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The Effect of Increasing the Reservoir Capacity on the Static Stability of an
Earth Dam (Case Study: Kamal-Saleh Earth Dam)
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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.

Email: shahkarami@araku.ac.ir Jshs 0wy 55



f\iﬂ}g 6“""’“;{“‘9 jUL.n ‘d»;al.: ;n.v'ju

L e s s Slope/W )|J-.é\¢f'. 3l eslaad b
Srere Gy s sl O pSe li sla i,
S eddaralons Olabl g o5 5lde 1 530S 5 o plnll
A S B s Oliabl Co s Olgen bty
Sl s gl G (2015) Yazdanian er al.
ol S glade csl 5 cansVU glacs
i3S ey Ly Sslize slaplisl b s 0l SLlS
s Sl GeoStudio 53l skl ly
Ao ye a3 Olaabl Cupl st 5 e 5o OILL
Loobeebl oo (bt Gb s a3 e Jlhes
w3l 5 de e a5 ZSL Al el )
A e s el Cadt da Slabl ol gl S sline
Olaebl b JlAie 53 LalS (p S ke e 3
et oL (2015) Yieral iass 3 .Ad sdaliv
oo e slaces 5 plasl s | S slad
Olgabl g o arilme (gl (= Jslas g, s S
oslinals e gy Ad B S S0 Gl A e
O 51 Sl mls 55 3DSTAB Jl5ble 5 Lo ys Jebows
b SR b et S o gl i S s
a2l 1) Olabl (uys ol gl SO s
L, S Ao @bl e (2015) Athani et al.
L 5 Plaxis/3D 3l eslazal L 5 sydsee 0Ll Sgsa
o Sl Ao Lyls JSb oy Gua
Ao gl il Ll i 5y sy el A ol
55 s cpl el st slie Olisabl o s S
S p VS G 055 gl 5 ol il I
RN R TN N A S SUCI C PR
|, Maneciu o (g IG5 (2016) Andreea .3l
G Sl il el DL e a6l
¢l>,5| Geostudio )|J-.é\p.} L s sls 13 andlaes ) 4

Mc@bﬂ&.&iﬁb\kl}-fkw)bd)wvu)ﬁ

-

doNdo
5 Camex il L s cotla 5l 0l cadST L
@3k (Dl e Sl 3 O e e B
Ol Jaul ol 3 ileon GRIP St o o s
(B s ceai il pla i, L Oe o8B
o G50 S A 5 (ol sl e ys) &S558
Kamanbedast ) sls %158l ol s Sroe b ol
(& Delvari, 2012

o3)ly Sy plp oo Ll S A gla Sl s
5o b d i sl S s 5 ess b
S L 1 Ol (ol Ll e b O e glis
oot o had Tl 3 3 4SOT s s)0nl 5
i 855 ) Gy Wl et el el e 8 b
ol el p‘Y e bl O Cd b ALl s
Rl s p w8l lls Jlesl Loojlss Lol
St e bl Luld s o 30 Jols Olabl
Gk 1 Olbwbl (oo Blas i cewspul 5 cewsYL
sl s Lyls '(USACE) sl ]

s oesls Jd=s 4« (2012) Souliyavong er al.
Ll o e S de S eVl ol ol e
ol 5 slie 1555 glag 5 G o e
Seep/W 5 Slope/W du)ww‘ hesland L S
Cogo 55 S ol ol Lol e El Ll
Oljes gy 3 St Sadidsd b llae 5l eslind
s el 508w S8 U5k s sl el
Olaabl s p2 (2 56S o s 2 SLa sl pled sl 2
Ope 1515 a8 sl Gl s e 31 b
SRS 53 g sy Ope O S Cw)‘g Sy 4
S35 e pbe o3l 5 g5 Sl (2013) Hasani ef al.
Nl A shie Oy JS a5 Obx S £
e Lol 5 5 ok ol 288 15 andllaes e

