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Abstract

Introduction: In the design of an earthen dam, it should be
prevented the creation of flow paths in the dam and its foundation.
Also, the seepage flow should be controlled and limited to prevent its
adverse effects such as scouring.

Methodology: In the current research, earthen dams with internal
cores were used to simulate leakage. In order to evaluate the
performance of models, the samples were examined for no core,
vertical core, wedge-shaped core, upstream inclined core and
downstream inclined core. Furthermoer the phreatic line in the core
area was investigated and the effect of the core characteristics on the
flow rate and phreatic line levels upstream and downstream of the
core was investigated.

Findings: The research results showed that among the four studied
samples, the wedge shape was the most effective in reducing the
ratio of discharge to permeability and downstream depth to height.
For both types of inclined core, the slope S = 0.5:1 gives the lowest
values of the ratio of discharge to core permeability and downstream
depth to height. The flow line level at the downstream surface of the
core is also the parameter that was most affected by the core slope,
especially for the inclined cores, with a maximum percentage of 30
and 45%.

Conclusion: The results of the research showed that the ratio of the
top width of the core is effective for all types of cores except the
wedge core. The area of the flow line at the upstream surface of the
core increases for all studied core types due to their resistance to
flow. It also reduces the height of the wetted part of the downstream
surface and thus increases the safety against seepage effects.
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Extended Abstract

Introduction

Seepage through earth dams poses a
significant challenge for dam stability and
overall water resource management. The
geometry and design of the dam core can
have a substantial impact on reducing
seepage rates. This study aims to explore
how different core configurations influence
seepage amounts within earth dams. The
analysis includes a comparison of
performance across various core shapes,
using two simulation tools—SEEP2D and
SEEP/W—to assess seepage discharge and
flow line characteristics within the dam
structure.

Methodology and Methods

To evaluate the effects of core geometry on
seepage behavior, simulations were
conducted using SEEP2D and SEEP/W
software. Each model simulates the flow
through earth dams with distinct core
configurations, including a dam without a
core, one with a vertical core, and two
variations of inclined cores. The reliability of
each software tool was assessed by
examining key parameters, such as the
seepage discharge ratio (q/KswentH) and
normalized flow line levels upstream and
downstream of the core, denoted as yi/H
and y,/H, respectively. For the purposes of
this study, SEEP/W was selected as the
primary simulation tool, due to its consistent
accuracy in modeling the flow line shape
within the core, particularly under
conditions where the permeability ratio
(Kcore/Ksnen) was set at 0.01.

Findings

The results of the research showed that
among the four studied core shapes, the
wedge shape was more effective in reducing
the ratio of discharge to core permeability
and downstream depth to height. For both
types of inclined cores, the slope S = 0.5:1
gives the lowest values of the ratio of
discharge to core permeability and
downstream depth to height. The flow line
level at the downstream surface of the core
is also the parameter that was most affected
by the core slope, especially for the inclined

cores, with a maximum percentage of 30 and
45%.

Discussion

The simulations showed that core geometry
significantly influences seepage reduction in
earth dams. Among the various
configurations tested, the wedge-shaped
core emerged as the most effective design
for minimizing seepage. Its broader width at
the dam base enabled it to achieve the lowest
seepage discharge ratio (q/KshellH) and
downstream flow line level (y2/H) among
the core shapes tested. This shape’s
effectiveness is likely due to its increased
cross-sectional area, which provides greater
resistance to water flow. For inclined cores,
a slope of 0.5:1 yielded the most favorable
results, effectively reducing both q/KshenH
and y»/H. The slope and orientation of the
core appeared to play a critical role in
shaping the flow line and controlling
seepage, particularly on the downstream
side. The study found that the downstream
flow line level (y./H) was most affected by
changes in core slope, especially for inclined
cores. In cases with upstream and
downstream inclined cores, this parameter
showed a reduction of up to 30% and 45%,
respectively. For the wedge-shaped core, the
most significant decrease in seepage
occurred when the slope was set to 1.5:1,
likely due to the larger overall width
enhancing its seepage control capacity near
the dam base.

Conclusion

This study highlights the effectiveness of
different core geometries in reducing
seepage through earth dams. The wedge-
shaped core design provided the best
performance, largely due to its increased
width at the dam's base, which effectively
controlled the seepage discharge ratio and
downstream flow line levels. Inclined cores
with a slope of 0.5:1 also showed promising
results in minimizing seepage, underscoring
the importance of both core shape and slope
in optimizing earth dam performance.
SEEP/W was determined to be the more
reliable  tool for modeling flow
characteristics in these scenarios, making it
an essential tool for engineers and
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researchers focused on dam design and
stability.

