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Abstract  
Over time, as the population increases and the useful volume of the reservoir decreases as a result of sediment build-up, the need for more 
water storage increases. One option to obtain more water storage is to increase the reservoir capacity of the dam by increasing the level of the 
spillway. One of the necessary research to assess the feasibility of implementing this solution in earth dams is the analysis of the stability of 
dam slopes in the height-increasing state. In this study, the static stability analysis of the Kamal-Saleh dam was performed at current level of 
the spillway at end of construction, steady-state seepage, and rapid drawdown conditions using GeoStudio software and applying limit 
equilibrium methods of Bishop, Janbo, Morgenstern-Price, and ordinary. Also under steady-state seepage, the stability of the dam was 
analyzed during the steps to raise the level of the spillway (up to 4 meters of acceptable height based on seepage analysis). The results 
indicated the dam was stable for all three conditions in the current spillway level. Although in the case of rapid drawdown, the factor of 
safety (FOS) initially decreased to a minimum and then increased as the water level continued to decrease, however, acceptable stability was 
provided for the least amount of it. In the case of increasing the storage capacity of the dam up to 4 m, the FOS for downstream slope 
stability was reduced; however, in all methods, the magnitude of this reduction was not significant and the required FOS was still provided. 
 
Keywords: Kamal-Saleh earth dam, Reservoir capacity increase, Slope/W, Static stability.  
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Figure 1. Typical cross-section of Kamal-Saleh earth dam (Lar Consulting Engineers Company, 2010) 

  

 
Figure 2. Kamal-Saleh earth dam under overflow condition 

  
Table 1. Geotechnical characteristics of Kamal-Saleh earth dam (Lar Consulting Engineers Company, 2010)  

Wet density 
(
��

��
� 

Saturated density 
(
��

��
� 

Friction angle  
(degree) 

Cohesion 
(KPa) 

Loading procedure Material type 

20.6 20.9 9 58 UU 

Clay core 20.6 20.9 30.2 50 CU 
20.6 20.9 22 0 CD 
18 20 35 0 CD Filter 
18 20 35 0 CD Drainage 

20.7 22.5 38 0 CD Riverbed gravel 
20 22 48 0 CD 

Upstream limestone rocks 20 22 45 0 CD 
20 22 43 0 CD 

20 22 42 0 CD 

20 22 48 0 CD 

Downstream limestone rocks 20 22 45 0 CD 
20 22 43 0 CD 
20 22 42 0 CD 
26 27 30 58 CD Rock foundation 
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Table 2. Minimum allowable safety factor for 

static stability analysis of earth dam according to 
USACE regulations (Rahimi, 2013) 

Minimum allowable safety factor Condition of slope  
stability analysis Upstream slope Downstream slope 

1.25 1.25 End of construction 
- 1.5 Steady-state seepage 

1.25 - Rapid drawdown 

  

��� *
�!��+ !  

 ��-F? =
�  &��  �j	� 2
�5�'  ���� 8 ��

? ��,
�3 

�
", I2
B<�� ��  �'0�Slope/W <�� �G�� �� 8 �'0�

GeoStudio ��� �&
)G�� <�� �G�� .��� 8 �'0�

GeoStudio ��
��� �@"/ �� �
"2� �� 3	GL� 39�	9$�Kt 8
�

  & 
�� ��� &-�A�Slope/W  8 ��

? 1�@A$ 8��� �,

3��-��� 
�3� �&
)G�� �5 �� 3,
� 8 W
�X �� �&��

J-  
� 8 >
�E - 3���A� 3aG(��� ��� 8�+ �&
.$

8 ��

? �
	�"X� �� ��& 3� �
5)Javaheri, 2009( 19� .

