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Abstract 
An experimental investigation of water flowing through coarse porous media in an open channel with free 
surface was conducted to better understand the mechanism of energy loss and changes with flow velocity. In this 
research, experimentally, investigate water flowing through coarse porous media in nonlinear unsteady state .To 
cast light on the analytical characteristics of unsteady-turbulent flow within coastal rockfill structures, an 
extensive research program has been carried out using the open channel flow principles. Crushed coarse 
aggregates with pre-determined gradations were carefully packed in a 600 mm wide flume through which, 
variation of pheartic surface as a result of the tail-water variation – to resume unsteady flow conditions – were 
optically recorded by means of a set of piezometers installed along the flume’s side-wall. Discharge rates were 
measured by a calibrated v-notch and the tail-water surface variations were precisely timed by means of delicate 
electrical equipments specially designed and manufactured for these experiments. Observations on the flow  
 

behaviors were then analyzed using SPSS software in order to drive mathematical relationships between 
measured parameters. Findings indicate that: a) The so-called Forchheimer equation can be successfully 
employed for analyses of nonlinear- steady as well as nonlinear-unsteady regimes in coarse granular porous 
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media. b) Although a third term defining effects of unsteadiness may be included in the above mentioned 
equation, it is of little engineering importance. c) The nature of hydraulic gradient (i) variations versus Reynolds 
number (Re) – which were plotted for all sets of observations – confirms existence of turbulent conditions in all 
experiments. d) Our unique experimentation set-up adequately resembles the actual prototype conditions. 

 
Keywords: Coarse Granular Porous Media, Forchheimer Equation, Nonlinear Flow, Unsteady Flow, 

Crushed Aggregates. 
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��	
�� � ���� 
�����c�dE�7�	�*b�@	/�N�	X��� ��� 

���5�+� �
�� ����+� �!� n�"D� �a-,h. ( � 

� /� f%'�:? *&
K<?E#
�$� ��? ���� a �:� ��	)�:
�$�� C�F��	��	 ���0 �	 Ev

>�5'
� 4���~s���+ ��� , ���~����+ ��� *��,��8 A �R��
E� C� QIN����1?�� .*	
�L�� a ���)� U��R�� ���- 4�L��
���

U��= f vQ%? �%B ��	 X��0 *	 � 7.Es>��5'
� 4���� }/�, ���� 
����.}/��
�� � �	 ��� "�R� , 6�5? ��- " 
�+ ,� *	 ����	 $��D

 *�Z 
� f�  , K������ |%V� 1+� 3�	 
� C� bW+ o%2� M%L�'
����� 
� C� bW�+ f%�<%�+ #����+�� ��R � ���	 (% ��. 1�+�

 *��=�� ��L� 
� o�%2� 
�"�	� , C� a9�� M��%+ , K����� |%V�
����<? 
� U��= )� A �:� .�? F�'s.1+� ��? ��
,� 

B��P(��� *	 ��I	�) /{. 

UPy�	A-A (��� *	 ��I	�)

^Py�	B-B (��� *	 ��I	�)
�;��P(��� *	 � ��H�) ���8 a-,h. 
� ���5�+� �
�� U��= 

1 Experimental Setup 
2 Sump 
3 Flume 

����P���5�+� �
�� U��= [����� #�%["D )� A �:� 

���-P�D ��-" 
�+ , U��= )� A �:� ���� 4/� $�*	1:+ 1+�
 

���.P���� K����� |%V� /��&�. U���- 
� U��=)� A �:�*	1:+ 
1+�3�	 
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���5Pa ��)� (%8
� �-���,"%. , U��= )� A �:� 

����N�	�b ?*	� W��@	7� � 	@ 
*�������+ ���- *���!�= 
� ����I� )�s�>���� )� , /����:- ��������%�

*�2 )� *��N? �' -�� ��- *���� )� S�. *& �? *% ����	 )� �� )�' ��	
�{��� 4��? (%%I' K$2 *����" 
 )� ��' ��? *���? ���9 , 
��$B , ��-

 �
��������? .�)������ *�%��A%	*�������+ ���- *����� (�� � 
� �����	�/EF
�%� ��� f��� )� �
��$�)s/�(��� � ,�)����� *��%:& *������+ ��-
�s/r�%� ��� ��:� ��� )� �
�$�)r(.��	 