Ethical Considerations compliance
with ethical guidelines

The cooperation of the participants in the
present study was voluntary and
accompanied by their consent.

Funding
No funding.

Authors' contributions

Design and conceptualization: Amir Vakili
and Roozbeh Aghamajidi.

Methodology and data analysis: Mohammad
Hossein Ahmadi, Amir Vakili, Roozbeh
Aghamajidi.

Supervision and final writing: Roozbeh
Aghamajidi

Conflicts of interest
The authors declared no conflict of interest.

Water Resources Engineering Journal. 2025; 18 (65):48-63



PO 0 ylou A0 99 NFF (sl

O Gl wiigo (i g 3 — ools ol

9 3 Jlo

S ) gl Glime 5 Ol (55N 5 Aed cwrtid S Sy U ouw)

B

) gdos| Oadoe f‘_g.\,;.um 459, c\gl,.fs gy

el Ly e oMl ST oKl gy sl ol o (sige 09,5 okl

Il et e oMl 31 oS3 o sges 25 el yas susitee 09,5 esslin] ¥

oaSe

9w by sla e el 3929 & j) @l K] > Cambio (SB s K zib )3 idosde
Sl (Stut] plis o] Csllash Sl gy 5l & 295 dgame 5 S8 SligSar (agl5 ol g 00
obasil Blodj) e o 03l (slojulay b 39500 0 & Ghsly Gagb 5 45 T ke piman 3,5
.3)5‘.:3 3)‘9 b)").e .))SJ.Q.C » L5U> ASJ.{ ©dg );.béo}?

4 ol 00 oozl (B gladtan b (SB gladw jl wuli glodnd Can pols Gaiss g,
Qs ¢SS5 (glogS diwd (63908 diwd (dind (y9d sl (cly diged < Juo 93 3, Sles oLl Holaie
2 Slyd bt dalllas (] ) Cpizen (8)S 18wy 3590 Cadpmly HIdcad diwd g CandY HIdcud
Coodily 9 sVl )3 Sl b s oo g (23 lie 2 4t Slo Sy 8L 5 o 2050 Al b
w)f)l)é R D)ygﬁhﬁudh&w 9O dlud

G (20 Cams il )3 055 K cadlllan 3590 dimd JSKb Hlox e 5ol LS Buivs gl badl
S=0.5:1 i o 4ud £95 93 ya (sl D9 550 £, 4 Cowd (ol Bos g dlwd (¢ 1D
Ol b o .m0 Cuod 4 1) gl 4 Cuod (il Gos g dlud (6 de8 4 (9 Camd pdlde (y jieS
laid latun (sl o gdr s cud 1y p3b o it o5 sl o2yl 5 dtus Cand ol daw
bl 1o )3 ¥O 9 Ve dopy iSTas Ly

oS dtun o 4 odtun gl dan (sly dd (YL (65 Cans &S 2 (U5 B guls 1§ S Aol
e 2308 L5 (Sgen Cale oy plon sl (VL Loy St 4 (Sl g o cul 3o
by iy o bl coglio JJd s addlae 3y90 dtun glgil don (gly cdiud sVl maw ) by bas
A3 el 4 53 9 w3 oo iR |y il paw 00D it Ceand g (iren b 138
w3 e Sl 1y gl ol

VET /e AN el s fo b
AE23 VARV RN IN P IR
VEE/o V)oY i b s fu U

s 5 Sl (gl 395 ol §
258 03l M & yg0 4 Wl

DOl
10.71632/wej.2025.1189946

fslS slojly
oS c5y958 B9l oy At (ST
SEEP/W (¢jluJae «sdae

o s asns 1) ghanno 8w g5

el Ly e oMl 35T olE2515 gy 5Ty ol o i 09,5 2 3L

SAWVYYASASY 1ol

Mohamadh.ahmadi@iau.ac.ir : Suig 2SI Cows


https://doi.org/https:/doi.org/10.71632/wej.2025.1189946
mailto:Mohamadh.ahmadi@iau.ac.ir

