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Abstract—An advanced Monte Carlo simulation method, called 

Subset Simulation (SS) for the time-dependent reliability prediction 
for underground pipelines has been presented in this paper. The SS 
can provide better resolution for low failure probability level with 
efficient investigating of rare failure events which are commonly 
encountered in pipeline engineering applications. In SS method, 
random samples leading to progressive failure are generated 
efficiently and used for computing probabilistic performance by 
statistical variables. SS gains its efficiency as small probability event 
as a product of a sequence of intermediate events with larger 
conditional probabilities. The efficiency of SS has been demonstrated 
by numerical studies and attention in this work is devoted to 
scrutinise the robustness of the SS application in pipe reliability 
assessment. It is hoped that the development work can promote the 
use of SS tools for uncertainty propagation in the decision-making 
process of underground pipelines network reliability prediction. 
 

Keywords—Underground pipelines, Probability of failure, 
Reliability and Subset Simulation. 

I. INTRODUCTION 

IPE structural reliability algorithms have been received 
greater attention recently, though predictions of small 

failure probabilities techniques are very few till now. In recent 
years, attention has been focused on reliability problems with 
complex system characteristics in high dimensions (i.e., with a 
large number of uncertain or random variables) [1]. Prediction 
of small failure probabilities is one of the most important and 
challenging computational problems in reliability engineering 
[2]. The probabilistic assessment of the engineering system 
performance may involve a significant number of uncertainties 
in system behaviour. To implement probabilistic assessment 
for an engineering system, main difficulties arise from: (1) the 
relationship between the random variables, (2) too many 
random variables involved, (3) information about rare 
scenarios and (4) many interactive response variables in the 
description of performance criteria. Like other engineering 
systems, analysing of buried pipeline systems are 
characterised by a large number of degrees of freedom, time-
varying and response dependent nonlinear behaviour. In the 
presence of uncertainty, the performance of an underground 
pipeline can be quantified in terms of ‘performance margin’ 
with respect to specified design objectives. In reliability 
engineering ‘performance margin’ is denoted as reliability 
index, probability of failure and safety margin etc. The failure 
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events in the pipe failure analysis can be formulated as the 
exceedance of a critical response variable over some specified 
threshold level with an acceptable factor of safety. By 
predicting the pipeline reliability, the safe service life can be 
estimated with a view to prevent unexpected failure of 
underground pipelines by prioritising maintenance based on 
failure severity and system reliability [3], [4].  

There is no general algorithm available to estimate the 
reliability for a buried pipeline system. The pipeline reliability 
is usually given by an integral over a high dimensional 
uncertain parameter space. Methods of reliability analysis 
such as first order reliability method (FORM), second-order 
reliability method (SORM), point estimate method (PEM) and 
Monte Carlo simulation (MCS), etc. are available in literature 
[5]–[7]. In this context, a robust uncertainty propagation 
method whose applicability is insensitive to complexity nature 
of the problem is most desirable. Many of the methods are 
inefficient when there is much number of random variables 
and failure probabilities are small. Furthermore, some need a 
large number of samples which is a time consuming 
procedure. Advanced Monte Carlo methods, often called 
‘variance reduction techniques’ have been developed over the 
years. In this respect, a promising and robust approach is SS 
which is originally developed to solve the multidimensional 
problems of structural reliability analysis [8]. The structural 
systems fail when the applied load or stress level exceeds the 
capacity or the resistance. SS is well suited for the quantitative 
analysis of the functional failures systems, where the failures 
are specified in terms of one or more safety variables, e.g., 
temperatures, pressures, flow rates, etc. In the SS approach, 
the functional failure probability is expressed as a product of 
conditional probabilities of adaptive chosen intermediate 
events. For example, if a structure is assumed to be failed 
when the load is exceeded 400kN, then intermediate events 
could be represented by the load exceeding 250, 300 and 
350kN, respectively. The problem of evaluating the small 
probabilities of functional failures is thus tackled by 
performing a sequence of simulations of more frequent events 
in their conditional probability spaces; then the necessary 
conditional samples are generated through successive Markov 
Chain Monte Carlo (MCMC) simulations in a way to 
gradually populate the intermediate conditional regions until 
the final functional failure region is reached [9].  