��.*����� )� S�����	 ��9�	 4��A ��)� *������	 Q���8�	 b������
 bW��+ ���	 >�$��?� d������ /), K��%$2 )� ������ ��N "%= #�����A�

*�����+ �A9 , �- K���'(n) *���:� ���9 ����A ��)� 
� "�%� ��-
��%+ ���	 ���A��� 
�*���� b����� ����� .���? (%%I' /��:- 
� ��

* 3 ��-E����+  
 U��= K9�� 
� ���� ���:�' |�+�' , �? *��
*��� M9 .1A� M����� 4>�$?� | ��? 
� �
��� ������ b����� ���	

 K<? 
� ���5�+�}���� /�A� .1+� ��? 

-�$%& � #�	�� 
-���?	�b ?	
2�2%> � ��+E> � W��@	7� 

K������ |%�V� X��0 
� <%�,
�%- /� ���� #��%%�' (%%I' ���	
�%B , 
��������� | �����? 
� , �����? X�����>����5'
� 4
��������� �����-

/��) 
� f ���,"%. /��<� , �- y,
 ��	 ���? (%�%I' a%�. )� ���-
M�%= *�!{9 *�& ��? 1�[��2 �
����	 
� /� )� �� ����,��DF��'r

1+� ��? ��
,����	� 
� .4a ��)� �-|%�V� /,
� 
������ 1��8 
�
�" �����+ ���� (%��	 ���V�� y)����	 ���	 *��& 1��=�� U���R�� �� ����-

-��A ��)�4| ��? 
�
��7� *W	�
 , <%�,
��%- /� ���� (%	 ��
 /� �D 1��+�? ��%. *W	�
)}U�� f:& �	 .( 
�"=�SPSS � ��H� 4a

,b���� ���	 X,�D ��-F*	1+� ��� 

a = vEv/r (S/m) )r(

b = }E/FFr  (S/m)2 )s(
�
�7� �D � ��H�a,b�: ��?
�= *���I� 
� *�R%�� �
 �� ) *�W	�
 4

� �-� 

i = v/r + }/FFr  VO )}(

a ��)� ST+ �-��? 
� �	 
�������%B |����� ���) ������ )s
*H%2� , ��F*H%2� �	 *Z 
� *� ���8
� (�� ��	��	 ����+ *�	 1:�+ 

ST+ , 3�	*	1:+ (% �. � 1��8 ���4��	 a%. .��? �, � ���H�
 *Z 
� *� ���8
� )�%� �
�� ��-����
�.*	1:+ � 1��8 3�	 ���


� ��D����, v,r*�Z 
� *�� ����8
� ,*�	 1:�+ (% ��. ����8 1
� ��� 
��D����, s,}1+� ��? ��
,�.

���aP*��� M9 a-,h. 
� ���5�+� �
�� ����� b���� , ���	
)���8Cc�	��	�F/E,Cu�	��	}F/E(

���� �P%P�_ ?��C� ?�P&

?
�

]c
�f

�

�2��) `�� �[Z(���
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G��(�P
������ | ��? 
� <%�,
�%- /� ���� #��%%�' (%%I')m/m(

0��Z��H(i) V(i) ∆H
���	�)(���

−

V
���	�)�& ���

(���	'

L
���	�)(���i)�>��@	7�(

C��+Fs/s�Ev/E------------
PizEFs/s�Ev/E��/�vv/Es���/�
PizF}�/r~E�/E}s/EEs/EF��~F/�
Pizv~s/r}FF/E�s/EE�/EF��~~/�
Pizr�s/rsF�/E~�/EFr/EF����/�
PizsFs/rvvF/E~�/EF�/EF����/�
Piz}F�/rEv~/E�s/Fvs/EF�E�v/�
Piz�Es/v�r}/E�s/FrF/EF�E�v/�
Piz~��/v}sr/EFs/Fs�/EF�EEv/�
Piz�v�/vr}}/E}�/F}�/EF�Ev�/�
PizE�}�/vE~�/E��/F�v/EF�Evs/�
PizEEv�/F~�E/Fv�/v�E/EF�E}s/�
PizEFF�/Frv}/FE�/rE~/FF�F�s/�
PizEvss/E~��/v}s/s�E/FF�F~v/�

C� �.ss/E~��/v��/���/vs���/�

H(i) 
� � ���,"%. >�5'
� ���,"%.iU� Q�8�	)���+ ��� 4(V(i) 
� /� �D 1��+ �WH�iU� Q�8�	)����+ ���� (*�%��] ��	 4∆H,� (%�	 �� ���,"%. 6{��9�

����� ���,"%. Q�8�	)���+ ���(4L����� ���,"%. ,� (%	 H=� X�0 Q�8�	)���+ ���(4
−

V����� ���,"%. ,� (%	 |+��� 1��+ Q�8�	)���+ ��� (*�%��] �	 
(%�Z:- ,)��' *Z 
� bW+ �	��	E����+ 1+� ��� 

G��(-P���) K!��= 
� C� �. , C��+ 4�-���,"%. C� bW+ )��'s*H%2� *Z 
� (�=
3�	 #�LV� 
����+ Q�8�	)(��� 

� �1%�_�� ���Z� �5���Z� ��=���Z� ��5

U��� *��>50/2550/2550/2550/25

�
�:? ���,"%.E50/2550/2550/2550/25

�
�:? ���,"%.F48/8048/8048/8048/80

�
�:? ���,"%.v47/0047/0047/1547/15

�
�:? ���,"%.r45/2045/2045/3545/50

�
�:? ���,"%.s43/2543/3043/5043/80

�
�:? ���,"%.}41/2541/3541/5041/90

�
�:? ���,"%.�39/2539/4039/5039/95

�
�:? ���,"%.~37/1037/2037/5038/00

�
�:? ���,"%.�34/5034/6035/1535/70

�
�:? ���,"%.E�31/8032/0032/7033/40

�
�:? ���,"%.EE28/5029/0029/8530/85

�
�:? ���,"%.EF24/6025/1526/3027/70

�
�:? ���,"%.Ev19/0020/1022/1023/85

C� �. )��'19/0020/1022/1023/85

*Z 
� bW+ )��'
���+)(���

12/47 14/85 16/95 19/35

>�5'
�H���+)(���9/399/399/399/39
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G��(.P���� #��%%�')<%�,
�%- /� m/m, ((%%I'a4b,c���) ������ �	 
�������%B | ��?
�s*H%2� �� 3�	 *	 ,
 *Z 
�)(
�& �g�� *��> W����h>(_��� �1%�) S��	8 0d�

−

V
(*%��] �	 ���)0/0114 0/0116 0/0120 0/0124 0/0130 0/0136 0/0142 0/0150 0/0160 0/0173 0/0190 0/0217 0/0267 

i('��-�A�)0/0000/0730/0900/0900/0980/1000/1000/1080/1300/1350/1650/1950/280
−

V (a)0/0210/0210/0220/0230/0240/0250/0270/0290/0310/0340/0390/048
U�� )�
�"=� a
SPSS

2/6 2/6 2/6 2/6 2/6 2/6 2/6 2/6 2/6 2/6 2/6 2/6 2/6 

U�� )�
�"=� b
SPSS 

64/17 64/17 64/17 64/17 64/17 64/17 64/17 64/17 64/17 64/17 64/17 64/17 64/17 

U�� )� 
�"=�  c 
SPSS 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

-6/22 
E-04 

i('�$+�V�)0/0810/0840/0890/0940/1000/1070/1150/1260/1410/1620/1960/269

�& �g�� *��> W����h>) 0�IF *� i8 S��	8 0d�t�&��&,(���Z�
−

V
(*%��] �	 ���)0/0114 0/0116 0/0120 0/0124 0/0129 0/0135 0/0142 0/0150 0/0160 0/0172 0/0188 0/0213 0/0256 

i('��-�A�)0/0000/0730/0900/0900/0950/0970/0980/1100/1300/1300/1500/1930/253
−

V (a) 0/0210/0210/0220/0230/0240/0250/0270/0280/0310/0330/0380/046
i('�$+�V�)0/0780/0810/0860/0910/0970/1030/1120/1230/1370/1560/1870/249