SB sl 53 GlglT Bl 5 Ol S9N 2 St wsid S S 59 U oy

Bedioe yudn (e > b e gl By SHI IS oronn
Saimd o g o ol iSes LT Wigd oyl aix oo o yltd
2oyl o Slioly sladiws I Canl uyd 5l ob badus doo )b
bbb a5 1) O i) o W L i Jlo FAce &S pae
W3 oo LS JolSS cpl sy o o e Voo 4 S (g9l sl
5 SB35 plo 4 (il g 425 p 4S5 I wlesal oy jai> Lo
Aoy b ol 3 i e o i by gu)b en bl (Slgjuun
L;[LEMSA.‘L:’.WI 04 4185 (oS Cuwd b 0l 0.y &S W )ly Culid
oy Jio i olgs Cunyd ST eind aslo ()] g g9y &S
sl s Sy e SB 4 Ky Laid SB s 0l zels
b (55 Sy o s sl 0395 0,5 il 5 S ol b &S
Y) b ol o pd Ar g Hldor diduen 1l 165 o Lo 4y &S Cndl
SBsysld 4 a5l LS )yl | Ll aen joa b (m (F
ot Slr 538 Gl b wadsr o) Jio i
op 4 lRiagh (600 G5 mgd Jugie (o )l
(Bl s 1(93y0 ddlllas) (SB glod s woSae (il e
Silodde (sl e (oS 5 gy S dllie cpl 3 Bl (o]
ol Jo 585 5 13 b (S o (g 9 & jl i gSne
iledse sy odlotidy gy o Ll sl oad (Byme 1,35
D)8 e il gols 55,8 edlatwl ylo,S Bl M 3 Culd woSxe
oolie ) (ABly Plue ugSae siludie )3 1) oot 29)
aSL s o LinlS |y Slowlrs di 5o lois & oS s o lis S5
P F) amd e LaliEl Blas i 3 1) LS g oliebl bl
e s 5 6 i 3 Shae Al &3 pline 6,53 (i
obdlS g Uely gilwand slp (oo gl Jae jl edlawl b
@ 5 A & gy (6 g9 Capmd eired MBI (Sdg)de
e 48 0l (s gl 05 o2 JHS,8T ot it S e
copds Ul gy o i | a8 5 s > sy o5
o pd OO dgds o dtd b s 50 Cawnd Vb s (g lul lisals
oo & Gl (6303 35 53 (V) 9 W6 s o Sl il
basgs 20Tl (b g dw (SB35l s2e sileJe
&l plaxis l3aley 5l Ly cpl 3 sy, Plaxis jéls
SilwJse a8 Wb edlaiwl (gilwdnd Sl g Gls pesd
S3lodde (6,18) Jao 2lge ol panads (55 bul pb (wsin
39095 92 slp SileJde g Ll gl Jlos g (Sl
@l & a2y bad pbxl oy jles (Shb jlam g 8 4 bgye
yoii ol 0y Jleel ple Gygo D &S M attde ol
Sl el ond g ol JLid 5 (8557 (85 ) AU eSS
b 5l g Sliguy )3 ol GhyiS g L o3game p> s
9 W Sty L8 023U Ay 0394500 53 (35 (i

2 Ssdl i ol Hled 38 ey 4 (3) adlas (A)
Sty g WA o cdllio cpl j> s3>y 550 (g 5lupolie
@ dwlo Cand 9 Vo cane O o oy B+ Cudgiiy (slgie b

b (Sowodly o5 i lesd g Gl oud slpiudiy doyd OO laSiw

EA-TY 1(10) VA ) £+ £ .0l ilin _owiliggo obdg}s — ool dolibad

EPREN

Sl oS b B &S cunl oyl (Lol Bas o SB s S (ol g
295 5pSke ol  b w62 0 Gl Gl sl gs (55 JSS
Stundal Jto o] 1L356 51 4335 oo (S 4 24l
ol 4 By oRimgh S lsisar ey Sl 4 ey b
L g (38 alins S5 b () & w00 oS (0 ol £3090
a8 Gl el paye Jlo g ol i (ol Sl il S
5l e oS Al dgame 0] Ll dgy0e sae 3gl5 b
Sl Sl oydd ar s (Lol 5 Slas oo 5 wilay Jod S (g3l
O il Jhd 4]y Jew e b G g5 42 il gjpeliS
FB et () it Jo 5L by, Sl Glesire oglate
e b a8 oo odlatol (oS5 Sl b yild (sloaY Sois
cladlos (5)US" slaoylges i b (g iy ) gl Sllas il
) a5

