
dx.doi.org/10.22093/wwj.2023.357589.3287 36

����� � �� 	
�� Journal of Water and Wastewater 
��� ������ ����� ����� Vol. 34, No. 2, 2023 

Case Study 

Journal of Water and Wastewater, Vol. 34, No. 2, pp: 36-51 
Mechanical Failure Risk and Reliability Analysis 

of Buried Water Pipelines 

S. R. Asadollahi Kalkhoran1, S. Alimohammadi2*, M. Behrouz3

1.	MSc.	Graduate	of	Water	Resources,	Dept.	of	Civil,	Water	and	Environmental	
	Engineering,	Shahid	Beheshti	University,	Tehran,	Iran	

2. Assoc.	Prof.,	Dept.	of	Civil,	Water	and	Environmental	Engineering,	
	Shahid	Beheshti	University,	Tehran,	Iran	

s.asadallahi@ymail.comand		s_alimohammadi@sbu.ac.ir(Corresponding	Author)	 
3.	Lecturer,	Dept.	of	Civil,	Water	and	Environmental	

	Engineering,	Shahid	Beheshti	University,	Tehran,	Iran	
 

(Received Sep. 16, 2022      Accepted Dec. 26, 2022) 
 

To cite this article: 
Asadollahi Kalkhoran, S. R., Alimohammadi, S., Behrouz, M. 2023. “Mechanical failure risk and reliability 

analysis of buried water pipelines” Journal of Water and Wastewater, 34(2), 36-51. 
 Doi: 10.22093/wwj.2023.357589.3287. (In Persian) 

Abstract  
Water Pipelines are vital infrastructures of any country and their failure may have severe consequences. 
In this article, an attempt has been made to investigate a real project, the important uncertain variables in 
the system design have been identified and the failure risk and reliability of the water conveyance system 
have been calculated in two alternatives of a steel pipeline and a GRP pipeline. A wide range of system 
design variables including pipe structural characteristics, soil types, probability distribution parameters, 
and the correlation between them were determined as a multivariate normal distribution using Cholesky 
decomposition method. In the following, the uncertainty analysis of the system was carried out using the 
Monte Carlo simulation via Latin hypercube sampling. Then the complementary cumulative distribution 
functions of the output variables were calculated for each alternative and finally, the risk and reliability of 
the system were calculated in two alternatives based on passing certain design controls. The results 
showed that the reliability of the system is equal to 96.7% for the steel pipeline and 86.4% for the GRP 
pipeline. 
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�� 

�5�5`5��E ��A� 

���� 6)� ���� �w���� /���&	����'�367�&O7&3����; ��&0��@
!&"�� 04)>' @�E6)�&�!� � ����I' .
�� �� �� ����� "�=@�>']_

@��9�7 '�@4; (AWWA, 1999a) 

)]_(HE¸E�� = H( + H�

"� �@(9
He��B	�� �, �1!*� (�&��' +���!� �	 ��!7�  &7) ��Hf
��� ��, 
�'&�
��.

�5�5
2V":j#c 89a"@�)�"	C��B@3+� +���E 
��, ��62	&5\�� >%�&/
>	&& T4a*&����'9+?��*��,+

�!���&� ��	 
��2	zo&�H!'&���,�+@���+�@���a	��&�!��� 
���� .
"7 ����� @��J62	 �&5\��� >%� �&
��M���7 84K���K+62	 �&5

?��*��,+�&�!�� �' �,�������3� (Tung and Yen, 2005) �@ .
 /O,�g���  ����"��7 �4��Z3' =4	��&���3�����,4+�@���a	�"���4)�')

(��@�a	 +�,�&H!'��R�� 
4' 4=��� �@�B!�� ��;.
��@ �4	 ��u
	#���)!�����?��*�0���' ���;&"�����+����;>7���	�@����>	 ��

�;&"���+�,+�,���E	 �� \��� ���;/@4�7� �@ . �� /O,�g�� ]__ 
��3��4��7+�;&"���+�62	 �&5\��� >%� �&
�� "����2'�M�� 