�& �g�� *��> W����h>) 0�IF *� i8 S��	8 0d�t�&��&�j(���Z�
−

V
(*%��] �	 ���)0/0114 0/0116 0/0119 0/0124 0/0129 0/0135 0/0141 0/0149 0/0158 0/0169 0/0183 0/0205 0/0238 

i('��-�A�)0/0000/0730/0820/0900/0930/1000/1000/1000/1180/1230/1430/1780/210
−

V (a) 0/0210/0210/0220/0230/0240/0250/0260/0280/0300/0330/0360/042
i('�$+�V�)0/0740/0780/0820/0870/0930/1000/1080/1170/1300/1470/1740/220

�& �g�� *��> W����h>0�IF *� i8 S��	8 0d�)t�&��&�,(���Z�
−

V
(*%��] �	 ���)0/0114 0/0116 0/0119 0/0124 0/0128 0/0134 0/0140 0/0147 0/0156 0/0166 0/0178 0/0196 0/0223 

i('��-�A�)0/0000/0730/0820/0820/0850/0950/0970/0980/1150/1150/1280/1580/193
−

V (a) 0/0210/0210/0220/0230/0240/0250/0260/0280/0300/0320/0350/040
i('�$+�V�)0/0710/0750/0790/0830/0890/0950/1030/1120/1230/1380/1600/196

G��(5P���) K!��=
� C� �. , C��+ 4�-���,"%. C� bW+)��'s*H%2� #�LV� 
�(% �. ) *Z 
� /���Q�8�	 ���+ (��� 
_��� �1%����Z� �5���Z� ��=���Z� ��5

*��>U���50/2550/2550/2550/25
���,"%.�
�:?150/2550/2550/2550/25
���,"%.�
�:?248/7048/7048/7048/70
���,"%.�
�:?347/1047/1047/1047/10
���,"%.�
�:?445/5045/5045/3045/20
���,"%.�
�:?543/9043/7043/4543/30
���,"%.�
�:?642/1041/9041/6041/40
���,"%.�
�:?740/2540/1039/7039/25
���,"%.�
�:?838/2538/0037/5037/10
���,"%.�
�:?936/0535/7035/0034/50
���,"%.�
�:?1033/8033/1532/3531/80
���,"%.�
�:?1131/1530/3029/3028/50
���,"%.�
�:?1228/1027/0525/8024/65
���,"%.�
�:?1324/3022/9521/0019/20

)��'C� �.24/3022/9521/0019/20
)��'bW+*Z 
�

���+)(���
20/00 17/60 15/13 12/47
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G��(aP<%�,
�%- /� ���� #��%%�')m/m (
�������%B | ��?
� Q ��� (%%I', ���) ������
�s*H%2� *	,
 *Z 
�) ��(% �.(
�& �g�� *��> W����h>�� �1%�) S��	8 0d�(_�

−

V
(*%��] �	 ���)0/011 0/012 0/012 0/012 0/013 0/013 0/014 0/015 0/015 0/016 0/018 0/019 0/022 PPPPP

i ('��-�A�)0/0000/0770/0800/0800/0800/0900/0930/1000/1100/1130/1330/1530/1900.000
−

V (a)0/0200/0210/0210/0220/0230/0240/0250/0260/0270/0290/0310/0340/039
U�� )�
�"=� a
SPSS  

1/887 1/887 1/887 1/887 1/887 1/887 1/887 1/887 1/887 1/887 1/887 1/887 1/887 

U�� )�
�"=� b
SPSS 

75/73475/734 75/734 75/73475/734 75/734 75/734 75/73475/734 75/734 75/734 75/734 75/734 

U�� )� 
�"=�  c
SPSS 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

ss/}
E-�r 

i ('�$+�V�)0/0710/0740/0780/0820/0870/0930/1000/1090/1200/1340/1550/190

�& �g�� *��> W����h>) 0�IF *� i8 S��	8 0d�t�&��&,(���Z�
−

V
(*%��] �	 ���)0/01140/0116 0/0120 0/01240/0128 0/0134 0/0140 0/01470/0156 0/0167 0/0181 0/0200 0/0231 ---

i ('��-�A�)0/00000/07750/08000/08000/09000/09000/09000/10500/11500/12750/14250/16250/20500.000
−