» s uioramn | So el Gl Cape 5 eejng o
59> 5 Cunl (23 S 5 (anb lraiely ( SB o g)lnk
Mol o) €9y o 45 W so iy oyl &) B9 oo Ly g
Joo (wejn ol ol )lse yid )3 pmy 295 aB Lo il o
S5 o s 2B 9y 5 3 gas 2lBl plage S
o 23 3o 033 T By Sen 3925 J S g 0 oy ool
A oS dad o lis ledllas yglsyd b 1Ty dew Wlgs o A5 o 41,8
Ol a5 00,8 o o b 5l Ol i e glay ol aoyd
F ) Gl Camdpmbl g CandVl o (Sdg)dun jLid M o
s 4Si5) ) sl A (65513l s ol S ek 336 ) (F
S lag Lo STABL o3 ) 2 Sl o0 paix

s (555 (B Sl 18T o 42 ) Siimgy S o
Doy odd adly ] A S & cgsge w3, SB slbsw
e lalae b g 00deS WIS S 08 by Jre il
535 ) Gl o b albaw US55 g Cands 30 29800
ol Ll (0) 3,5 w8 1y Sl sbalil gllas 5 5,87 (g 501l
py Cosl 023330 (3305 S Jio (Bl (g el Ul 51 4S5 S i
@1yt JS 0195 o gu5 o e Cawyd 5145 O 5l g gl
Lulpd b o a8 08 0o (5)5l0k Lo 4 adllas pl 23)5ks o5)
Clo dan gy Jooly G )l 059 (B 4 L (idgs ol
.J«EJ‘SAJ

Sralas (Sl 59y den (pl Lz mgp Sires (o8 Solo Y
by MiS(oo ol &S Gl 0kij 39290 S Jo (SB M (2
WS o s By b o ) OF By agbie s g S ilaes
Conas |y il gdi e 1) SB Sl a8 s (JB 1) 035 i
S Al S8 SE e mr 4]y B slalidy S .
o Sl Dy 0 s )5 o0 S 5 e o3l ol Ol 5
) Bl Ol LS (oo Jos d G (o) Jto ol 5 o250
s i) Lol by s <oy s iy eyl b 058 o g

9 FSyn ey b b laghy) LT e i Sl

oy



RULSCEI )

Slgs oo Byl 5l ol cdad o idlS Ty gl cdiud il Bes &S
2 3 Plas ggite cib) bl Ll loj 5 colo sladiyjo o
da o g g AL HD ybglyd 3)51);. Wil (SB s S cwlio b
g bnaiely (gl ¢ 555 wod IS puis by 55 o cddie Ol HLid
plagdl b g ol wlud sl Caw Cul (Son &5 Blus (5>
0l o duw S golassl b 9 )‘u“' e u_'>l)lo skl g dgub Juws
sl (55 e o) 2 TS 5 05,58 o singy o
A ey S &S Caol 00 s b img sy cpl 5l syl )0 D94
5 39 olitl bgyye (slayljdle s g 5335 (slagsdg, 5l pae aonst
«ly SEEP/W 4 SEEP2D (slajljbley 5l yols s
ol odlatwl (BB gladina L S slaiw | culs gilwans
O9d el (gl bdigas ¢ Jio 93 3 Shas b5yl jolaie 4y sl
CaodVh b diws g IS5 (5logS diud (4908 dimd dimd
Ol 93 Ozmed 35 (o0 )18 (py 390 a3l Sl i
A 4L 5> K5L,5 s SEEP/W l58ls 5 51 olazel b dalllas
2 dd Sl S b opizen S dalgS 5 s 290
9 diwd Cand ol 5 CandVl 3 Sb,8 ks pglaw g (00 lise
38es (2bj)l polaie 4 B 5 cwyy )90 ilisee (sladiges
Ak (£330 Alwd dlud oy sl gy diges ¢ Jdo g3
Ol 3o oS 2w 0o L5 Sl (g 2 35 (0 )5 (2 590
Shdinn pisted 5 Cuwl 0l dunlie (LB Clalllas )5 38l 5 9o
W85 )8 sy D90 Oty Slilllae )3 5 Cwndimly