- -
Shlsel s
v * L2

Ve mbmYoledm VY oy

e



(@FLomdlS S1 s 153,50 anllhae) (S d (Sl (1Y » O3 Sod B Sl ST

Ll ausm oS 5 J5e oSl Olpeas S o
s Slope/W ; Seep/WL;u)b.élW.‘. 31 eslaa
sk Bl G0 5 S Lol s s LS
ot il A sl S s 5 b
o9y ) (2020) Siacara et al. sy gyLL Ol
et b Sl il —OAS e i Dol
slid iy 58 i 5 SB A b Olpebl
3> Slope/W s Seep/W L;La)l)é\pj 51 ol L S
e3lizal SRAND 5l Sluabl Sl i3l 5 b il
Sl mshe abilebl glajasls LS
e s oosle Olaebl @B o by, bl
Lol Jrass b Ldel Cosa J500 50 (3loand
AL S S Shael wsly S sl Ol
e e el e Bl el S5 55
Oloebl o Bl ils Bl 51 Gl 253
Sl G e Qlbl Sl (et e
Al
«(2021) Aalimohammadi et al. Lw s iags 53
s s s Hledls Slopy K A ol 5
Sl s asl sl 0Ll Ll s s s Sl
S o S GRIB Ol e LS (s
03 oA S 0Ll S 5 il i bl
che Moo e A3 L) s il S
3o ks Slalee 5 e e SO
or ol @l A el O O plisyl sl
Lora e oler U g S5 JRIBIL S sl Ol
et s RIP e s B Sl Gose (23 Olie
elod o Ll Sdle SRl gl s bl
Fooler e s okl ol dB s Bl ol
gl B S08 Foaly s b gl Sl
Joe S bl s 26 515 51 S

3 FSon 53 Jlpl pslie S s s golis
(2016) Esfahani ef al. .55 dw 5l ediasolis
Ao (S glads Slp s s ol Sbsl sk
s b Glopy S A s s b gl K
Lis> s FORM SCU-SLIDE (sla iy, 5l o Sk
SHP Ll Gb s Seslid Cliy slisdlol
Sle oS s Co3ialy ot Dbl 2 gl
o sl 5 oML b e Al S e s ) b
Ao Qlabl o 2 5 05 a1 St s
Gl Ko dw 5l 585 S e U (gl g Ko
(2016) Bageri Gorji  ash 53 Sl S owg) b
gl Rl s 4 ldS e gl 5031 OISl
12 s 3,50 Plaxis )|J-.é\¢,'. Sleslel b1y e 4
5 de G5S wds b eldeldl e oo s
Lo s plil dw S Cand 53 05U slawsls
Ao Gl Pl ezl 5 SoIL & by e glad S
AL-Labban  (2017) Fattah et al. .3 3,40,
Sl iy 65,54 by Sk sladw 53, (2018)
alss Ll 5 s Slope/W )‘J"Zﬂff.' 3l eslazal 5 5 gde
o3 53 A S Jel S Gl LS e
Sl Ol oo Jlde m e 31 OLes sk o
Liass 55 (2018) Abbas & Mutiny .3l sl A
eVl od ol Oleabl g b 5580 555
50 Olal 3 smge Sk slade 5l gslaas s,
5 Séx Ll i s Slope/W Slsle s sl eslinal L s
S il sV O e s 1L
o ot L Oliebl ol 4 sl Ol LS
23 pe e b Skl s s 1y laee o 5 e
Dl 35 Bl L0 s Ol syl
(2019) Salmasi et al. .ils il 3l Olpabl o o

Gl Sl LBl gl i S8 Lt

- -
Shlsel s
v . ®e

Ve mbmYoledm VY oy

ayo



f\iﬂ}g 6“""’“;{“‘9 jUL.n ‘d»;al.: ;n.v'ju

e ol eVl abtsy, x sl CUJ)\ UL IR P Wy
gB 0o 2 VY A oe s e VA0 2B dsb e A
25 5 Uy S5 s e WAY Wlags i Sl
S Es LS e 2 VAT 5 VATV S Sy dw
G IYM Jl s el ol aldss Ssa bl e
Sl Snsse ST OF Gk 5l 5 e (6513 0
K 3 p gl adlaie S5 mbeo 5 3L S
Sloys K Ao () IS5 5 S5 2,0 ghaie (1)
OAd 55 o il i 53 5 sV bl 5l 1) Lo Jles
eSS 5 Slasine 30 (V) Jads s s e 0L
SeSS 55 SLalS Gb Ao S edias LS Zleas
Lar Consulting ) <colead &1l CJLde»S W
Sl S3 4 ¢ 3Y  .(Engineers Company, 2010
Flas St cole Cols 4 by e Sl
Aalimohammadi et al. o 03 ke 3w B Y

sl 0l (2021)

Slo 3 eKw § (T Saw b Sslwb
°>j',’ cju.a 4.>Juj.' b)‘j 6‘-“};:';";’)3 J\il; él}- LSLQ.LA
el Sbr slader oyl Sl e gl oS
SL e id 50 a gl cs b 0Lk al
Slp s sl 5 Al e 5 5 CmnsVl ot sl S e
slacad ol 3l Slwdl (gl ol sl il
SMis gsles Bl L 5555 al i (FOS)
odidno 5 e e Sl aslopol by sldas
Jsd= 3 (USACE) (S ol 25 e Olojls b s
FLE o.,\.oL;MNM., Oluads 2 sl 0 osls olEs (V)

