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Abstract  
Hydraulic analysis of pipe networks is generally done considering certain values for 
independent parameters of the system such as roughness of pipes, nodal demands, etc. 
Such analysis would inevitably lead to certain hydraulic responses of the system, i.e. 
nodal pressures, etc. This is while, inherent uncertainties associated with independent 
parameters as expected stresses, spread over the system and result in hydraulic stress in 
nodal pressure heads as dependent uncertainties. Using optimization tools, this study 
presents a reliable approach based on interval analysis to deal with these uncertain 
hydraulic stresses. In the proposed approach, the optimization problem is formulated in 
a manner that the nodal demands, roughness of pipes and water levels in elevated tanks 
would be the decision variables while extreme nodal pressures for unknown intervals 
are explored as the objectives functions. The large number of junctions in the case of 
real pipe networks, leads to inefficient iterative use of single objective optimization 
engine. In order to this problem, this study exploits a many-objective approach with an 
appropriate performance. Applying the proposed approach on a real pipe network shows 
that ±15% variation in nodal demands and pipes’ roughness in addition to ±1m in water 
levels might produce hydraulic stress in pressure heads from -13.7% to +10.2% with 
regard to the crisp values. In such a condition, it is possible for 125 junctions out of 128, 
to fail in satisfying the minimum required pressure head. It is demonstrated that the 
proposed approach has acceptable accuracy for analyzing hydraulic stress in real water 
distribution networks. 

Keywords: Hydraulic Stress, Uncertainty, Interval Analysis, Water Distribution 
Network Analysis, Many Objective Optimization. 
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=	� ���� ()  C� .�� 
� �� a;5 ) ��-( .�� �@"�- ��� &���"  1F
 .=	� 7� 

�#
,3 '(� <=6 '�2&� (6 	
7�� 4,
53 (�

 ������D� P
:������� ��������� 1X�� 
� > ������1X�� ��������U ���������� 
a � �a�, a�, … , a�, … a���-)����6)(-� �� (��81� � 	 f��

 
3 Combinatorial Approach 
4 Monotonic 
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7
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)(-� ��� �J���� - .1����4 ���< �� ��� s���	� .����  ���:;!��1� � ���� 6
GJ)�@�|-}(� " � =	� 

P
 � φ�a*, D� . ∑ <∆a� �34356�56958
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�9� )|(

)}(P
 � φ�a*, D� - ∑ <∆a� �34356�56958
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N-( 6M�� 7 :12-(�1� GJ)�@� �?, 1F =1��� � -j�2� ����
 ����� 6����� ���� ���(�4 ��� =��� �( �� D ���(�IO G� 11X� ��

��  C� () =") 6=1@?" E�5 j8��� f�� � () �� 1D ��-��o�� ���
 ) =���) ������,Sabzkouhi and Haghighi, 2016 =�") .��� .(

��?V� - ���� ��� ���(�4 G� 11X� >
�� �D(%� �� �B�� ��� =	� ��
i�I� M� T�< �� �)�5 � 1D )�� T��	 () M�(��� - ��4�D .)(�) 6

z$$# )����I14 �( ��-( (�81� � 	 f�� �� �8'�O &189� �����  �
 ������ p�� �����  � M� () �� ��)�))��2-%� �� �)�@'(G� �11X�

u- o� K	�4P
�M� !�	��� M� �� 6&V����  ���(��4  �� ��� =���
 !�1� � M)�) (� �" ��� K	�4  ����< - &"��< - >�� ������  ���(�4

M� � ��� 9� �� 6!	��� ��� ��� =	) ���� .(Gupta and Behave, 

2007).

	2,>6 ?� ��@A�� �6 	
7�� 4,
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���� � �� �� D ���(�IO 
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�
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 � 0 

M� () �� 
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 > �D �� &+��j6q
> �D () ��Z�V� ���)j-N> �D &�� )���@� ����
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 G(�' 

)#(∑ h�
C����

9� . ∑ HP�
C����


9� � 0 

M� () �� 
h�
 �2�2 () �� �� =O�j�V8< E�i6HP�
 f�	�� >��� �O��Z� �� ���

 �2�2 () d4j�V8< E�i6NP�i� �2�2 )��@� ��V8< () )�7�� ���i-
NL �V8< &� )��@� 8'� ��� ���� �=	�.

