74:2013  
and it establishes regulatory requirements concerning the 
reliability of water supply as a technological process. The 
techniques, devised in [3, 4], to calculate reliability of the 
water supply facilities, make it possible to calculate the 
quantitative indicators of reliability. This, in turn, allows 
comparing them to the normative requirements. On the 
other hand, it is necessary to continue to develop methods 
and procedures for calculating the reliability of water supply 
facilities with regard to the specified requirements. Calcula-
tions of reliability of separate elements of the water supply 
systems in [5, 6] are performed based on theoretical princip
les only. A technique for the calculation of reliability in [7] 
can only be used for water supply systems with distributed 
networks. In order to see an actual picture of reliability of 
metal water pipes, it is necessary to carry out research addi-
tionally for each city [8].

Considerable attention of scientists is paid to collecting 
and analyzing statistical data on failures in water-supply 
networks. Papers [9, 10] established the causes of failures 
in water supply pipes and the main factors influencing the 
reliability of separate structures in the water system of Mos-
cow (Russia) and Babylon (Iraq). Based on the collected 
statistical data, an analysis of pipeline failures depending 
on the diameter and material of pipes is conducted (Fig. 1).

Table 2

Classification of consumers and water-supply systems by reliability

No. of 
entry

Groups and categories of water supply 
systems

Values of essential and basic reliability indicators

1

First group
Subgroup A – water supply systems of 
dangerous industries

Maximum probability of failure-free operation du
ring service life max P(Tl)

Subgroup B – fire protection water sup-
ply systems

Maximum coefficient of operational readiness over 
3 hours of fire site localization KО.R. = KR ⋅ P(τ)

2

Second group 
Centralized water supply systems of po
pulated areas at number of residents

Time to failure 
Т, hours

Average time of 
operation recovery 

ТR, hours

Coefficinet 
of readiness 

KR

town category 1,
N ≥ 50 thousand people

Т ≥ 2160 hours 
(3 months)

ТR ≤ 3 hours 0.99861

town category 2, 
10 thousand people ≤ N ≤ 50 thousand 
people

Т ≥ 360 hours 
(0.5 month)

ТR ≤ 6 hours 0.98361

settlement category 3, 
N < 10 thousand people

Т ≥ 360 hours 
(0.5 month)

ТR ≤ 24 hours 0.93750
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Fig. 1. Dependence of specific parameter of failure rate 
on the pipe diameter

However, using these results of reliability of water supply 
pipes for other cities is difficult. When obtaining reliable 
results for reliability in other localities, there are a number 
of local factors: water corrosion, operation quality of water 
supply networks, geological conditions and others.

It is a relevant task to model failures of water supply 
system structures depending on the many influences: period 
of operation, a change in pressure in a water supply network, 
maintenance of systems, human factor, and others. Articles of 
scientists [11, 12] presented analyses and methods that make it 
possible to establish causal relationships of failures in the form 
of a «failure matrix tree». Assessing the reliability of water 
supply system as a renewable technical system made it pos
sible to build statistical models of failure intensity considering 
time and to display graphically in the form of a reliability 
curve [13]. Any theoretical research [11–13] should be veri-
fied by practical experiment. For this purpose, it is necessary 
to analyze the types of failures in separate facilities of water  
supply system. Paper [14] conducted a detailed analysis of fai
lures of metal pipes under the influence of corrosion. However, 
the practice of exploiting the pipelines suggests that the causes 
of failure in pipelines may be due to a number of other reasons.

Theoretical methods of calculating the reliability are 
based on the existing mathematical models of the process 
of functioning of renewable elements. However, in order to 
verify theoretical hypotheses about the failures and renewal 
of separate elements, it is necessary to collect statistical data 
based on the operational practice. Practical methods are 
based on statistical data on reliability of the elements ob-
tained during operation. Therefore, the more statistical data 
on operation the better results of calculating the reliability of 
water supply facilities.

3. The aim and tasks of research

The aim of present work is to evaluate reliability of water 
supply pipes on the example of water supply system in the 
city of Kremenchuk, Poltava oblast (Ukraine).

To accomplish the set aim, the following tasks had to be 
solved:

– to define the main factors that lead to the failures of 
metal water pipes (qualitative analysis); 

– to calculate basic indicators of failure-free operation of 
metal water pipes (quantitative analysis);

– to determine the dependences of parameter of failure 
rate on the diameter of pipes based on statistical data on the 
damages of metal pipes.

