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1. Introduction

In the report of the Committee of Union Gas in the World Con-
gress in Nice in 1972, the issue connected with the failure intensity 
of the gas network was presented. Operation of Gas Supply System is 
inseparably linked with the occurrence of the fire and explosion risk. 
Failures, explosions and fires long-term statistics conducted by the 
gas services and organizational units of the State Fire Service indicate 
that despite the continuous increase of the safety level of gas supply 
system and number of actions taken in this regard, still many fail-
ures are recorded, which often generate serious threat for the external 
and the inner environment of a man, as well as create risk for human 
health and life. The consequences of failures, during which the release 
and dispersion of natural gas occurs, depend on its type, nature and 
causes, as well as from the efficiency of its removal.

Failure frequency evaluation in the operation of gas supply sub-
system should be one of the priorities of the gasworks, which should 
attach greater importance to assess the proper functioning of the 
newly designed, as well as the implemented systems [31]. With the 
increasing pressure from the environmentalists and stricter standards 
for acceptable environmental pollution and structures vulnerability in 
terms of its protection, it seems to be a necessity [6, 24, 28]. The issue 
connected with failure gas pipeline analysis in perspective of improp-
er design, construction and maintenance is presented in work [11], the 
increased failure affected by the lack or improper conduct of repairs 
and modernization, also incorrect or lack of risk management pro-
gram. When planning renovations or modernization of gas networks 
the gasworks employees should make the classification of pipelines, 
that means determine which sections of the network require immedi-

ate repair, and which can be repaired later [7, 15, 26]. For this reason, 
making the appropriate maintenance (repair, renovation, replacement) 
only after the damage of the element may be irrational, control human 
intervention detects and removes faults being a potential source of 
failure. Widely used solution become the preventive renewals, aimed 
at reducing the loss of utility of a given element in different environ-
ment [4, 8, 21]. Very important from operator perspective is the failure 
reason [18, 20, 29], as well as modernizing actions that should be 
taken to avoid such undesirable situations. The strategy of the preven-
tive renewals is to establish such timing of the renewals which will 
enable to achieve the maximum profitability of the project, through 
the use of the periodic strategies involving the renewals after a certain 
period of element operation [5, 11]. Such classification can be made, 
for example, on the basis of failure prediction for certain sections of 
the gas network, using the Monte Carlo method [30, 34]. The Monte 
Carlo methods include all proceedings aimed at finding approximate 
solutions of some problems (mathematical, technical or operational) 

[27]. The Monte Carlo method involves estimating the probability of 
occurrence of certain events based on previous studies [1, 12]. The 
assessment of the polyethylene pipes properties of gas networks in 
terms of operation safety, as well as activities that influence the in-
crease of operation reliability and safety improvement was proposed 
in [3]. Interesting approach for assessment of gas pipes defects was 
presented by [23], in which corrosion and gouges defects were in-
cluded. In work [17] significant issues related to ensuring the safety of 
pipelines, through research methods and the improvement of the tech-
nical condition were presented. Such composition was also prescribed 
in  [10, 14, 16, 19] as to identify the most common failure causes in 
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addition to the existing design and construction data, as well as visual 
physical inspection. Nevertheless random character of failure occur-
rence makes analysis and assessment in this area very complex and  
based mainly on the analysis of operational data and implementation 
of methods and analysis of the failure mechanisms under real condi-
tions as shown in works  [9, 22, 25, 32, 33].

According to US Department of Transportation the trend in pipe-
line safety has demonstrated a stable decline in incidents concerning 
deaths and injuries, in the last twenty years and decrease from about 
sixty in nineties to forty. But on the other hand still more than fifty 
percentage of gas network was constructed in fifties or sixties, what 
can cause much serious failures or even gas explosion. Also many 
programs were implemented to improve this situation, there is still 
necessity for continuous improvement of gas network condition in 
order to reduce the failure rate. As to perform this actions, the analysis 
of typical gas network was proposed in this work, which aim will  be 
to eliminate failure or serious pipeline incidents.