This paper focuses on application of SS for computing time 
dependent reliability of flexible buried metal pipelines. Failure 
probabilities for corrosion induced failure of deflection, 
buckling, wall thrust and bending have been predicted in this 
paper. First, the SS is applied for estimating the failure 
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probabilities for every failure case and then an upper and 
lower bounds of failure probabilities are predicted as a series 
system. Then probability of failure and corresponding 
coefficient of variations (COV) and a sensitivity analysis for 
pipe failure due to corrosion induced deflection, as an example 
of failure event has also been assessed to illustrate the 
robustness and effectiveness of SS method. All applications of 
SS method also have been assessed by MCS method. Finally, 
the applications of SS method are verified with respect to 
standard MCS. 

II. FORMULATIONS FOR PREDICTION OF PIPE FAILURE 
For a buried pipe structure, the number of potential failure 

modes is very high for all systems failure definitions. This is 
true in spite of the simplifications imposed by assumptions 
such as having a finite number of failure elements at given 
points of the structure and only considering the proportional 
loadings. It is, therefore, important to have a method by which 
the most critical failure modes can be identified. The critical 
failure modes are those contributing significantly to the 
reliability of the system at the chosen level. The failure 
criterions are adopted here due to loss of structural strength of 
pipelines by external loadings and these failure criterions are 
influenced by corrosion through reduction of the pipe wall 
thickness. The chosen dominating failure modes are as below: 

A. Metal Pipes Corrosion 
 Metal pipe corrosion pit is a continuous and variable 

process. Under certain environmental conditions, metal pipes 
can become corroded based on the properties of the pipe, soil, 
liquid properties and stray electric currents. The corrosion pit 
depth can be modelled with respect to time [10], [11] as (1). 
Due to reduction of wall thickness given by (1), the moment 
of inertia of pipe wall per unit length, I and the cross-sectional 
area of pipe wall per unit length, as defined by [12] can be 
modified as shown below. 

The corrosion pit depth,  
                                               

nkTTD =                                      (1) 
 
where TD  is pit depth, T is exposure time and k and n are 

empirical constants.  

Moment of inertia, 12/3)( TDtI −=  

Cross-sectional area, TDtsA −=  

In this paper, failure criteria of flexible pipes are 
characterised by deflection, buckling, wall thrust and bending 
stress [13]. 

B. Deflection 
The performance of flexible pipes in its ability to support 

load is typically assessed by measuring the deflection from its 
initial shape. Deflection is quantified in terms of the ratio of 
the horizontal (or vertical) increased diameter to the original 
pipe diameter. The actual deflection can be calculated as (2) 

[14]: 
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where Kb is deflection coefficient, DL is deflection lag factor, 
D is mean diameter = Di + 2c, Di is inside diameter and c is 
distance from inside diameter to neutral axis, E is modulus of 
elasticity of pipe material, I is moment of inertia per unit 
length and E’ is modulus of soil reaction.  
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where γs is unit weight of the soil, H= height of soil on the top 
of pipe, Ws is traffic load,  If is impact factor = 1.1 for 0.6m < 
H < 0.9m, or 1 for H ≥ 0.9m, L1 is load width parallel to 
direction of travel = 0.253 + 1.75H and L2 is load width 
perpendicular to direction of travel = 0.51 + 1.75H for 0.6m < 
H < 0.76m, or (13.31 + 1.75H)/8 for H ≥ 0.76m [15].  

C. Buckling  
Buckling is a premature failure in which the structure 

becomes unstable at a stress level that is well below the yield 
strength of the structural material [5]. The actual buckling 
pressure should be less than the critical buckling pressure for 
the safety of structure. The actual buckling pressure, pa and the 
critical buckling pressure, Pcr can be calculated as below [16]: 
 

sPwHwswRp ++= γγ                             (3) 
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where Rw is water buoyancy factor = 1 – 0.33 (Hw/H), γw is 
unit weight of water, Hw is height of groundwater above the 
pipe. B' is empirical coefficient of elastic support =

)41/(1 213.0 He−+ , FS is design safety factor for buckling. 