4. Materials and methods for examining the failure-free 
operation of metal water pipes

4. 1. Materials and methods for examining the failures 
of metal water pipes

In order to perform research into evaluation of reliability 
of metal water pipes, we used information on the damages 
of water supply networks of the examined object. A lo-
cal «Vodokanal» registers information about the failures of 
water system elements at the end of each day by the foremen 
of respective stations and submits these data to a unified 
database. To evaluate a failure-free operation of pipes in 
the sections of water networks, we have collected and pro-
cessed statistical data from the city of Kremenchuk, Poltava 
oblast (Ukraine). We employed data on the damages to metal 
pipes with a diameter of 50...300 mm over 7 years. Prior to 
combining statistical data into the general sample, we veri-
fied separate samples on deviation from the accepted law of 
distribution of the observation results.

In order to process and analyze obtained statistical data 
on failures of metal water pipes, we applied the following 
methods:

– mathematical statistics in the analysis of statistical 
data on the damages to metal pipes;

– theory of reliability when performing qualitative and 
quantitative analysis of failure-free operation of water supply 
networks.

4. 2. Analysis of statistical data on the failures of metal 
water pipes

4. 2. 1. Plan of check tests
In the theory of reliability [15], when choosing possible 

plans of check tests, the number of elements (N) is taken into 
account that undergo the test, duration of the test (t) and 
character of the test:

– test with a renewal (V) is the test in which every failed 
element is replaced with the new one;

– test without a renewal (B) is the test in which the ele-
ment that failed during examination is not replaced.

Time of completing the tests can be assigned in various 
ways:

Т – plans, under which tests are carried out within the 
assigned time T;

r – plans, under which tests are conducted prior to the 
occurrence of the r-th failure;

(r, T) – plans, under which tests are carried out either to 
the time tr of the occurrence of the r-th failure, if tr < T, or to 
the time T, if tr > T:

1. [N, B, T] – the plan, under which N elements are put 
to test; elements that failed are renewed (B); the test is con-
ducted to the previously specified time T.

2. [N, B, r] – the plan, under which N elements are put 
to test; elements that failed are renewed (B); the test is held 
until the occurence of the r-th failure.

3. [N, B, (T, r)] – the plan, under which N elements are 
put to test; elements that failed are renewed (B); tests are 
carried out either to the time tr of the occurrence of the r-th 
failure, if tr < T, or to the time T, if tr > T.

4. [N, B, T] – the plan, under which N elements are put 
to test; elements that failed are not renewed (B); tests are 
carried out to the specified time T.

5. [N, B, r] – the plan, under which N elements are put 
to test; elements that failed are not renewed (B); tests are 
carried out to the time of the occurrence of the r-th failure.
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6. [N, B, (T, r)] – the plan, under which N elements are 
put to test; elements that failed are not renewed (B); tests are 
carried out either to the time tr of the occurrence of the r-th 
failure, if tr < T, or to the time T, if tr > T.

Water pipes relate to the renewable elements; observa-
tion period to obtain statistical data made up 7 years. Given 
the above, we selected the first check test plan [N, B, T].

4. 2. 2. General characteristic of statistical data
Generalized statistical data on the damages of metal wa-

ter pipes are given in Table 3.

Table 3

General statistical data on the damages of metal water pipes 
in the city of Kremenchuk, Poltava oblast (Ukraine)

Pipe sec-
tions of the 

network

Diameter 
D, mm

Total length of 
analyzed pipes, 

L, km

Number of registered 
damages in the sections 

of network, n

Cast iron 
(grey iron)

50 0.400 15

100 14.490 398

150 12.110 234

200 9.920 174

250 11.095 96

300 12.760 98

Total 60.775 1015

Steel

50 1.0500 40

100 9.979 177

150 4.3900 64

200 1.1410 14

250 5.5000 57

300 6.6800 63

Total 28.74 415

Study into the failures in water-supply networks of the 
examined object revealed that over the total length of cast-
iron water pipes of 60.775 km, the number of failures reached 
1015, and in the steel water pipes of length 28.74 km – 415.

5. Results of examining the failure-free operation  
of metal water supply pipes

5. 1. Qualitative analysis of the damage to pipes
An analysis of statistical data allowed us to highlight the 

main types of damage to the metal water pipes (Fig. 2). For 
the cast-iron pipes:

– cement outlet from bell joints – 68 %;
– transverse fractures – 19 %;
– corrosion – 9 %;
– damaged by excavation equipment – 4 %.
For the steel pipes:
– transverse fistulas – 71 %;
– breach of welds – 18 %;
– corrosion – 7 %;
– damaged by excavation equipment – 4 %.
For the cast-iron pipes, the largest damage is done by the 

cement outlet from bell joints (68 %). For the steel pipelines, 
the biggest factor in failures is the transverse fistulas (71 %).

a

b

Fig. 2. Types of damage to metal water pipes in the city 
of  Kremenchuk (Ukraine): a – cast iron pipe (grey cast iron); 

b – steel pipes

5. 2. Quantitative analysis of the damage to pipes
As the main indicator of failure-free operation of metal 

water pipes we accepted the mean time to failure T and the 
magnitude inverse to it – the average value of failure rate 
parameter ω. In order to calculate reliability of failure-free 
operation in the sections of water network, it is necessary 
to apply a specific parameter of failure rate ω0 – this is a 
failure rate parameter relative to 1 km of a pipeline. To cal-
culate the mean value of specific failure rate ω0, we applied 
formula:

ω0 =
⋅∑

n

t L
, 	 (1)

where n is the number of failures of section of a water  
network; t is the duration of observation; ΣL is the total 
length of sections of the water network of corresponding 
diameter, km. 