Also the aim of the work is the possibility of forecasting (predic-
tion) failure as to minimize their possible impact, what is very impor-
tant for safety reasons for users in subsystem of natural gas supply 
(SNGS), for this purpose, the Monte Carlo simulation method was 
used.

2. Analysis of failure in subsystem of natural gas supply 
based on operational data

2.1. Preliminary assessment of pipelines’ technical state

The SNGS is powered by a ring high-pressure network through 
the 43 first degree reduction  and metering stations, which supply me-
dium pressure rings of various districts of the city and the surrounding 
regions. The age and material structure of the network are presented 
in Fig. 1 and 2. 

Data on failures on the main taps and reduction points as well as 
distribution networks in the years 2004-2014 are presented in Fig. 3. 

Figure 4 shows graphically the results of the analysis of causes of 
failure in the l/p (low pressure) steel and plastic networks: PE - poly-
ethylene and PA - polyamide and m/p (medium pressure) steel and 
plastic networks. Figure 5 summarizes the number of failures in the 
l/p steel and plastic networks and in m/p steel and plastic networks, in 
the assumed diameters ranges.

2.2. Water network failure

The unit failure rate λi for l/p and m/p gas pipelines, with division 
into material, was calculated according to the formula (1):

λi  = ki (t,t+∆t)/( li ∙ ∆t)

where:
λi   – unit failure rate for ith type of network or ith type of  

fittings, [number of failures / km ∙ year];
ki (t,t+∆t) – the total number of failures in the time interval ∆t in 

a given type of network,
li – length of a given type network, in a given period of 

time, in which failures occurred, [km];
i – type of network;
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∆t  – the time interval, [one year].

2.3. Discussion of results

The detailed analysis showed that the average values of the failure 
rate index of gas pipelines are: 

failure rate • of l/p gas pipelines λavgusteel  = 0.006987 [number 
of failures/km ∙ year],
failure rate of l/p gas pipelines • λavguplastic = 0.062352 [number 
of failures/km ∙ year],
failure rate • of m/p gas pipelines λavgusteel  = 0.005432 [number 
of failures/km ∙ year],
failure rate of m/p gas pipelines • λavguplastic = 0.027429 [number 
of failures/km ∙ year].

In detail the overall situation of failure rate can be distinguished 
as follows on the Figure 6.

Most emergency pipes occurred to be plastic sections, they con-
stitute nearly 65% of all, due to the fact that the sections made of this 
material constitute the most networks, what is confirmed by failure 
rate index. The mean operating time between failures TPavg in the con-
sidered years was 1.9 d. This analysis shows that the main cause of 
failures in gas distribution networks is the corrosion of steel pipes and 
mechanical damages of plastic pipes. The total average failure rate 
of gas pipelines was λavg = 0.02555 [number of failures/ km ∙ year]. 
The analysis showed seasonality of the failures in the gas distribution 
networks, in spring and summer  the number of failure increases and 
during autumn and winter it decreases, so it is important to increase 
the frequency of gas pipelines inspections and the use of monitoring 
during the periods of increased failure rate. The performed analyses 
show, among others, that the replacement of steel pipes by plastic 
pipes made in recent years, significantly reduced the number of net-
work failures due to corrosion. 

In the damage structure on all kinds of pipes, mechanical fail-
ure dominate and represent 78.7% of the total sum of failure. The 
effect of such situation could be negligent backfill placement of pipes, 
which during operation are susceptible to settlements and consequent-
ly breaking and too shallow laying pipes in the ground, so that they 
are exposed to high loads. The largest share of failures concerned 
network, which is older than 16 but having not more than 25 years. 
The cause of such situation is that many older pipes had already been 
replaced. The smallest number of failures occurred on the elements 
younger than 5 years. 