�E; �E&�E' �&�!� =4	&�;�.�7���� O,�g�� ��,+�&��&/ 
�4	���u0���'�"��7 0���)!�� �=���JK u7���	 (�4��3� H!'&���,�+�@���a	�

8�L!� .�;R�� "4) 84&��q��,  &	# +��@�7]"�7 
�� �����
R�� "4) +�, +��@�7 +�!)� "4) @��>	 "7��7+�;&"����+�&��
.@��@ �@�� R�� ��2'@��MH!'&��@�a	�"7M���7 �,0�)!�� 
�I	&���; )M�,4���3� @��>	 �� (
� �@���2' �, �� ��M����I'

�@�a	�"4) ��@�7+'�@4; (Tung and Yen, 2005) . 
�@ ���� /O,�g��� R�� Y�	���"E���=4K�"��7 �4��Z3' W���2= 
�, J!�7�'&(�H!'&�,� �=4	&��,(�'� ���9 "�7 ��4�T u7��	 M��

 0�'� u��4	�3K !'&H������ ���; "�7 "�� ��7 ����"���	�5��'�>!'
�	�'�y���4��y� Cx
��/�@�B!�� �;(Tung et al., 2005) 

)ee(C- = L × LE

)ed(

C- = L
Var9
Cov59
⋮

Cov¾9

Cov95
Var5
⋮

Cov¾5

…
…⋱
…

Cov9¾
Cov5¾
⋮

Var¾
^ ;

(CovJÂ = ρJÂ × σJ × σÂ)

1 Latin Hypercube Sampling (LHS) 



�$��)� �:���1)+���\!@ ����C�	 �dx.doi.org/10.22093/wwj.2023.357589.3287 

41

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 34, No. 2, 2023 

L��'��	��y�����&� ��w6w'����7 �x���3!'�	���'�y���4����y� 
���� 
(Tung and Yen, 2005).��@��73K��H!'&��H!'�&�,�+a	��@���

0�'� ��"=@�>'el7"
�@ �'��9 

)el(X = μ- + L × Z 

(9 �@ "� 
µx/��@���a	 +���,�&H!'  &J���&' �����I' ��@���7ZH!' ��@���7&���,�+

5I!�' @����!�� 0�'� �X
�� "!�7�� ��@�a	 +�,�&H!' ��@�7.

�5�5�-T&E �!B#� j��3� y>���Tc� 	)��2� �J-B

0�!3� �,+��; \��� ��7+"=4= y3? �,�@����3 ��7 ��3�'+[�7��� 
�@ ��; "������������  )���,+79��'9��E��]�@4�7 �62	 �&5
X�@�)!����+�7���� ��9 \���� ���; 9 "�7 "�'�@� �@ "�� ��� ����;� 

'�@4;.

�5�5�5	�+� �G+�B

���K 0�!3� ��7+����7���)!����@��X��+�� y3? =�"=4 :�; \��� 
]j0�!3�O3	 �7	zo&��o� /"7��N {j����� 
�2	 O��)� 0��!3�

?��*���>;�/|j0�!3�H	&&�5E; ���?���j0��!3� O��)� 

2	 �,��7+�@��' �����.�@/0�� 0��!3� ���� G4�)�' �,�����+
"7�N ���� ��3' "704a� O3�	 )σ(�;�/��� �7 ����I' �����^_

6�	 O3	 �T�@&��!)� @#4��;�7 .
�� �%� "7
'�LN ����� �
?��*���>;�/6� OI&�+"7	�	 �&F�@@��9��7 O3�	 �@0��!3� 
0�� �O�)� �@0�!3� \�@ ����B �'���33�.�?���* ����� "�P�3K

���>; ������ §�* ��!)� @4�;/��3���4
��E; �@�4�* @���)6� 
'�@4;.