D. Wall Thrust 
Wall thrust or stress on the pipe wall is determined by the 

total load on the pipe including soil loads, traffic loads and 
hydrostatic loads. Two wall thrust analyses are required: (1) 
accounts both the dead load and live load and employs the 
short term material properties throughout the procedure, (2) 
accounts only the dead load and employs the long-term 
material properties throughout the process. Then, the most 
limiting value is used for wall thrust analysis [17]. 

 

The critical wall thrust, pp T
DtyFsAyFcrT φφ )( −= =   (5) 
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where Fy is the minimum tensile strength of pipe, As is cross-
sectional area of pipe wall per unit length and 

p
φ is capacity 

modification factor for pipe. 
The actual wall thrust,  

 
)2/0)(67.15.1(3.1 DwPLCSPAWaT ++=         (6) 

 
where soil arch load, 
 

VAFspPAW =  
 

The geostatic load, 
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The vertical arching factor,  
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E. Bending Stress and Strain 
Under the effect of earth and surface loads, the buried pipe 

may bend through pipe wall.  The allowable strain for flexible 
pipes is 0.15% to 2% [18]. The bending stress and strain are 
important to ensure that these are within material capability. 
Bending stress and strain can be calculated as (7) and (8) [19]: 

Bending stress,  
 

2/02 DbSFyyEfDb Δ=σ                   (7)  

 
Bending strain,  
 

2/02 DbSFyyfDb Δ=ε                       (8) 

 
where Df is shape factor, 

0
y  is distance from centroid of pipe 

wall to the furthest surface of the pipe = the greater of (Do – 
D)/2 or (D – Di)/2; SFb = Safety factor for bending. 

III. RELIABILITY PREDICTION  

A. Basic Equations of SS 
SS is an adaptive stochastic simulation procedure for 

efficiently computing a small failure probability. The basic 
idea of subset simulation is shown in Fig. 1 for a two-
dimensional case. For simplification, F is denoted as the 
failure event as well as its corresponding failure region in the 
uncertain parameters space. Given a failure event F, let

FmFFFF =⊃⊃⊃ ........321 . If the failure of a system is 
defined as an exceedance of on uncertain demand P over a 
given capacity Q, that is )( QPF >=  then a sequence of 
decreasing failure events can simply be defined as 

}{
i

QP
i

F >= where Q
m

QQQQ =<<< .....
321

 where i= 1, 2, 

3,..., m;  m = number of conditional events. This enables the 
computation of the failure probability as a product of 
conditional probabilities )|1( iFiFP + and )( iFP . A conceptual 
illustration of the SS method is presented in Fig. 1. 
 

 
Fig. 1 Illustration of failure events in SS method 

 
The probability of failure (Pf) can be calculated based on 

the above sequence of failure domains (or subsets) as follows 
[8]:            
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It is natural to compute the conditional failure probabilities 

based on an estimator similar to (10), which requires the 
simulation of samples according to the conditional distribution 
θ given that lies in Fi [8]. Direct MCS can be used to estimate 
P(F1). Computing the conditional probabilities in (12), 
MCMC simulation provides a powerful method for generating 
samples conditional on the failure region Fi , i = 1, 2, ..., (m – 
1) [8], [20]. In the first step, the probability P1 = P (F1) can be 
determined by application of the direct MCS simulation as 
(10). 

 
~ 1
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N
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                           (10)   

 
With the application of the MCMC simulation by modified 

the Metropolis-Hastings algorithm samples may be generated 
in a numerically efficient way as (11). 

 
~ 1 ( )( | ) ( )11 1 1
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         (11) 

 
Based on (10) and (11), (9) can be rewritten as below: 
 

1 1 ( )( ) ( )
1 11 1

NN iP I IF Ff k kk k iN N
θ θ∑ ∏=

= = +
            (12)                

 
On the basis of reliability analysis of SS, the failure 

probability Pf can be transformed in to a set of conditional 
failure probabilities Pi (i =1, 2, 3…m). Based on (12), the 
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partial derivative of the failure probability with respect to the 
distributional parameter α (the mean μxi or the standard 
deviation σxi) of normal random variables xi can be obtained, 
which is called reliability sensitivity by (13) [21]:  

 

1

P Pm Pf f i
i Piα α

∂ ∂
= ∑

=∂ ∂
                            (13) 

 
Reliability sensitivity analysis can reflect the significance of 

the distributional parameter (μ and σ) with respect to the 
failure probability. 