)3(  �� !^[���� �
�8 <��  & ��� �'0� 3� �
N� � .��&  

  

,�
-' 	 .�
/0  

��
� �
`(N� WLX�
", �� &
.�� - 8�  & �� �I2
B

<�� 
� I2
`� e
`G�� �� P? - ��� ���  �'0�

3�F
- 1�@A$ ���+
� �� �� sG(� 39�	9$�Kt 8
�

 - *K�& J-��$ ���
� �


? �@+�� ��  & 8 ��

?

 �G0��  ��Z 3� �� & �� !
�� �0� ��G��  & .���

 PY� - '
 �� C
)$ � 3��	, Q
���  & 8 ��

? 1�@A$

�� '
 �� C
)$ � �
�'0� �
"]� 
�  <
� �� <
� � �B

 ��� <
#��.���  

  

 !����
) .�
/0�
 � ��1&
� 2
�
) �� "#
$  

�� �� ��
� <
"$� �� P? �S/ 30
, �
�� &�L� 1�2&

 �G�� I2
`� �
`(N� �3N9�� - *�9A$��  � �B

(UU)
8 3� �
L�
A� & �-� .������ ���aG(3 ���A�3 


?
�
 ��
� ���8 ��> :
���& =�

? - ��@, �� ��&

J-  
� 8��  
, >K��E - 1B
+ � �G0 "X���
	  �-�/  &

)3( ��� ��� �K� �.  ="E�5 �, ��� ���aG(3 ���A�3 

��  �X  19�  & M
N�� J-  8��� ���"�)4(  .��� ���5

 �-�/ V

G� WLX)3( <
"$  & �J-  
�  �� �
	�"X� >
�E

=�
5 �
#�  ��[� 1Z��+ ��
�USACE o '� �$   & �� -

.&��  ��

? ��
� �


?  

  
Table 3. Calculated safety factors of downstream and 

upstream slope at the end of construction 
FOS  

Analysis method 
Downstream slope Upstream slope 

2.22 2.243 Bishop 
2.025 2.113 Ordinary 
1.889 2.017 Janbu  
2.221 2.257 Morgenstern-price 
2.08 2.157 Average 

  

 
Figure 3. Modeled cross section of Kamal-Saleh Dam in software 
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(a)    
 

(b)    
Figure 4. Critical slip surface and calculated safety factors at the end of construction based on the Bishop's method: 

(a) upstream slope, (b) downstream slope 
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Figure 5. Critical slip surface for water height 69.1 m (normal water level) at the steady state condition- typically in 

Bishop's method. 

 

 
Figure 6. Critical slip surface for water height 73.1 m (four meters increase in overflow level compared to normal 

water level) at the steady state condition- typically in Janbu's method. 
 

Table 4. Calculated safety factors of downstream slope for different overflow levels at the steady state condition 
Reservoir overflow levels (m) 

Analysis method 
74.1 73.1 72.1 71.1 70.1 69.1 
2.019 2.033 2.046 2.059 2.071 2.077 Bishop 
1.83 1.844 1.852 1.858 1.860 1.862 Ordinary 
1.752 1.736 1.747 1.751 1.768 1.777 Janbu 
2.02 2.032 2.045 2.054 2.063 2.064 Morgenstern-price 
1.898 1.911 1.922 1.931 1.940 1.945 Average 
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Figure 7. Changes in calculated safety factors of 

upstream slope at the condition of rapid drawdown 
  

 �����b$ 3� ��  & �
	�"X� >
��E�� ��&  �� ���5

1�@A$  8
�Slope/W  !
�� ��@($ �2
+  &23  ��- 

�'(� s(N� ���  ���$ �� �'(� ���$ ��
, 
� �,

 �
	�"X� >
�E ��
���  PY� - 3N�
, ��-  8� �&

 V

G� 
� �, ��� �
�� ��X  & 3N
�'0��� ��& �� ���5

��-F?  8
�Souliyavong et al.  )2012 �(Fattah et al. 