3. The use of the Monte Carlo simulation method for 
predicting failures in SNGS

A concept of the adopted  Monte Carlo simulation method can be 
presented in the simplest way by means of the following procedures [2]:

Calculate the probability 1. P(k,t) of the adopted subsystem reliabil-
ity measure.
In the analysed example it is the probability of k failures in SNGS, 

calculated on the basis of data from exploitation. We used [13]:

 P (k, t) = ((n ∙ λ ∙ t) k / k!) exp (-nλt) (2)

Establish equal intervals of random numbers with lengths corre-2. 
sponding to the calculated probabilities. 
Generate a sequence of independent random numbers occurring 3. 
with equal probability (N = (25÷100) ⋅ 103), for each random vari-
able included in the reliability analysis of SNGS. In the shown 
example it is a number of failures “k”, which appears in SNGS 
within a specified period of time. 
After making a sufficiently large number of operations (draws), 4. 
calculate the number of results found in the emergency areas for 
every failure “k”.
Calculate the 5. Uk index, which determines the probability of the 
occurrence of k failures within a specified time interval.

 Uk = N1/N (3)

where N1 is a number of hit random numbers in equal probability 
intervals, corresponding to a certain number of failures at time t and N 
is a number of all executed draws.

The measure of reliability in the analysed period is the index 6. K 
calculated as:

 K = 1 – Uk (4)

Generally, the Monte Carlo method can be used for every element 
of SNGS, if only the values of failure probability are known. Com-
puter programs gives the possibility to use the simple Monte Carlo 
simulation method to assess the reliability of SNGS. Figure 7 shows 
the program algorithm performed for simulation calculations of the 
number of failures on distribution networks in SNGS.

Once you start the program you must provide the following in-
puts:

t•    - time,
L•    - the length of the network,
k• max  - the maximum number of failures at time t,
λ•    - the average unit failure rate.

Based on these data, the program calculates the probability P(k,t) 
and determines the intervals of random numbers. Then the random 
numbers are generated, at every number the program checks whether 
a given number falls within the numbers for the ith “k”,  at the same 
time counting how many of the generated numbers are within the 
proper range. After the appropriate number of draws is made the pro-
gram calculates the index Uk and the procedure is repeated from the 
beginning for the next k.

The result of the program is a series of grouped indexes Uk for 
the corresponding k. A simulation of 1000000 draws was performed 
for each k failure for l/p steel and PE networks and m/p steel and PE 
networks. The results are shown in graphical form in Figures 8, 9, 
10, 11. 

Implementation of the Monte Carlo method shows the progno-
sis of technical condition of gas pipe. From the analysis of presented 
figure 8-11 it seems that the intensified time for inspection and then 
rehabilitation of network made from PE in case of average pressure 
is the range from 101 to 154 years of exploitation, which greatly ex-

Fig. 6. Failure rate of a medium pressure gas pipeline, low pressure depend-
ing on the material type and on the network altogether
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Fig. 8. Simulation using the Monte Carlo probability U(k,t) of the forecasted 
k failures in the network of steel l/p, Λavg = 16,4 failure/year

Fig. 9. Simulation using the Monte Carlo probability U(k,t) of the forecasted 
k failures in the network of PE l/p, Λavg = 13,8 failure/year

Fig. 10. Simulation using the Monte Carlo probability U(k,t) of the forecasted 
k failures in the network of steel avg/p, Λavg = 53,6 failure/year

Fig. 11. Simulation using the Monte Carlo probability U(k,t) of the forecasted 
k failures in the network of PE avg/p, Λavg = 137,2 failure/year

Fig. 7. The algorithm of the program to assess the reliability of the SNGS 
by the Monte Carlo method, where M is the number of random num-
bers getting hit with compartments of equal probability, N is number 
of all performed lotteries, U is the probability, a predetermined range 
of time when k failure occurs, P is the probability of k failure occur-
rence at the t time [27]

START

Declaration of variables:
k, l, t, a, b, i, j, N, M, x - total numerical
P, U, l - real positive