�V� GJ)�@��>����� M��1� ��2)�@� :�� i�� Q 
� �� �� - E 7
 ���� (�� ���� �;����	� ���2)�@�) M���� 7 =��� <  ���� � () =���-�V�

���� f�� ���  B������ c�������- ���	(�) GJ)���@� .������gM%��1� -
%��18�-rT�� 0- @� ��� T��� �U D� 6����� (�C�� .�� �� � � �

 
1 Many Objective Particle Swarm Optimization 
2 Darcy-Weisbach 
3 Hazen-Williams 
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 6�2�2 %��18�- M%1� !� ZL�
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 �� �2�2  ?" .���� 
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 �( ��?, 1F GJ)��@� 
� ������	 :�� M��� 7 =�-�V� �2)�@� (���
�� &1�I� ����� () �� ���)Q��2�2 ���) - ����� ����H() �� ���

> D .��� &�< �� � !	��� N-( :� =	� E
J - ����� T��\� ��
 ������ GJ)�@�)�� .�� () .��-n4 ��Z��( T��� 
�EPANET 

�� M��)� D &< N-( 
�`)Todini and Pillati, 1987 &�< �� �� (
 ��� > �� GJ)�@� �1��� �� �� 6) �1D ����� GJ)��@� &�< - �
��	

.�� >)�o�	� 

E/;�� � ��#� �!
�� ��� &189� (�C�� .�� () 6�8'�O &189� N-( �� ��12-(�1� ���

��-n4 ��1�� 
� >)�o�	� ) ��-( ��� �t�(� �
�	 �� �8k��� .)��� &��
.�O���P	
 , P
�E�� () (�IO G� 11X� >
�� ��@� > D ��� 6����� ���

 () �� ���Z�V� &���� ���� ��� ���(�4 G� 11X� E�8@� >
�� u O
> D M%1� � �
 6����2�2 %��18�- ��� M
��� () �� e?	 - �� M����5

��1�� .=	� L1+� ��� 1X�� �� �� (�%��� :� ) ��-( .�� () �
�	 
���� � - >)�� �8k�� &< ���1�� >�1�� -) ��� �( M� �%��( :�� �
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�� �O�� ��U - �O�� �����I� G��18� >�1�� -)  �� .)�) E��\�� M����

)(�) () �2-� 7� G-�o� G��18� ������ ����)� () .���(�) L�� ��� �����
����1�� ) ����-( E���D ����	 - �
���	 ����1�� >�1��� �8��'� ����� �
���	

�� M�1� �O����U )��.

1 Gradient Method 
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���� M�����5 �����
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2 Crisp Values 
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Fig.1. A conceptual dicription of IA model for uncertain analysis of a WDN using the optimization approach 
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G�(~ p����7� L��(���B2� ���O��`(Sabzkouhi and Haghighi, 

2016) ��1�� �� � >)�o�	� q�O 0���� �18� M��%� �
�	��)��.
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Fig. 2. The process of many objective optimization based on MOPSO Algorithm 
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For each objective Pj, update the 
position of subgroup particles 
based on Eq. (11) and Eq. (12) 
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Fig. 3. Network layout for the case study and the 
location of junctions and tanks 
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Table 1. Crisp nodal demands for the case study 

Node 
ID 

Nodal 
Demand 

(LPS) 
Node 

ID 
Nodal 

Demand 
(LPS) 

Node 
ID 

Nodal 
Demand 

(LPS) 
Node 

ID 
Nodal 

Demand 
(LPS) 

Node 
ID 

Nodal 
Demand 

(LPS) 
Node 

ID 
Nodal 

Demand 
(LPS) 

1 0 26 0.61 51 0.97 76 0.21 101 0.27 126 0 
2 0.37 27 0.22 52 0 77 0.19 102 0.09 127 0.22 
3 0.31 28 0.16 53 0 78 0.21 103 0 128 0.04 
4 0.09 29 0 54 0.2 79 0.24 104 0.53 
5 0.14 30 0.13 55 0 80 0.29 105 0.17 
6 0 31 0.09 56 1 81 0.28 106 0.09 
7 0.12 32 0.1 57 0 82 0.21 107 0.21 
8 0.18 33 0 58 0.19 83 0.7 108 0 
9 0.2 34 0.33 59 0 84 0.1 109 0.18 
10 0.3 35 0.26 60 0 85 0.43 110 0 
11 0.01 36 0.24 61 0.53 86 0.14 111 0.2 
12 0.12 37 0.24 62 0 87 0.64 112 0 
13 0.12 38 0.16 63 0.36 88 0.14 113 0
14 0 39 0 64 0.21 89 0.74 114 0.43 
15 0 40 0.19 65 0.42 90 0.44 115 0.12 
16 0.48 41 0.07 66 0.24 91 0.37 116 0 
17 0.69 42 0 67 0 92 0.31 117 0.12 
18 0.22 43 0.05 68 0.15 93 0.18 118 0 
19 0.52 44 0 69 0.07 94 0.13 119 0.13 
20 0.18 45 0.19 70 0.15 95 0 120 0 
21 0.03 46 0 71 0.21 96 0.09 121 0.13 
22 0 47 0.35 72 0.24 97 0 122 0.54 
23 0.87 48 0.95 73 0.1 98 0.14 123 0.16 
24 0 49 0.21 74 0.14 99 0 124 0 
25 0.46 50 0.69 75 0 100 0.08 125 0.11 
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��0Q./�2�2 G�1t%7 �)(�� �@2�?� ���� () �� 
Table 2. Pipe data for the case study 

Pipe 
ID

Start 
Node

End 
Node

Length 
h(m)

Diamet
er(mm)

Pipe 
ID

Start 
Node

End 
Node

Length
h(m)

Diamet
er(mm)