)2017 - (AL-Labban )2018 (*�  3����3� .& �&  ���$

=
�   
N0 l�+ 
� ��G��  & �, &�, ��/�$ ����

 �� ��@($ <�] - ��&:
� �	��& 8-  �� 45 6�$
G��- ���

 ���� �� P? - ��
, �
	�"X� >
�E ����&'
  I2
`�

��)+ 45  
N0 !
��$ - �
���G0

 �
�'0� �5  ��[� �8� 

 �
	�"X� >
�E 1Z��+ �'�� Q
��� =
�  & 1,  & .���

X=�
5 WL ��
�USACE  �� -  ��Z�� I2
B �
", �� 8���

.&��  ��

?  

  

�?�-'!4�@  

�
", 3,
� �� 8 ��

? 1�@A$ ��-F? =
�  &  & I2
B

 !
�� �0� Q
��� -  ��

? J-��$ ���
� �


? Q
���

<�� �� �&
)G�� 
� �'(� 45 I^�  �'0�Solpe/W  <
#��

 .��*� =�	R  ���$ �� �'(� '
 �� C
)$ � �
�'0� �
9��

 �
�'0� 
� �� ���� 8 ��

? 1�@A$ - 3� �� 3��	,

1B
+ �
� V

G� - �� <
#�� �'(� ��0�; .��  

-  J-��$ ���
� �


? Q
���  & �
	�"X� >K��E

�	��& 8��� !
�� �0� - *K�&=�

? - ��&:
� 8
� ��&

 ��[� 1Z��+ �� �� 3��	, Q
���  & �� =�
5 �
#� ��
�

USACE o '� �$ .&��  ��

? �� -  

-  8 ��

? �
	�"X� >K��E�� ��& <
"$ �� ���5

J-  
� 
$ '
 �� ���$ �
�'0� Q
���  & 1�@A$ 8 
SR 

 �
#�  ��[� 1Z��+ �� �*K�& J-��$ �2
+ 8��� �G�

��B�$=�
5 ��� ��
�USACE o '� �$  .&��  ��

? �� -  

- *, �$X� >K��E =
 '
 �� 8
����$ <
"$ 8��� �
	�"

 �L�
/ J-  ����  ��& ��5��  �X8  �
�'0� 8��� �, 
SR 

 �'
 �� ���$ �G���� �$ �� �
	�"X� >
�E  & ��
, =


  ��[�1/2 1B
+ 3��	, ��.E- �� �L�� �B & .�� 

-  �
	�"X� >
�E ��'(� 45 !
�� �0� ��X  &

� ��X  & 3N
�'0� PY� - 3N�
, ��-  8� �& ��� �
�

 V

G� 
� �,�� ��& �� ���5��-F? 8
� Souliyavong et 

al. )2012 �(Fattah et al. )2017 - (AL-Labban 

)2018 (*�  �2
+ =
�  & .& �& 3����*, �$ >
�E =


 &-�+ �'(� 45 ���$  & �
	�"X� �
�

  �'(� 45 1, C
)$ �

3� C�Z- ��.&����? 

1.40

1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

1.85

1.90

1.95

2.00

203040506070

F
O

S

Reservoir water level (m) 



�'���( 
�� �&�)* '���+ $��� �,	�& ������-�� 

  

 
���11 �  
��	�3 �  �����1400 

642

%)19�'
�  

1. U.S.A Corps of Engineering 
2. Factor of safety 
3. Limit Equilibrium Methods 
4. Bishop 
5. Janbu   
6. Morgenstern-Price 
7. Ordinary 
8. Unconsolidated Undrained  
9. Consolidated Drained 
10. Consolidated Undrained 

  

=3
�� A�
B0  

��� �
��	�
�� Q��$ !0
	� ~ 
.$ ����.& ��� &�/- 

 

=(
�� 

Aalimohammadi, S., Shahkarami N., & Asadi H. 
(2021). Analysis of seepage in the conditions of 
increased reservoir capacity by raising the 
spillway level (Case study: Kamal-Saleh earth 
dam). Amirkabir Journal of Civil Engineering, 
53(9). (In Persian) 

Abbas, J. M., & Mutiny, Z. A. (2018). Slope 
stability analysis for earth dams using (Geo-
Slope/W). Diyala Journal of Engineering 

Sciences, 11(1), 70-81. 
Al-Labban, S. (2018). Seepage and Stability 

Analysis of the Earth Dams under Drawdown 

Conditions by using the Finite Element Method. 
Ph.D. dissertation, University of Central 
Florida, USA. 