Input data:
t - time [days]
l - the length of the network [km]
kmax - number of failures at the time t
l - the average failure unit rate 

i, j, M, N = 0
a[i], b[i] = 0

k[i] = i

P[i]=
(n l t)

k!
exp(-n l t)

i = 0

a[i] = 0
3b[i] = P[i] 10

a[i] = b[i-1] + 1
3 b[i] = P[i]10 + b[i-1]

x = random (9999)

x>a[i]

x<b[i]

>

M = M+1
N = N+1N = N+1

j = j+1

6j < 10

U[i] = 
M
N

i = i+1

i < kmax 

END

YES

NO

YES

NO

YES

NO

show k[i], U[i]  

M, N, j = 0

0

0,002

0,004

0,006

0,008

0,01

0,012

0,014

0,016

0 10 15 20 25 30

Pr
ob

ab
ili

ty
 o

f f
ai

lu
re

 p
er

 y
ea

r,
 U

k 

Number of failures in the year, k 

0

0,002

0,004

0,006

0,008

0,01

0,012

0,014

0,016

0,018

0 10 15 20 25

Pr
ob

ab
ili

ty
 o

f f
ai

lu
re

 p
er

 y
ea

r,
 U

k 

Number of failures in the year, k 

0

0,001

0,002

0,003

0,004

0,005

0,006

0,007

0,008

0 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Pr
ob

ab
ili

ty
 o

f f
ai

lu
re

 p
er

 y
ea

r,
 U

k 

Number of failures in the year, k 

0

0,001

0,002

0,003

0,004

0,005

0,006

0 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Pr
ob

ab
ili

ty
 o

f f
ai

lu
re

 p
er

 y
ea

r,
 U

k 

Number of failures in the year, k 



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.18, No. 2, 2016258

sciENcE aNd tEchNology

ceeds the lifetime of the gas network and constitute good prognosis 
for investments of network rehabilitation. Also on the example of 
steel pipes of average pressure the time of intensified observation 
should be delayed longer in time from 37 to 74 years. The situation 
is different in case of network of low pressure, it seems that the prob-
ability of failure considerably increases, for example Uk, which equal 
1,20E-02 and is reached after eleven years of exploitation for PE pipe. 
For the same probability of failure, but for the steel pipe (l/p) it is at-
tained after eighteen years of gas network functioning. Such progno-
sis should point a direction for conducting preventive modernization 
of gas pipes.

4. Conclusion and perspectives

The simulation Monte Carlo methods can be used to predict fail-
ures occurring in the gas networks, which allows to classify properly 
the elements of the subsystem requiring modernisation or general 

overhaul. It could be very helpful in performing and planning of op-
eration strategy prediction.

As to perform the prioritisation pipes for rehabilitation, the failure 
and prognosis analysis of the gas network should be conducted. It 
constitute the crucial element of the management of urban gas net-
work, mainly in the strategic modernization plans, as well as  it sup-
ports the rehabilitation techniques. 

Further research should address the introduction of methods for 
analyzing failure during which more information data from different 
gas network will be gathered and constitute guidelines describing the 
possibility of failure occurrence on the gas pipes. It also seems neces-
sary to indicate to discuss the criterion concerning the effectiveness of 
the gas supply system functioning.

References

1. Adhikari R, Agrawal R K. Performance evaluation of weights selection schemes for linear combination of multiple forecasts, Artificial 
Intelligence Review 2014; 4(42): 529-548, http://dx.doi.org/10.1007/s10462-012-9361-z. 