0�!3� H	&&���? 5E;���,��7 G4�)�' ���� �7 "=4=+� �@��'
 ���' \����@4; ."P�3K H	&&�5E; ���; \��� ��|��T�@ ��%� 
"=4= �	��� /@�� J!�E;��' W�2= "=4= �@�@4�; .�@�� ��
0��!3� 

O�)� �M��7 �7W�2= ��7 �@�' ���7 @��J�7W�2= ��7 ��� @��9��7 
'�@4; 62	 �&5��M�� �@��� ��3���4�I' ����� ��7�"�� ��7 (9

 ���' O�)�' \����@4; .6�&�"[7��� t47�' "70�!3� �,+��i4

1 American Water Works Association (AWWA) 

�@ @����!��AWWA M11 "������; �� (AWWA, 2013) .

�5�5�5	�+� GRP {

��7+�� "=4= y3?b3� 0�!3�/ �� "7 ��;�7��:@4; \��� 
]j� 0�!3���� �1���Pc �� ����� ��Pw/{j!3� ��� 0��������

/"7�N |jH	 0�!3��&& ����� 5E�;/�j��	 O3�	 0��!3�&����^j
O�)� 0�!3� ?��* ��7 
2	�.

�@ ����7��0�!3� �,+0�� �/\�@ G4)�' ���� "7�N ����� "�� 
!'z�o��H!'&�,�+/�%� 04Q �
�� [*�3!�, �7����}/]�1� 

���� �!)� �3;�7 .�!'���� �1� ���� &Y�7��"�7 
'�LN 
�� ��
, ���� 
2	) O3	 � �%�&	�!�����&M|�N "7�F)Q�&(��3 ��!)�

 .@4;(4P), �I'�"���7 0�!3�+"=4= @#4�+/	zo&��,��7+� �@��'
H	 �7 ���&&�"=4= ���� 5E;GRP ����7����; �7 (9 ����I' ������

^.�;�7 �!)� "=4= �%� �T�@"7�4Z3' ����7�0��!3� \����K��3>�
��	 O3	&���)σc(/�w����� O3�	 5�T�� ������o� ��	&�������� 
��6*�@��H	��&&�5E��; "�����2' ����; ��@�����
�7�������4��E>' 
�N�F)Q�&(�3 O��)� 0��!3� .�3�;�7 �!)� ��3�' O��)� 0��!3� 
��7+@#4� "=4=+0�!3� "7 t47�' [7��� .
�� �,+�� "�=4= y3?
�@ @����!��AWWA M45 ��; "���� �� (AWWA, 1999b).

�5�5�5	�+� lv B-Jy>���Tc� 	)��2� 

"�=4= t4�%* �� M� �, +��X�@�)!�� "���2' +�3�' � +@#4��) ��,
GRP0�!3� ( ��, �@ F�&	�	  ��� "7 .�; ���;� ��9 "7 "� 
�� ���,

 [* ��>%� \�)	 "P�3K 4���3�0�!3�  �� "=4= /��33� 
����� �� �,
 ��Z �@ 
�E; M� /��4T  �� �&� �@ � 
&I�4' M� 4���3� (9

����� +��X�@�)!�� .�; �,�4* "!��� +�,4����3� G4)�' �� 
�� 
.�,4���3� 5� �7 �&�I	 S�4' 

�5	8��9� ��+�B
O,�g� ��; \��� t47�' "7[�* ������� 89 0��I!�+!����; (�

J�� (�!���� u��7�4	 �� 
��;�7&46���"47 @�.)1(شــكل 4��7@ ��(������
�&�!� ">=�%' @�4'�?�(�7"��4T
2	 ����� @4�7 ����� ��7 �

O,�g� �,��7+�'&�0�I!� [*/� �@���J!� V�q)����Q��;5�¨ .

 
2 Glass Reinforced Plastic (GRP) 
3 Hydrostatic Design Basis (HDB) 
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Fig. 1. General locations of Basht city and pipeline
:;� �5>�4'&
�'4)� (�!���; 
;�7 �' �&�0�I!� [* 89

Fig. 2. Hydraulic profile and agriculture pipelines diameters 
:;� �5����&5,&=���&E04Q /� ��%�"=4= �,+0�I!� 89������+�@�'&�

��&@�4' 89 � 
>3T � 8�; +�,��& 5'�;)+�����¨(/��!7� ��7 
@�7L/s {��_ ��yq� � \�@ V�q)� ��J!��� "7 0�� ��J!����77@�

L/s ]^�_ ��a' t�I "7�>7+5I!3''�@4�; 89 ����	 . �� +��&�
 O©' "PN4�}]_ ��¨ ����	 .��; "!��� �Z �@ ���@ $%� �� �!' 