B.  Procedures 
The SS procedures can be expressed as a product of larger 

conditional failure probabilities for a sequence of intermediate 
failure events, thereby converting a rare event simulation 
problem into a sequence of more frequent ones [22]. During 
the simulation process, the conditional samples are generated 
from specially designed Markov chains, so that they gradually 
populate each intermediate failure region until they reach the 
final target failure region [8].  

The SS procedure for adaptively generating samples of 
corresponding to specified target probabilities is summarized 
as follows. In this work, the intermediate threshold values are 
chosen adaptively in such a way that the estimated conditional 
probabilities are equal to a fixed value p0 = 0.1 has been used, 
according to [8], [9], [20].  

Procedure of SS algorithm can be summarised as below: 
1: Generate N samples θ1, k: k = 1, 2, ..., N of the probability 

density function (PDF) f (·) by direct MCS; 
2: Compute the corresponding response values P (θ1, k); 
3: Choose the first threshold value Q1 as the p0Nth position in 

the descending list of the response values (note that it is 
implicitly assumed that p0N is an integer value); 

4: Define the first intermediate failure level as F1 = {θ: P (θ) 
> Q1}. The failure probability P1 = P (F1) can be 
estimated by P1 = p0; 

5: From these initial p0N samples that lie in F1, use MCMC 
algorithm to generate N (1−p0) additional conditional 
samples so that there are a total of N samples in the ith 
level; 

6: Compute the corresponding response values P (θi ,k); 
7: Choose the ith  threshold value Qi as the p0Nth position in 

the descending list of the response values; 
8: Define the ith intermediate failure level as Fi = {θ: P (θ) > 

Qi}. The conditional failure probability Pi = P (Fi | Fi-1 

can be estimated by 0
~ pPi = .    

9: Repeat for higher conditional levels until Qi > Q. The 
conditional failure probability Pm = P (Fm | Fm−1) can be 
estimated by where Nf is the number of samples that lie in 
the    target failure event Fm; 

10: The target failure probability can be estimated by   
 

~
1

0 ( )fm N
P p

N
−=  

 
11: Return Pf 

Note that the total number of samples employed is  
 
NT = N + (m – 1) (1 – p0) N. 

IV. NUMERICAL ILLUSTRATION 
The structural time dependent reliability for an underground 

flexible metal pipe has been predicted in this example, where 
pipe failure probability, sensitivity and COV analysis are 
conducted by applying SS. Calculations are presented for a 
steel buried pipe under a heavy roadway subject to corrosion 
and external loadings conditions. A typical pipe section is 
shown in Fig. 2. Numerical values are based on practice and 
have been obtained from the literature [11], [23]. 
 

 
Fig. 2 Geometrical details of the buried flexible metal pipe section 

(not to scale) 
 
The materials properties and parameters are listed in Table 

I. There are 9 random variables where the means and COVs 
are listed in Table II. The pipe corrosion rate is modelled 
using (1). Assuming the changing of pipe wall surface due to 
corrosion is uniform over the entire surface area. 

 
TABLE I 

MATERIALS PROPERTIES AND PARAMETERS 
Symbol description Numerical value 
Buoyancy factor, Rw 1.00 
Trench width, Bd 2.00 m 
Outside pipe diameter, Do 1.231 m 
Inside pipe diameter, Di 1.189 m 
Soil constrained modulus, Ms 2.02 MPa 
x-sectional area of pipe wall/ unit length, Ap 0.021 sq. m/m 
Shape factor, Df 4.0 
Capacity modification factor for pipe, 

pφ  1.00 

Capacity modification factor for pipe, sφ  0.90 

Factor of safety for Bending 1.5 
Factor of safety for Buckling 2.5 
Poisson ratio 0.3 
Allowable strain 0.2% 
Tensile strength of pipe 450 MPa 
Buoyancy factor, Rw 1.00 
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TABLE II 

STATISTICAL PROPERTIES OF RANDOM VARIABLE 

Material properties Mean COV 
(%) 