2. Borgoń J, Jaźwiński J, Klimaszewski S, Żmudziński Z, Żurek J. Simulation methods for testing the safety of flights, WNT, Warsaw 1998. 
3. Brown, N., Crate, J.M.: Analysis of a failure in a polyethylene gas pipe caused by squeeze off resulting in an explosion, Journal of Failure 

Analysis and Prevention, 12 (1)2012: 30-36, http://dx.doi.org/10.1007/s11668-011-9527-z. 
4. Cang S, Yu H. A combination selection algorithm on forecasting. European Journal of Operational Research 2014; 1(234): 127-139, http://

dx.doi.org/10.1016/j.ejor.2013.08.045. 
5. Chandrashekara AS, Ananthapadmanabha T, Kulkarni AD. A neuro-expert system for planning and load forecasting of distribution systems, 

International Journal of Electrical Power & Energy Systems 1999; 5(21): 309-314, http://dx.doi.org/10.1016/S0142-0615(98)00057-X. 
6. Che JX. Optimal sub-models selection algorithm for combination forecasting model. Neurocomputing 2015; 1(151): 364-375, http://dx.doi.

org/10.1016/j.neucom.2014.09.028. 
7. Costantini M, Pappalardo C. A hierarchical procedure for the combination of forecasts, International Journal of Forecasting 2010; 4(26): 

725-743, http://dx.doi.org/10.1016/j.ijforecast.2009.09.006. 
8. Gonzalez PA, Zamarreno JA. Prediction of hourly energy consumption in buildings based on a feedback artificial neural network. Energy 

and Buildings 2005; 37: 595-601, http://dx.doi.org/10.1016/j.enbuild.2004.09.006. 
9. Hao, Y.-M., Zhang, C.-S., Shao, H., Wang, M.-T. Bayes network quantitative risk analysis for failure of natural gas pipelines, Journal of 

Northeastern University, Volume 32, Issue SUPPL. 2011; 2: 321-325.
10. Huang K, Yang H, Shi J, Long T, Suxin: Analysis on natural gas pipeline network rehabilitation technology. Natural Gas Industry 2006; 

26(4): A19-A20, 119-121. 
11. Kent Muhlbauer W. Pipeline Risk Management, Gulf Publishing Company, London 1992. 
12. Kizilaslan R, Karlik B. Combination of neural networks forecasters for monthly natural gas consumption prediction. Neural Network World 

2009; 19(2): 191-199. 
13. Knapik K, Wieczysty A. Theoretical aspects of the application of the Poisson distribution in determining the reliability of the water distribution 

subsystem. Mat. Conf. Water supply, quality and water protection, Cracow 2000. 
14. Kowalski D, Miszta-Kruk K. Failure of water supply networks in selected Polish towns based on the field reliability tests. Engineering 

Failure Analysis 2013; 35: 736-742, http://dx.doi.org/10.1016/j.engfailanal.2013.07.017. 
15. Lux T, Morales-Arias Leonardo. Relative forecasting performance of volatility models: Monte Carlo evidence. Quantitative Finance 2013; 

9(13): 1375-1394, http://dx.doi.org/10.1080/14697688.2013.795675. 
16. Majid ZA, Mohsin R, Yaacob Z, Hassan Z. Failure analysis of natural gas pipes. Engineering Failure Analysis 2010; 17(4): 818-837, http://

dx.doi.org/10.1016/j.engfailanal.2009.10.016. 
17. Majid ZA, Mohsin R, Yusof MZ. Experimental and computational failure analysis of natural gas pipe. Engineering Failure Analysis 2012; 

19 (1): 32-42, http://dx.doi.org/10.1016/j.engfailanal.2011.09.004. 
18. Matvienko AF, Filippov YuI, Sagaradze VV, Pecherkina NL, Baldin AV, Grigor'ev PA. Stress-corrosion cracking of steels for gas-main 

pipelines: III. Failure of pipes in the heat-affected zone. Physics of Metals and Metallography 2000; 90(3): 309-317. 
19. Mohsin R, Majid ZA, Yusof MZ. Multiple failures of API 5L X42 natural gas pipe: Experimental and computational analysis, Engineering 

Failure Analysis 2013; 34: 10-23, http://dx.doi.org/10.1016/j.engfailanal.2013.07.007. 
20. Mohsin R, Majid ZA. Erosive failure of natural gas pipes. Journal of Pipeline Systems Engineering and Practice 2014; 5(4), http://dx.doi.

org/10.1061/(ASCE)PS.1949-1204.0000170. 
21. Ondrejka Harbulakova V, Estokova A, Stevulova N, Luptakova A. Different aggressive media influence related to selected characteristics 

of concrete composites investigation. International Journal of Energy and Environmental Engineering 2014; 5 (2-3): 1-6, http://dx.doi.
org/10.1007/s40095-014-0082-8.