Andreea, C. (2016). Unsaturated Slope Stability 
and Seepage Analysis of a Dam. Journal of 

Energy Procedia, 85, 93-98. 
Athani, S. S., Solanki, C. H., & Dodagoudar, G. R. 

(2015). Seepage and stability analyses of earth 
dam using finite element method. Aquatic 

Procedia, 4, 876-883. 
Bageri Gorji, M. S. (2016). Feasibility study of 

increasing the height of Golestan earthen dam 

by finite element method. M.Sc. thesis, 
Loghmanhakim Golestan Institute, Iran. (In 
Persian) 

Esfahani, S., Zamani, A., & Jafari, P. (2016). 
Reliability analysis in rockfill dams. 4th national 
conference on applied research in civil 
engineering, architecture and urban management, 
Tehran, Iran. (In Persian) 

Fattah, M.Y., Omran, H.A., & Hassan M.A. (2017). 
Flow and stability of Al-Wand earth dam during 

rapid drawdown of water in reservoir. Acta 
Montanistica Slovaca, 22(1), 43-57. 

Hasani, H., Mamizadeh, J., & Karimi, H. (2013). 
Stability of slope and seepage analysis in earth 
fills dams using numerical models (Case Study: 
Ilam Dam-Iran). Journal of World Applied 

Sciences, 21(9), 1398-1402. 
Javaheri, A. R. (2009). Static and Dynamic Analysis of 

embankment Dams Using GEOSTUDIO, Iran, 
Elme Omran Press. (In Persian) 

Kamanbedast, A., & Delvari, A. (2012). Analysis 
of earth dam: Seepage and stability using Ansys 
and GeoStudio software. World Applied 

Sciences Journal, 17(9), 1087-94. 
Lar Consulting Engineers Company, Geotechnical 

reports of Kamal Saleh Dam, Regional Water 
Authority of Markazi-Arak Province, 2010. (In 
persian) 

Rahimi, H. (2013). Embankment Dams, Iran, 
Tehran University Press, Iran. (In persian) 

Salmasi, F., Hosseinzadeh Dalir, A., & Norouzi 
Sarkarabad, R. (2019). Investigation of the 
performance of horizontal drains in increasing 
slope stability in intense rainfall conditions by 
numerical simulation. Amirkabir Journal of 

Civil Engineering, 51(3), 491-502. (In Persian) 
Siacara, A. T., Napa-García, G. F., Beck, A. T., & 

Futai, M. M. (2020). Reliability analysis of 
earth dams using direct coupling. Journal of 

Rock Mechanics and Geotechnical 

Engineering, 12(2), 366-380. 
Souliyavong, T., Gallage, C., Egodawatta, P., & 

Maher, B. (2012). Factors affecting the stability 
analysis of earth dam slopes subjected to 
reservoir drawdown. The Second International 

Conference on Geotechnique, Construction 

Materials and Environment, The GEOMATE 
International Society, Japan, 507-512.  

Yazdanian, M., Afshoon, H. R., Gasemi, S., 
Afshoon, V., & Fahhim, F. (2015). Effect of 
Height on the Static Stability of Heterogeneous 
Embankment Dams. Selcuk University Journal 

of Engineering, Science and Technology, 5(3), 
274-282. 

Yi, P., Liu, J., & Xu, C. (2015). Reliability 
Analysis of High Rockfill Dam Stability. 
Journal of Mathematical Problems in 

Engineering, 2015, 1-8. 

 