V (a)0/0210/0210/0220/0230/0240/0250/0260/0280/0300/0320/0360/041

i ('�$+�V�)0/0740/0780/0820/0860/0910/0970/1040/1140/1260/1420/1670/208

�& �g�� *��> W����h>) 0�IF *� i8 S��	8 0d�t�&��&�j(���Z�
−

V
(*%��] �	 ���)0/01140/0116 0/0120 0/01240/0129 0/0135 0/0141 0/01480/0158 0/0170 0/0186 0/0209 0/0247 ---

i ('��-�A�)0/00000/07750/08000/09000/09250/09250/09500/11000/12500/13250/15250/17500/24000.000
−

V (a)0/0210/0210/0220/0230/0240/0250/0260/0280/0300/0330/0370/044

i ('�$+�V�)0/0780/0810/0850/0900/0950/1020/1090/1200/1330/1520/1810/236

��h>�& �g�� *��> W��0�IF *� i8 S��	8 0d�)t�&��&�,(���Z�
−

V
(*%��] �	 ���)0/01140/0116 0/0120 0/01240/0129 0/0135 0/0142 0/01500/0160 0/0173 0/0190 0/0217 0/0265 ---

i ('��-�A�)0/00000/07750/08000/09500/09500/09500/10750/11000/13000/13500/16500/19250/27250.000
−

V (a)0/0210/0210/0220/0230/0240/0250/0270/0290/0310/0340/0390/047

i('�$+�V�)0/0810/0840/0880/0940/0990/1060/1140/1250/1400/1610/1950/268

�A� )� ���5�+� �	*	 
�������%B | ��? #��- U�� f:& 
�"�=�4��	
/� ���� (%	 |	�,
 �
��2�	 /��) , �����+ , �- � ���H� 4��-a4b,c

�? *$+�V�.�� *	 Q ��� ( � 4*Z 
� (�=
3�	 1��8 
� � ) #
�!
*	 ��� 1+� 

a = }/F (Sec/m)
 

b = E�/}r (Sec/m)F

c = FF/}P e rP (E/Sec)
 

*R%�� 
� 
i = }/F V E�/}r+ V2 rPE� *FF/}P t )�(

#
�$� 3�	 Q ��� 4*Z 
� (/��� (% �.) 1A��	 ���	 ,)� ��� 

a = ~~�/E (Sec/m)
 

b = �vr/�s (Sec/m)F

c = ss/} e rP (E/Sec)
 

,�R�� )� 
i = ~~/E V �v/�s+ V2 rPE� *ss/}+ t )~(

���A� /���� ��=�0 )� /��� ���� #����%%�' f��%<5' *��	 #��-
 (% ��. �  , /��	 3�	 �	 �w���� +��%+ M%� 1��8 ,� 
� <%�,
�%-

 U)3 �7��� 41��=�� #
���! *��Z 
� /����	����	 *��9�� f��  
� *��& 
���� ��%��+��
 K��%�V' "��%� ��+��%+ U���:' K����& .����? U���R�� ���-

� ��H�a4b,cU�� )� K!�8 
�"=�SPSS *		 ����	��	 Q%'�'�
a = E�/F (Sec/m)

 
b = rs�/�E (Sec/m)F

c = EF/v e sP (E/Sec)
 

� ��-�A� /���) *�	 ���	�� U�+ U�' Q �� *� ��?t
���H�)
*�	 N���� 
�%��	 ���� "%� +��%+ 1��8 
� (Q �� ����� 1�+�

� ����R� X�8 �- *	 .1+� *	 �
 �: ��?
�= *���I� /��' �� ) #
�!
��& � ��)�	 
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G��(kPbW+ )��' ���) K!��= 
� C� �. , C��+ 4�-���,"%. C�F#�LV� 
� *H%2�(% �. ) *Z 
� /���Q�8�	 ���+ (��� 
�1%�
_���

���Z� �
�

���Z� �
.

���Z� �
a

���Z� �
9

���Z� �
�=

���Z� �
��

���Z� �
�.

���Z� �
�a

���Z� �
�9

C��+ )��'50/2050/2050/2050/2050/2050/2050/2050/2050/2050/20
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