22. Pietrucha-Urbanik K, Tchórzewska-Cieślak B. Water Supply System operation regarding consumer safety using Kohonen neural network; 
in: Safety, Reliability and Risk Analysis: Beyond the Horizon - Steenbergen et al. (Eds), Taylor & Francis Group, London 2014: 1115-120.



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.18, No. 2, 2016 259

sciENcE aNd tEchNology

23. Pluvinage G, Capelle J, Schmitt C, Mouwakeh M. Domain failure assessment diagrams for defect assessment of gas pipes. 19th European 
Conference on Fracture: Fracture Mechanics for Durability, Reliability and Safety, ECF 2012. 

24. Potocnik P, Govekar E, Grabec I. Short-term natural gas consumption forecasting. DeFelice F (ed.), Proceedings of the 16th Iasted International 
Conference On Applied Simulation And Modelling, Palma de Mallorca, Spain Aug 29-31, 2007, IASTED International Conference on 
Modelling and Simulation 2007: 353-357. 

25. Szybka J, Broniec Z, Pilch R. Forecasting the failure of a thermal pipeline on the basis of risk assessment and exploitation analysis. 
Eksploatacja i Niezawodnosc -Maintenance and Reliability 2011; 4: 5-10.

26. Tchórzewska-Cieślak B, Rak J. Analysis of gas networks failure in chosen cities. XII Conf. of Heat Engineers, Solina 2000.
27. Tchórzewska-Cieślak B. Reliability of selected elements of the natural gas supply subsystem, PhD Dissertation, Cracow 2002. 
28. Valis D, Vintr Z, Malach J. Selected aspects of physical structures vulnerability - state-of-the-art. Eksploatacja i Niezawodnosc - Maintenance 

and Reliability 2012; 3: 189-194. 
29. Wilmott MJ, Diakow DA. Factors influencing stress corrosion cracking of gas transmission pipelines: detailed studies following a pipeline 

failure. Part 2: pipe metallurgy and mechanical testing. Proceedings of the International Pipeline Conference, IPC, 1/2016: 573-585. 
30. Winkler RL, Makridakis S. The combination of forecasts. Journal of the Royal Statistical Society Series A-Statistics in Society 1983; 146, 

150-157, http://dx.doi.org/10.2307/2982011. 
31. Witek M. Risk of gas transmission through network operations. Gas, Water and Sanitary Engineering 2001; 1: 19-23 
32. Xiangpeng Luo, Shunli Lu, Jianfeng Shi, Xiang Li, Jinyang Zheng Numerical simulation of strength failure of buried polyethylene pipe 

under foundation settlement Engineering Failure Analysis 2015; 48: 144-152, http://dx.doi.org/10.1016/j.engfailanal.2014.11.014. 
33. Yin, Y.-L., Lin, G.-L.: Risk analysis of the city gas pipeline network based on the fault tree, IEEM 2009 - IEEE International Conference on 

Industrial Engineering and Engineering Management 2009: 2477-2481. 
34. Zhou Y, Ma L, Mathew J, Sun Y, Wolff R. Asset life prediction using multiple degradation indicators and failure events: a continuous state 

space model approach. Eksploatacja i Niezawodnosc - Maintenance and Reliability 2009; 4: 72-81.

Barbara tchórzewskA-cieślAk
katarzyna pietruchA-urBAnik
Marek urBAnik

Department of water supply and sewerage systems
rzeszow university of Technology
Al. Powstancow warszawy, 35-959 rzeszow, Poland

e-mails: cbarbar@prz.edu.pl, kpiet@prz.edu.pl, 
marekurbanik@vp.pl