ol

QR 99,
9 SEEP 2D sgume Ll (330 slayléle 5l aalllas ) 5o
sawa b SB oo 51 ols s (gilwand gy SEEP/W
slacdls jglaie pred 4 odlitul Giliste (sla il b 3l
38es Gbj)l Sl @l g €85 )13 (awyp 3)90 dtur ilisee
Jdd & adlas JoSS (gl SEEP/W | s A5 duaslio o Jie
5 A ookt a3 5L s b IS 45 ol ssalie s
s zohw 5 Ghyls 2 e 2 den SlaShy b 4l
J&a! 51 oolitul b diwd Cawdpoly 9 Cand Yl slaages 1> 5L 3
b (83508 diud) (slooS (gdgae dind dwiid Hlpa adllas oyl o
Lo ol o oy 4 &S SSH,L (VL oye g s M
a0 50 g CundYl Cuaw pd @lg) CuwdVl cudd (Wb o il
5 Cediml Cow (59)) Camdiml cud g (Cwd b 4 bl
sl 485 )13 dalllas 550 (CundYl 4 bl
(p=ol J&s 5(g=9.81 m/s?) _uil,5 Sl aSl (2,8 b
Jid Gloal glsis 4 & wsle L3k ab1000 kg/m?)
anlllas 3y50 (sl yuiio WlgS o o) Siimg s WS o Jos Yblre
ol S Jelod (00 Shee Cjge |y (SB e pee ok
5 (o Connt « (Q)bglyy &5« Soliwlgyiem jLid Jold dlapuiio

oy

g il il jop FY Lol s gl ol sl Jles! Cuidbge
bl 4 (V1) 8l paals i AF les cudy S ptegin
By sl pin e () Al )3 s3] ol A Bos
P S Epddeds Jdd 4 &S sad e ol s sl Llw il
s 655 g e o G Cuoww 084S )3 Al 20 Y5
038 (2bj)l 3o VB s yoe el )3 (JB 2 0)lnd Aine Bes (yiren
i g a0l s 5 Slas (o 42 (1)) (6,505 Beios o
g adly gl (SB s dite O HLEd g bl ooae
Llyd 3 et i e ()l g so3e Jubs lis ol
il sl ol Jlo 3 cnSagia AVVEF byl JalS e
A 03l o e K ygm)S )y 5l goae 3JUT g b 5l (claosls
codld g onds sdalie gbeodl ls o o Hlaw Bl
whine O HLid a5l s cuolio by odims )L ol o e
doo Bl (2] 5 Al > Sy 186 gy 4 (1Y)
By (2o ced Sl 5 Lis byl palie » g5
g 3l g ilisee slacudye (yp pole Giagh 5l Bae
Ut Sl izran 5 aloli 5 3 o gl (it ol
sl Yl sl a8 o s gl g BB 2S5 (gl e
2 aly sl g sy g 42 Yo aygly cn (Y ) ol
St Job e ol cuslio a3 Ve e gl et Cunspymly
ilodde 4 () bl ¥ ol alge 205 g e VF (gl
9y 32 05 l);ufu sl sl oy (b 3 Slee (ode
Ol it ol sl U eke Lo gl lacsls
i polic cpl b od Ll aul 03 457 Jloj y3 45 amd o
ol 03y clal b a8 wisly dw dtud 0dgde 3 (gd9de
Ol 65 S8 o Sl padse ol sl aidly gty b y1uS
WJbcp) b ol do a4l > o] o3 il 5l Jols
eals jalaiedy o yiSa; culled onad lis dw 4l i cdl
s 039000 53 A5)S 5 uS 3503 (G 31l (i O Lt
JLid g > i 1 (8L ey Semwdly L8 oy oS uSixie
slabgy g dlge )3 Slpess a8 Wby (L5 (VF) el (gdate <l
A gl i 2 ey JB USS 4 Wlgie ot (gL
b g aisge o915 Jladjl b diess 53 o3lisul 3550 s 9 5,13
9 oSy il lie dalllas G > ity JBls & bl
90515 Il 4 8,5 o 9 L3S g ]y s s (S
@l ool 8L b)) > bl iitns jobody Slgi e 29l 5 ialS
to @ ) gl ol L5 45 g1 g SIS (slmasily |
(08) 2l uals cudsS S5 g w515 slaghy) gm0 b Slgi
12 oAb & Sl e A b gl <8 3y s adllas ) gl
el cnl (siltinge 5 136 JIS 86 gy bl po g e g
2 el gladllae 3 (W) (1) 2tz dge |y b 3,8k Wl e
it Olyds 15U Ly (St dilate 5 (SB glad (9,
Ak Colus g glar)l o Gl &S ol L 5 caby dtun
Oyl oy 4 35 (VA) a3 J)j3 b o 1y gl Sl