Pipe 
ID

Start 
Node

End 
Node

Length
h(m)

Diamet
er(mm)

Pipe 
ID

Start 
Node

End 
Node

Length
h(m)

Diamet
er(mm)

1 3 4 84.4 75 38 39 40 33.5 75 74 67 68 36.6 63 109 99 24 58.2 90 
2 5 6 40.8 75 39 40 41 27.4 125 75 69 70 34.7 75 110 53 99 65.8 125 
3 6 7 23.2 90 40 41 32 77.4 75 76 65 71 86.9 75 111 54 100 32.0 75 
4 7 8 57.9 63 41 40 43 18.6 110 77 71 46 144.5 75 112 12 101 49.7 90 
5 8 9 75.0 75 42 43 45 43.6 90 78 71 72 34.4 63 113 101 102 75.6 63 
6 8 10 65.5 75 43 39 47 68.0 90 79 43 73 85.6 75 114 101 9 63.4 75 
7 5 11 23.8 75 44 47 48 62.2 125 80 73 69 89.3 63 115 9 103 76.5 75 
8 12 13 63.7 90 45 47 49 96.9 63 81 73 74 36.6 63 116 103 104 93.3 75 
9 1 14 47.5 140 46 49 36 51.8 75 82 75 76 35.4 75 117 104 105 65.5 75 

10 15 16 53.3 75 47 49 50 110.0 75 83 69 77 86.0 63 118 105 106 83.5 75 
11 1 17 184.7 90 48 50 51 124.1 75 84 77 44 169.2 75 119 106 4 61.9 75 
12 17 2 92.0 90 49 51 52 163.1 125 85 77 78 37.8 75 120 7 107 80.8 75 
13 14 17 153.9 90 50 51 53 44.2 110 86 41 79 89.0 75 121 108 12 58.5 63 
14 14 18 137.8 110 51 53 54 57.6 75 87 79 75 89.3 63 122 108 109 85.3 75 
16 18 19 106.1 75 52 48 55 64.0 110 88 79 80 58.2 63 123 110 111 33.8 63 
15 18 20 80.2 63 53 55 45 37.8 110 89 75 81 60.4 75 124 3 112 52.7 75 
17 20 15 48.5 90 54 55 56 43.9 75 90 75 82 86.0 63 125 112 113 45.4 75 
18 21 22 34.4 110 55 35 58 100.3 63 91 82 42 172.5 75 126 110 114 22.9 75 
19 22 23 56.7 110 56 Res1 1 99.7 125 92 82 83 61.9 63 127 114 108 43.9 75 
20 24 25 32.0 90 57 Res2 59 69.5 110 31 32 84 56.4 75 128 114 115 31.7 75 
21 16 26 161.8 75 58 59 57 64.9 110 94 84 85 96.0 63 129 11 116 12.8 75 
22 26 11 15.5 90 59 52 60 136.6 140 93 84 86 81.1 75 130 116 110 19.8 63 
23 25 26 104.9 75 60 60 48 133.2 125 96 86 87 106.7 63 131 116 117 33.8 63 
24 25 27 51.2 75 61 Res3 60 35.7 200 95 86 88 69.2 75 132 112 118 11.0 75 
25 27 28 66.1 75 62 57 61 25.9 110 98 88 89 118.3 75 133 118 5 59.7 75 
26 28 29 19.2 63 63 61 46 28.3 125 97 88 90 91.7 90 134 118 119 39.0 75 
27 29 16 55.5 75 64 46 62 32.9 110 99 90 33 116.4 110 135 120 3 40.8 90 
28 29 30 75.9 63 65 62 44 19.5 110 100 90 91 140.8 63 136 120 121 53.0 63 
29 15 31 22.3 90 66 44 42 45.7 110 101 56 92 32.9 75 137 2 122 28.0 110 
30 31 34 47.9 75 67 42 33 88.7 110 102 50 93 67.1 63 139 122 123 50.9 110 
32 34 32 105.8 63 68 56 63 298.4 63 103 94 95 23.5 75 138 122 124 8.8 63 
33 34 35 108.8 90 69 63 57 163.7 75 104 95 96 100.0 63 140 124 120 62.2 90 
34 35 36 27.7 90 70 63 64 38.1 75 105 96 28 25.6 75 141 124 125 39.3 63 
35 36 37 104.2 75 71 65 66 37.5 63 106 54 97 26.2 63 142 20 126 127.4 75 
36 37 38 46.9 63 72 45 67 83.2 63 107 97 98 36.3 63 143 126 21 27.4 110 
37 37 39 73.2 75 73 67 65 88.7 63 108 13 99 57.3 90 144 126 127 49.1 63 

145 96 128 59.4 63 
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Fig. 4. Results of nodal pressure intervals under the scenario of hydraulic stress 
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Fig. 5. Comparison of the lower bound of nodal pressures between the proposed method and (Gupta and Behave, 2007) 
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Fig. 6. Comparison of the upper bound of nodal pressures between the proposed method and 
(Gupta and Behave 2007) 
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