0@�>' 
;�7 ��; (YL'�^_ �!' 0��I!� "�'�� "%I  ��*9 ���	 �
�]_ ����@ $%� �� �!' @4�7 89 0��I!� [�* �©&=����&, 5�&���� .

 5©�; ��7 S7��%' "3�Y�  �� �@ +�����¨{
��� .(Abdan Faraz 

Consulting Engineers, 2017).
�@ E;�5{/HGL]�@����&, (��©&=����/�Distance &�����5

� "��=4= [��*Diameter (���� Y��& O��L7 �@ "��=4= ���%� ����3,@ +���,
 �&��' �6!L' 
��� �����9 �� . "�� �@ 89 �� ���L7 04�Q �&��'

 
1 Hydraulic Gradient Line (HGL) 
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89 [�4	 �,�&� �' 
;�@�7 �6T� [* �� /@4;  ���7��37 [�* ��%�
"7 "=4= ��4©�6	 ��4T�S7�%'5E; ��' O,��¨ ����� ��7 .��7��
���7��,+��; \��� �@G4y3? "�=4= @#4��+/GRP �7"(�4�3� 
Y��"3�,+�&@��3�+��>'����; ��� .[�* "�7 G4�)�' �@ 0��I!��


)�� ��7 ����� ����	 89��'��&�3�/y3�? ���* "�=4= ����Q� 
/(4��' �4�� �@�? �5���� 5)� �5I J3�& )'��&(4(�I	&��;�

�	62	&5��M�
�E; �7���� ��;�[2'&%��6!L' 
�@ �7 �
@4; \��� �!�&7 .�@�? 6T��t4�%* ��7 ���� ���7 0��)�� D��7 "�

]~__ �]^__ ��;�@�? (����P�j�7�7'&(�� 
��.

�5\T�"�!-B���iV7�>J	
"P�3K (�&7 /�; ��, ��62	&5\�� >%�&/
>	&�& "�aL�' ��,+
��'9+?��*��&�!� "��@
)�� �&�& ��>'������ �7 /��;

 ����'9 ����aL�'+H!'&���,�+�@���a	������"����@���+
���� .
"aL�' ��,+���'9+H!'&��,�+�?��*��@��4�T "�7 �����&�+

�;&"���+
4' 4=��� "7��4T u7�	 �4	�u>)�	�]��u7�	 �4	 ��u
>)�	�5)E' )CCDF=1-CDF{(5T�� '��4�; .��@4�) CDF 

�MH!'&�/!EK4� 0�)!���������'+7���H!' (9 (@4 ��&�������I' 
�L�'�3>�P(X ≤ x) ��(�� �'���,@.	�4�T �@ �"�� ��@4�)
CCDF (�� ��3,@ 0�)!��(9H!' "� 
��&�����' �Z@�4�'+���
�!��Y7 >' ���I' ��&3���;�7 ���P(X ≥ x) . "�7 (�4�3� 0��w' S7��%'
 5E;|jb/0�)!�� "E9 "7��N ���� ���I'�@"�=4=]�__ �7&O��

N/mm2�/]�;�7/{/_
����7 .+��@4�) ����CCDF y����
=4	 �&�H!'&���,�+�@��a	�@���+����"����2' H!'&���,�+�@���a	�

��?��*�/����9 ��"��7 	�	��&F@4>��T+=�Y)�(F��	�' �@���� ����M
0�)!�� 7��	�"7���I' (984a3' '�@4; . ��� "7 �#4�)>' �4�Z3' 

� "7 \4�4' "%7�� ���04� "7��4Tp=i/(n+1) �@�B!��'�.@4�; �@
�� "%7��iH!' "�	�&�/�Z@�4'n5� @��>	 ����I' =4	 �&��@) ���;
����3 n=100 � /(p=Pr(X ≤ x) ���7+CDF �)p=Pr(X≥ x���7+

CCDF 
��.(T.Kottegoda and Rosso, 2008).