Standard 
Deviation (σ)

Elastic modulus of pipe, E 213.74×106 kPa  1.0 2.1374×106kPa 
Backfill soil modulus, Es 1000 kPa 5.0 50 kPa 
Unit of weight of soil, γ 18.0kPa 2.5 0.45 kPa 

Wheel load (Live load), Ps 80.0 kPa 3.0 2.4 kPa 
Deflection coefficient, Kb 0.11 1.0 0.0011 
Multiplying constant, k 2.0 10.0 0.1 
Exponential constant, n 0.3 5.0 0.015 

Thickness of pipe, t 0.021 m 1.0 0.00021 m 
Height of the backfill, H 3.75 m 1.0 0.00375 m 

V. RESULTS AND DISCUSSION 
The failure probabilities for every failure case, COVs with 

respect to failure probability and sensitivity over time 
(corrosion induced deflection failure as an example) have been 
predicted using the MATLAB software. In SS method, the 
failure probability (Pf) for every failure mode is predicted as a 
sum of the sub failure events within each failure event. For 
example, in case of failure due to corrosion induced buckling, 
at time, T =1 year, the failure event is subdivided as 400 
events and then the sum of the 400 sub failure events produced 
the final Pf at that year.  

In case of underground pipes, the assessment of probability 
of failure on year basis is useful which enables calculation of 
reliability over time. The probabilities of failure for corrosion 
induced excessive deflection, bucklin  g, wall thrust and 
bending stress with respect to time have been estimated using 
the material properties and random variables which are 
presented in Tables I and II. The study reveals that excessive 
bending stress is the most critical failure event whereas 
buckling has the lowest probability of failure during the whole 
service life of the pipe. Considering the failure probability of 
0.1 (10%) as a threshold level for the safe service life [4], the 
study illustrates that the safe service life in the worst case 
scenario is less than 50 years. According to the example data, 
the correlations between failures events are found within range 
0 to + 1. So, applying the theory of systems reliability, the 
probability of failure for a series system, Pf,s is estimated by 
(14) [24]. 

 

∏
=

−−≤≤
r

j jfPsfPjfPMax
1

],1[1,],[              (14)      

 
 where Pf,j  is the probability of failure due to jth  failure mode 
of pipe and r is the number of failure modes considered in the 
system.  

In Figs. 4 – 8 total number of samples, N for MCS = 106 is 
considered in all the failure cases (corrosion induced 
deflection, buckling, wall stress and bending), where SS is 
applied with a conditional failure probability at each level 
equal to p0 = 0.1. It is found that the sample numbers less than 
500 do not provide precise results as shown in Fig. 3 (pipe 
failure due to corrosion induced bending, as an example), 

where number of samples, N more than 200 and less than 500, 
the graph is not worthy enough to predict the failure 
probability accurately. The study also illustrates that for SS 
method N = 500 or more than 500 gives the more precise 
results as shown in Figs. 4 – 8, which are very small compare 
to MCS method, indicates the supremacy and accurateness of 
the current SS method. The expected value of Pf for series 
system is determined in between upper and lower values of 
failure probability curve as shown in Fig. 8. The number of 
conditional levels is chosen to cover the required response 
level whose failure probability is estimated.  

 

 
Fig. 3 Pf in bending stress/strain vs. time (N < 500) 

 

 

Fig. 4 Pf due to deflection vs. time 
 

 

Fig. 5 Pf due to buckling vs. time 
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Fig. 6 Pf for wall thrust vs. time 
 

 
Fig. 7 Pf in bending stress/strain vs. time 

 

 

Fig. 8 Pf in series system vs. time 
 

Next, the COV at particular failure event of corrosion 
induced deflection (as an example) using the same total 
number of samples is plotted in Fig. 9. The results indicate 
that pipe service life from installation to 40 years, the 
probability of failure is insignificant (both lower and upper 
bounds) (Fig. 8). Therefore, the calculations are performed for 
the failure probability and corresponding COV for corrosion 
induced deflection failure at 50 years of service life (as a 
representative of the significant probability of failure service 
life time) using 30 independent runs with 500 samples. Thus 
the sample average value and COV of failure probability have 
been obtained, where some points are deleted for clarification 
(Fig. 9). The results show that COV achieved by SS and MCS 
are approximately same in the large probability region. The 
result also shows that the values of COV for SS and MCS 
coincide at Pf = 0.1, since according to the SS procedure with 

p0 = 0.1, this probability is computed based on an initial MCS. 
While the COV for SS grows approximately in a linear 
fashion with decreasing failure probabilities, the COV for 
MCS grows exponentially. Thus, SS becomes more and more 
efficient compared with MCS as the target probability of 
failure gets smaller. 