Specialists in water suply [4, 8] adopted a statistical 
hypothesis of exponential distribution of time to failure T 
per 1 km of a pipeline. An analysis of statistical data on 
water supply of the examined object was conducted during 
a fixed period and the received values of specific failure rate 
parameter ω0 were random. Interval estimations for the spe-
cific failure rate parameter were calculated by the following 
formulas:

– the lower interval estimation of failure rate parameter:

ω
ω

0
0

1

lower

r
= ; 	 (2)

– the upper interval estimation of failure rate parameter:

ω
ω

0
0

2

upper

r
= , 	 (3)

where r1, r2 are the coefficients to determine the interval 
estimates in the case of exponential distribution, which are 
accepted in accordance with [16] for confidence probabili-
ty γ = 0 95. .

Results of calculations are given in Table 4.
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The weighted average value of specific failure rate para
meter ω0 regardless of diameter is calculated by formula:

ω
ω ω ω

0
01 1 02 2 0

1 2

mid n n

n

L L L

L L L
=

+ + +
+ + +

...

...
. 	 (4)

The weighted average value of specific failure rate para
meter ω0 regardless of diameter for a water supply system of 
the examined object is

ω0 2 98mid = .  1/year ⋅ km for the cast iron pipes; 

ω0 2 06mid = .  1/year ⋅ km for the steel pipes.

5. 3. Analytical dependences for the failure-free opera-
tion of metal pipes

As shown by an analysis of statistical data (Table 4), spe
cific failure rate parameter of metal pipes decreases with increa
sing diameter. This allowed us to evaluate and predict the level 
of reliability of metal water pipes depending on a diameter. 

As a result of mathematical processing of statistical data, we 
received dependences of specific failure rate parameter ω0 on 
the pipe diameter. Construction of functions based on statistical 
data is conducted using the «Microsoft Excel SR-1» software. 

Dependence graphs of specific failure rate parameter ω0 
on the pipe diameter are shown in Fig. 3, 4.

Fig. 3. Analytical dependence ω0 = f(D) for the cast iron pipes

Fig. 4. Analytical dependence ω0 = f(D) for the steel pipes

The obtained analytical functions for the mean values of 
specific failure rate parameter ω0

mid  for a water supply net-
work of the examined object take the form:

– for the cast iron pipes ω0
0 888206 5mid D= −. ;.

– for the steel pipes ω0
0 75695 16mid D= −. ,.

where D is the pipe diameter in mm.

6. Discussion of results of examining the failure-free 
operation of metal water pipes

6. 1. A comparative analysis of causes of damage to 
water pipes

Determining the main factors of failures of water supply 
metal pipes is the actual direction of research into reliabi
lity on the territory of Ukraine. Condition of water-supply 
pipelines is characterized by a high percentage of deterio-
ration (over 90 %) and low rates of renewal of water supply 
networks. 

The main causes of failures in metal pipes of water supply 
networks (Fig. 2) allowed us to establish that the dominant 
factors are the following:

– for the cast iron (grey iron) pipes – transverse fractures 
and cement outlet from bell joints;

– for the steel pipes – transverse fistulas, and damage of 
welded joints.

Table 4
Calculation of interval estimates for specific failure rate parameter ω0

Net-
work 

sections 
pipes

Diameter  
D, mm

Sample 
size 

n

Confi-
dence 

probabi
lity γ

Coefficients for determining the interval estimates Specific failure rate parameter ω0, 1/year ⋅ km

lower r1 upper r2 mean value
interval estimate

lower upper

Cast 
iron 

(grey 
iron)

50 15

0.95

1.4 0.74 5.36 3.83 7.24

100 398 1.09 0.918 3.92 3.60 4.27

150 234 1.15 0.87 2.76 2.40 3.17

200 174 1.19 0.85 2.51 2.11 2.95

250 96 1.23 0.822 1.24 1.00 1.50

300 98 1.225 0.824 1.10 0.90 1.33

Steel

50 40

0.95

1.33 0.755 5.44 4.09 7.21

100 177 1.16 0.868 2.53 2.18 2.92

150 64 1.28 0.79 2.08 1.63 2.64

200 14 1.4 0.74 1.75 1.25 2.37

250 57 1.32 0.77 1.48 1.12 1.92

300 63 1.4 0.738 1.35 0.96 1.83
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The results obtained on the causes of failures of the cast-
iron and steel water pipes do not disagree with data from 
the articles of known foreign authors [17, 18]. According 
to [17, 18], based on statistical data of accidents from five 
water supply companies, the physical and environmental 
factors that lead to failures in water-supply networks were 
established. An analysis of basic damage made it possible 
to categorize and isolate the main types of damage that are 
similar to those explored in Ukraine:

– for the cast-iron pipes (grey cast iron): longitudinal 
crack and pitting corrosion;

– for the steel pipes: transverse fistulas.
As a result of quantitative analysis of statistical data on 

failures of water metal pipes we obtained numerical values 
and interval estimates for specific failure rate parameter in 
a range of diameters D = 50...300. We also received weighted  
average values of failure rate parameter ω0 regardless of 
diameter for the water supply system in the city of Kremen-
chuk by formula (4). An analysis of published studies by 
other authors [9, 19] allowed us to perform a comparison 
of failure-free operation of water supply pipes by specific 
failure rate parameter ω0 . Comparison is represented by dia-
grams (Fig. 5), which show a significant difference in the re-
liability of pipes in different countries. Comparison to [9, 19]  
reveals that the failure-free operation of Ukrainian metal 
water pipes is much lower than that in Sweden and Germany 
and about 2 times lower than that in Poland.

Fig. 5. Comparison of the failure free operation of pipes 
by  the parameter of failure rate

An analysis of statistical data on failures allowed us to 
build dependences ω0 = f D( ) and subsequently predict the 
failure free operation of water supply networks for other as-
sortments of metal pipes. Fig. 6, 7 show analytical dependence 
graphs for the city of Kremenchuk (Ukraine) and other cities 
from foreign countries [9, 10]. The obtained dependences  
confirmed a known fact that with an increase in the diame-
ter of metal pipes, specific failure rate parameter decreases. 
However, analytical dependences take different forms for the 
specified cities. This can be caused by either insufficient accu-
racy of registering the damage or there are local operational 
factors, which are different in the indicated cities (pressures 
in network pipes, soils, hydrogeological conditions, etc.).

Obtained dependences of the specific failure rate parame
ter on the diameter of pipes (Fig. 6, 7) allow us to easily 
perform calculations of reliability of pipe lines for other as-
sortments of diameters of pipes.

Fig. 6. Analytical dependences ω0 = f(D) for the cast 	
iron pipes

Fig. 7. Analytical dependences ω0 = f(D) for the steel pipes

7. Conclusions

1. An analysis by the methods of mathematical statistics 
of data on the failures of metal water pipes in the city of 
Kremenchuk, Poltava oblast (Ukraine) confirmed the fact 
that with an increase in the diameter of metal pipes, specific 
failure rate parameter decreases.

2. Conducted statistical analysis allowed us to isolate 
the main types of damage to the metal water pipes. For the 
cast-iron pipes:

– cement outlet from joints – 68 %;
– transverse fractures – 19 %;
– corrosion – 9 %; 
– damaged by excavation equipment – 4 %. 
For the steel pipes: 
– transverse fistulas – 71 %;
– breach of welded joints – 18 %;
– corrosion – 7 %;
– damaged by excavation equipment – 4 %. 
3. Analytical dependences obtained for the mean value 

of specific failure rate parameter of metal pipes take the fol-
lowing form:

– the cast-iron pipes (grey cast iron) 

ω0
0 888206 5mid D= −. .  1/year⋅km;

– the steel pipes

ω0
0 75695 16mid D= −. .  1/year⋅km,

where D is the pipe diameter in mm.
The obtained dependences allow us to calculate the fre-

quency of failures in the sections of a network D = 50...300.
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4. Generalized mean values of specific failure rate para
meter ω0

mid regardless of diameter for the city of Kremen-
chuk, Poltava oblast (Ukraine) make up:

– for the cast-iron pipes (grey cast iron)

ω0 2 98mid = .  1/year⋅km; 

– for the steel pipes

ω0 2 06mid = .  1/year⋅km.

5. A comparison we performed to foreign data reveals that 
the failure free operation of Ukrainian metal water pipes (cast-
iron pipes – 2.98 1/year⋅km, steel pipes – 2.06 1/year⋅km)  
is much lower than that in the Western European countries: 

– Poland (cast iron pipes – 1.75 1/year ⋅km, steel pipes – 
1.43 1/year ⋅km);

– Germany (cast iron pipes – 0.25 1/year⋅km, steel pi
pes – 0.18 1/year⋅km);

– Sweden (cast iron pipes – 0.1 1/year⋅km, steel pipes – 
0.113 1/year⋅km).
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