�5�5	�+� �G+�B
?�0�� ]aL�'�"�,+'9���+H!'&�,�+�@�a	�[�	�' � ���(�

1 Cumulative Distribution Function (CDF) 
2 Complementary Cumulative Distribution Function (CCDF) 

'��,@ .���I' '&J�& H!'&��� ��* G�B	��+"=4= ��7 ����� ��%� 
"=4= H	&&�'��3�/7"�4Q +"��� ���* G��B	��m�/]���7+��%�
mm ]~__ ���	 m~/_����7+���,�%�+~__ �mm �__ H!'��&�

.
���N�F)  &�&>	R(�7& �� ���* G��B	�� � "�=4= ��%�+/(9
�/_7 �& �N�F)Q�&(�3 ��� ��7 ���+"=4= }/_�@�Z "�!��� 
�; .7"=@&5"�%7�� '�E>4��7& ��N � "�=4= ��%��F)Q�&(��3 ��7)

F���N "��&! �@ � "�!��� O��Y��� (9 \�E2!��� "�=4= ��%� O��Y��
���' ���!)� (���3&)Q� (@4��;�����I' R���7��7 �/_j���; W���2= .+����7

 "� ���,�&H!'�,J!�7���9  &7@4?� @���R=0 ' 0�)���@4;.
5E;|/CCDF +�, "�=4= "7�N ���� � 
'�LN ��,+@#4�� +

�' (�� �� .�,@ 5E�; "�� �4Q (�),|ja�' (������,@ �@���2' 
H	��&&��� ����7 
'�L��N+[��*~__ ���7��7mm |/]�����7+[��*

]~__ �7��7 mm �/|@47 .�@��2' H	&&���  "7��N ���� �&Y���7+
[���*~__ ���^{/_����	N/mm2|{/]�����7 �+[���*]~__ ��
]^/]�	N/mm2~/]@47 .�,�3K ���7 H	&&��� ��7+t4�%* \�)	
�(��E /@47 �Y�� �7 �'��O�%�/"=4= 5)2!' ���� "7�N 7&�!�+�;.

S7�%' 5E;�ja/�@��2' H	&&��� ��� O3	���7+t4�%*
 "7�N ���� �7 F��3!'@��� �7��9 �
�/�'� �� ����� ��7+t4�%* 

]^__ �]~__ 7"=@&5
�� �%� "7
'�L�N i@��T &
�� �"�7 
),& =@&5��M�O3	 ��9 @ t4%* �����J �@���2' .
��� ��!)�
H	����&&��� σ�@ "����� [����*�__ /]|__ �]�__ ��]~� �����	 

N/mm2]�] ���7+����t4%* ]^� �	N/mm2]}� .@47 
	zo&���7 ��� ���@5E; �,+�jb�^'�(�4	 ��,��' @�� .�@
[��* {���	]~__ �]���	]^__ ����7 �@���' ���@�����7 ��@����� |_���	

KN/m^_ ����7 �@ �� ���� ��7 �^��	kN/m ^^�' 5�)2	���33� .

6� �@�!����� ���7 H	�&&��� 5����� 5�)� �5�I ��M��� "�7 
J3�& 
��/��),& ��H	&&�5E; ��?��@[*(�&7 ���; �7&O
�� ����t4%* �@47/7""4� �+"�[*]|__ 7"(�43� %*����3	 "�
!'z�@�' ��7 �� �o @4�7 �7& ^/���	 mm |/}[�* �]��	]^__ �@
���7}/^�	mm }/]|H	&&�@�� 6(شكل(.