AL 50 Jador cpl 5o edlidl)) e Hlde 5l LS Al s

5oedp a2l a4 ol SSL S b o)
23 e g8 e Dl Gl laiakd ol Sl
AL o 55 |
Ao ddy SOkl ool Jdes Zagn ) s
Ul Sl osS Bl 53 Aol sl o
Sisls s O 5> Ol w3l sl 0L S
S5 iy ) Slope/W i35 51 eslindd L s
S b Sl Bl ed e (el ol el GeoStudio
o 37 SRl G s a1 Bl s A O

o) 0l JL:))‘ ‘uw:u LS)L’\:"%. QL:.JQ\ g_,.ipr 2

by 5959 3Mg0
Ol gyt osens Lim il oS oy 5 S
R e)L.:| J,‘; ‘J:&u‘)b 45))19;}[&& k;vw‘ J%J?— Ja.“.\f.:
Sl ol 5 o8 50T golb s Alodles au s
JooS s ol 0l rled‘ (2021) Aalimohammadi et al.
R P 43.9J§ tbu‘ J"“‘)}:’. gi‘)b 4};;}14#)}3 QT
o 535 35 0 Eladles du iy Skl gl
ol 03 S el S5 oY o O Ul B L
Fo e sl B Sbee plB1 S ey
CL&J)\ ol SUIG s ragn alal oS | s Bl

A Al A s 5l 5l

o S5 (616 3 51ins s Slasiiio
WD) D Ls (5‘°j:")“<"""‘ él}- Cf )‘ CL}LPJL&S S o

Ol BE Jb‘}.@..i ufouj,o- 6]24}1.:5 \'23 BE VJL“‘J

.(Rahimi, 2013) \AK dlﬁf )\j.? 23 O e > ol 0 éb ng'sf
- -
Shlsel s
v . »ae

Ve mbmYoledm VY oy

¥



(@FLomdlS S1 s 153,50 anllhae) (S d (Sl (1Y » O3 Sod B Sl ST

LEGEND.

S| STAND - PIPE (CASAGRAN

((l.“) /RP) ELECTRICAL é\hkl(;\\(‘;k‘?:/s

(5} INCLINOMETER / SETTLEME

(TP)  CLUSTER OF TOTAL PRE

(sS) EMBANKMENT SURVEY §
DAM ELECTRICAL CABLE ROW
(A) ACCELEROGRAPH

. “ = A
// i A
o 73000 fli Ry & 1845.00 /2
3o 2q ¥ SS13.9 4 / i ‘\ < {5518 8
Pra e 3 ’R
OERS
! “ \ \ | 182300 %
H ! I e
EL_1815.00 | l,‘ | 4 \
et el sy, rxn A fista¥ i
- S Adig o\ < Lhesa . el
RSBt wnd) H :
I si = £l
1790 50 L {fhes am i EL._1788.00
= ; EPI3-0} 5 x_g_ ysPI-As
EI'. 1788.807 o, 1777.00 178290 3
Fh3-128  SPIa-iag 3 ¢
™is-1~9 SHIIIS | e

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)

. . Cohesion Friction angle Saturated density Wet density
Material type Loading procedure (KPa) (degree) (%) (%)
uu 58 9 20.9 20.6
Clay core CU 50 30.2 20.9 20.6
CD 0 22 20.9 20.6
Filter CD 0 35 20 18
Drainage CD 0 35 20 18
Riverbed gravel CD 0 38 22.5 20.7
CD 0 48 22 20
. CD 0 45 22 20
Upstream limestone rocks cD 0 43 2 20
CD 0 42 22 20
CD 0 48 22 20
. CD 0 45 22 20
Downstream limestone rocks cb 0 43 2 20
CD 0 42 22 20
Rock foundation CD 58 30 27 26
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Table 3. Calculated safety factors of downstream and
upstream slope at the end of construction

. FOS
Analysis method Upstream slope  Downstream slope
Bishop 2.243 222
Ordinary 2.113 2.025
Janbu 2.017 1.889
Morgenstern-price 2.257 2.221
Average 2.157 2.08
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Table 2. Minimum allowable safety factor for

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

Condition of slope Minimum allowable safety factor

stability analysis Downstream slope  Upstream slope

End of construction 1.25 1.25

Steady-state seepage 1.5 -

Rapid drawdown - 1.25
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Figure 3. Modeled cross section of Kamal-Saleh Dam in software
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(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 S. Critical slip surface for water height 69.1 m (normal water level) atﬂfl;e 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 69.1 70.1 711 721 73.1 741
Bishop 2.077 2.071 2.059 2.046 2.033 2.019
Ordinary 1.862 1.860 1.858 1.852 1.844 1.83
Janbu 1777 1.768 1751 1.747 1.736 1752
Morgenstern-price 2.064 2.063 2.054 2.045 2.032 2.02
Average 1.945 1.940 1.931 1.922 1911 1.898
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Figure 7. Changes in calculated safety factors of
upstream slope at the condition of rapid drawdown
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