 

 

Fig. 9 Failure probability versus COV for pipe failure due to 
corrosion induced deflection at 50 years of service life 

 
Finally, two examples are presented below to demonstrate 

the application of SS method in pipe reliability sensitivity 
estimation. The results are shown in Figs. 10 and 11. For 
empirical corrosion constants (multiplying constant, k and 
exponential constant, n) as can be seen in (1) are considered as 
the dominating influencing parameters in pipe reliability due 
to aforementioned failure event to demonstrate the 
computational analysis of the presented reliability sensitivity 
based on SS technique. It is found that the reliability 
sensitivity results calculated by the presented methods are in 
good agreement with the MCS results, while the efficiency, 
which is indicated by the sampling size, of the SS method is 
higher than that of MCS.  

 

 
Fig. 10 Sensitivity of multiplying constant (k) for corrosion induced 

deflection during pipe service life 
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Fig. 11 Sensitivity of exponential constant (n) for corrosion induced 

deflection during pipe service life 
 

The study shows that at the early stage of the pipe service 
life, the impact of  multiplying constant (k) has about 10% 
contribution and sharply increases to 30% about 25 years of 
the pipe life and then this contribution slightly decreases over 
time. The sensitivity of the exponential constant (n) has zero 
impact and increases significantly with the pipe age for all the 
four failure criteria as shown in Figs. 10 and 11. This is 
attributed to the fact that corrosion does not cause any 
problem to new pipes but mainly the root cause of failure and 
collapse for aging and external loadings on pipes. . 

VI. CONCLUSIONS 
A subset simulation approach is presented for time-

dependent reliability analysis for buried pipeline system 
subject to corrosion induced different failures modes. The 
analysis shows that this method is robust to the choice of the 
intermediate failure events. One of the major complications to 
estimating small failure probabilities is to simulate rare events. 
SS resolves this by breaking the problem into the estimation of 
a sequence of larger conditional probabilities. It is quite clear 
that the above procedure can be extended to any random 
dimension in a trivial way. In general, the accuracy of this SS 
method depends on amendment factors such as the choice of 
m, N, p parameters and the proposal distribution of the system. 
The analysis shows that behaviour of buried pipes is 
considerably influenced by uncertainties due to external loads, 
corrosion parameters, pipe materials and surrounding soil 
properties etc. where excessive bending stress is the most 
critical failure event whereas buckling is the least susceptible 
during the whole service life of the pipe. The estimation of 
failure probability may then be utilised to predict the 
maintenance and repair options during expected service life 
time and hence, a renewal strategy can be applied to avoid 
unexpected collapse or failure of the pipe network.   

REFERENCES 
[1] G. I. Schueller, and H. J. Pradlwarter, “Benchmark study on reliability 

estimation in higher dimensions of structural systems – An overview,” 
Structural Safety, pp. 167–182, 2007. 

[2] K. M. Zuev, J. L. Beck, S. K. Au, and L. S.  Katafygiotis, “Bayesian 
post-processor and other enhancements of subset simulation for 

estimating failure probabilities in high dimensions,” Computers and 
Structures, pp. 283-296, 2012. 

[3] K. F. Tee and C. Q. Li, “A numerical study of maintenance strategy for 
concrete structures in marine environment,” Proc. of the 11th 
International Conference on Applications of Statistics and Probability in 
Civil Engineering, Zurich, Switzerland, August 1-4, pp. 618 – 625, 
2011. 

[4] K. F. Tee and L. R. Khan, “Risk-Cost Optimization and Reliability 
Analysis of Underground Pipelines.”  Proc. of the 6th International 
ASRANet Conference, London, UK, July 2-4, 2012, Paper 49. 