�N�F"Q4� ��+I!��' 
��&�) @��@ O��)� ��7 "�=@�>' �.(
���3>�� 89 $%��� "��P�3K�'��&��3�O,��������7�/'��&(�Y ���N�F

"Q4� ��+��; @��� )"=@�>' }! �@ � (&"�'&(�Y  ����' O�)� �&Y
�Y���O�'���7� .����@4�) 5E�;}ja�L��' 
��� "�� t4�%* 

]^__ �]~__ �@OL7 �,��� "�%��$89���'��&3��� �@�9��
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��#/ (j�&H!'�,+��@�a	 �7 [�	�'"=4= @#4� ��&>' ���2� �  &J�&' ���I' � /+��9 
Table 1. Random variables related to steel pipe and their mean and standard deviation 

Height 
of Soil 
cover

Diameter Specific 
weight 

Wheel 
load 

Safety 
factor 

Delayed 
factor 

Soil 
modulus 

Groundwater 
height 

Variable H D γs P FS Dl E' Hw

Unit m mm kN/m3 kN/m - - N/mm2 mm
Mean - - 20 90 3 1.25 1.4 1200 

St. Dev. j j 2 45 0.6 0.125 0.07 240 

Fig. 3. CCDF curves for thickness and surge pressure for different diameters in steel pipe 
:;� �5�,��@4)+CCDF ��7+"=4= "7�N ���� � 
'�LN �,+@#4�+�@�,�%�+�6!L' 

Fig. 4. CCDF curves for ring compression and dead load for different diameters in steel pipe 
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Fig. 5. CCDF curves for live load for different 
diameters in steel pipe 
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Fig. 6. CCDF curves for horizontal deflection and allowed deflection for different diameters in steel pipe 
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Fig. 7. CCDF curves for dead load, live load and allowed buckle for different diameters in steel pipe 
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Table 2. Random variables related to GRP pipe and their mean and standard deviation 
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Delayed 
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Soil 
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Variable H t D γs P FS Df Dl E' 
Unit m mm mm kN/m3 kN/m - - - N/mm2

Mean - - - 19.8 90 1.4 3.5 1.25 2.8 
St. Dev. - - - 1.98 45 0.07 0.35 0.125 0.14 
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Fig. 8. CCDF curves for working pressure, surge pressure and total pressure for different diameters in grp pipe 
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Fig. 9. CCDF curves for vertical deflection and allowed deflection for different diameters in grp pipe 
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Fig. 10. CCDF curves for dead load and live load in grp for different diameters in GRP pipe 
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Fig. 11. CCDF curves for dead load, live load and allowed buckle for different diameters in grp 
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Table 3. Reliability results for steel pipeline 

D 1600-1 1600-2 1500-1 1500-2 1400 1300 900 600-1 600-2 
Q(discharge) 2490 2490 2200 2200 1900 1590 1000 400 400 

Pw 3.5 3.5 3.5 3.5 3 3 3 3 3

P(wheel load) 0 90 90 0 0 0 0 0 0

Length 2235 3157 2385 1120 1996 5055 1791 1090 3759 

Wi 0.10 0.14 0.11 0.05 0.09 0.22 0.08 0.05 0.17 

Rei (reliability) 99 99 99 99 91 95 88 100 99 

∑ Rei×Wi 96.69 = Overall reliability of steel pipeline 

��#/ ]5�!�bX�@�)!����+��7+OL7 �,+�6!L' [*0�I!� "=4= GRP 
Table 4. Reliability results for GRP pipeline 

D 1600-1 1600-2 1500-1 1500-2 1400 1300 900 600-1 600-2 
Pc 1.37 1.37 1.37 1.37 1.37 1.37 1.05 1.05 1.05 

Hw 1.4 0 1.4 0 1.3 1 0.5 0.5 0

Length 2235 3157 2385 1120 1996 5055 1791 1090 3759 

Wi 0.10 0.14 0.11 0.05 0.09 0.22 0.08 0.05 0.17 

Rei

(reliability) 
88 86 84 92 92 79 90 96 89 

∑ Rei×Wi 86.349 = Overall reliability of GRP pipeline 
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