[5] S. G. L. Babu and A. Srivastava, “Reliability analysis of buried flexible 
pipe-soil systems,” Journal of Pipeline Systems |Engineering and 
Practice, ASCE, 1(1), pp. 33-41, 2010. 

[6] K. F. Tee, C. Q. Li and M. Mahmoodian, “Prediction of time-variant 
probability of failure for concrete sewer pipes,” Proc. of the 12th 
International Conference on Durability of Building Materials and 
Components, Porto, Portugal, April 12-15, 2011. 

[7] Y. Fang, J. Chen and K. F. Tee, “Analysis of structural dynamic 
reliability based on the probability density evolution method,” Structural 
Engineering and Mechanics, 45(2), pp. 201-209, 2013. 

[8] S. K. Au and J. L. Beck, “Estimation of small failure probabilities in 
high dimensions by subset simulation,” Journal of Probabilistic 
Engineering Mechanics, 16, pp. 263 – 277, 2001. 

[9]  E. Zio and N. Pedroni, “Estimation of the functional failure probability 
of a thermal hydraulic passive system by subset simulation”. Dept. of 
Energy, Polytechnic of Milan, Italy, 2008. 

[10] M. Ahammed and R. E. Melchers, “Reliability of pipelines subject to 
corrosion,” Journal of Transportation Engineering, ASCE, 120(6), pp. 
989 – 1002, 1994. 

[11] R. Sadiq, B. Rajani and Y. Kleiner,  “Probabilistic risk analysis of 
corrosion associated failures in cast iron water mains,”  Reliability 
Engineering and System Safety, 86(1), p 1-10, 2004. 

[12] R. K. Watkins and L. R. Anderson. Structural Mechanics of buried 
pipes. CRC Press, LLC, Washington, D.C. USA, 2000. 

[13] K. F. Tee, L.R. Khan and H.P. Chen, “Probabilistic failure analysis of 
underground flexible pipes,” Structural Engineering and Mechanics, 
47(2), pp. 167-183, 2013. 

[14] BS EN 1295:1-1997. Structural design of buried pipelines under various 
conditions of loading - General requirements. British Standards 
Institution, United Kingdom, 2010. 

[15] Sarplast: Iniziative Industriali, S.P.A. Installation Manual. pp. 19 – 23, 
Santa Luce, Italy, 2008. 

[16] AWWA (American Water Works Association). Buried pipe design, 
Fiberglass Pipe Design, AWWA Manual M45, pp. 35 – 53, 1999. 

[17] Hancor Inc. HDPE Pipe design. Drainage Handbook, Chapter 2. United 
States, 2009. 

[18] W.  Mohr. Strain based design of pipelines. Department of Interior, 
Minerals Management Service and Department of Transportation, 
Research and Special Programs Administration, Project No. 45892GTH, 
USA, 2003. 

[19] L. H. Gabriel. Corrugated polyethylene pipe design manual and 
installation guide. Plastic Pipe Institute, USA, 2011. 

[20] S. K.  Au and J. L. Beck, “Subset simulation and its application to 
seismic risk based on dynamic analysis,” Journal of Engineering 
Mechanics, 129(8), pp. 901 – 917, 2003. 

[21] S. Song, Z. Lu and H. Qiao, “Subset simulation for structural reliability 
sensitivity analysis,” Journal of reliability engineering and system 
safety, pp. 658 – 665, Elsevier ltd, 2009. 

[22] S. K. Au, J. Ching and J. L. Beck, “Application of subset simulation 
methods to reliability benchmark problems,” Journal of Structural 
Safety, 29, pp. 183-193, 2007. 

[23] M. Ahammed and R. E. Melchers, “Probabilistic analysis of pipelines 
subject to combined stresses and corrosion,”  Engineering Structure, 
Vol. 19, No. 12, pp. 988-994, Elsevier science ltd. 1997. 

[24] T.  Fetz and F. Tonon, “Probability bounds for series systems with 
variables constrained by sets of probability measures,” International 
Journal on Reliability and safety, 2(4), pp. 309 – 339, 2008. 

 
 
 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 50 100 150 200

Se
ns

iti
vi

ty
 o

f n

Time (Year)

SS
MCS