CE)S dom g By haly Glime (59) p ek Cwlus g Ges

EA-TY 1(10) VA Y £ £ .0l ol owaliggo obdgs — ool dolibad



SB sl 53 GlglT Bl 5 Ol S9N 2 St wsid S S 59 U oy

ke > ol (gilwdnd wizm 50 lulpd 35> gilw e
Lglad ke ol ) 5 o gl Y ccSs Mia) luwonl 5 ySanls
a3l ol ol O s e 5 Sdgyhen jly bgkas (s
die slaefgn bl g (b 3 Vb 2D g (s (Solo S
ol bl izan 2,8 0 )18 4295 350 Sl Ol o g (yee
alr Gogre il @ ) o IS 5 el el Jbs
Canl 03)5" Joas lwsige
5 Sdgypin claojls » Ol cus @8> Lo <l SEEP2D
w0l bls (gilwJle Wle oblie b g 2 o odlitwl S
IS 38 mls @l 5 (Real lalase ) b (lodnd
ol 2l 5 olyes (wdige ;3 S sla )l
Gy &S ol dgaze lodl (gimgd (g30e Jae & SEEP2D
gblio 5 (SB (slasw ailo by sladie 1 U2gly (5lore
Ol Ll 95 o 9 e ootk ol Ll sl ol
bl p bl Gl 08 Giluand Glgiee 1) gludl s g gl
el 00553 oens (GMS 2008) oMY dsleo
Ox 0x
(o 5 + oy 5
Ox ( oy Yoy
0 0 d \i
+—(kyy—x+kyx—h> )
dy Ox Ox
=0
(e gl 4ol 1, Sl g e SEEP2D (3 Lo
JS(F) dolee Jo il ials b dilaio (Sgpan colun Lol S’
IS5 (0) Aslas S (o ogi Y 9 X 5l (AU g ]y () 22
sl JS b duwle (gl IS
h=hp+hel_hd (a)
oud gludl (Sdgyae ol (F) daly o (k) (Sgyu colin
cole glilue anl o b gilodse jolae 4 cuwl
Sy @ble) ©psfol Cige @ Glyie | (Soe
D)5 Al ke s (Sgyien colin g ks sadgladl
k =k kg *)
YV e b s cundVl gdaw jd da JS (60 byl b ¢ 3uins ol 5o
Wb 485 a3 i da b (295 plate @ Cundiml der g i
wawygfbsmmml)m Yoy o.)s.\m)bdbca)']xl
&b gy il g oads adyS la 15 K=Ky o, Siluen & ygody
ol ol &LJ»I)...C/&LM by s lyp odig) i (Jas

ol

SEEP/W I35l .Y
o Gy 11y F ol 4 sgame el Jae Sy SEEP/W

slacl e s ly dlgie S gilond S5
p i ol 0ad ool 1)38 g Hlul b 93 ya > uejp;

ool 0B g bl g el G Bk 5l T oy sl
Do (52

V=ki (v)

EA-TY 1(10) VA ) £+ £ .0l ilin _owiliggo obdg}s — ool dolibad

Sk s g b cos g loj I 3 (B sla i
by Candg )Kblos g db oo et A5 b ol B IS Cgm)
Uigly E 9 diges (gl i M glaand U cdle loj 3l dw
h ol 5 a8 59 0 iy Q = flh, k, t) sile b & jg0as
5 b by 9l 28 (loj) g (ST s piudom) K (ol glis))
b O3 gy b 29 G (0 ST 5145 aimd o0 (LS5 ¢ Pog
Sl S 530 0 gy e b o Sl Bl s S
QUSL 1) de Camdg & (padld wile WS (0 WSS ) (o3Lg) L
OYoleo ASle (ol gile Jde 5oy jl g0 Sas Julos oyl had oo
LYY 50t aS A8 i oo HSG) lwidige 4 ¢ Jaunsl yind
4l g a2l L g cub sal alyd s oai] Lo 00
g by pan | ppglie ) ated b ygse slaiSa; il
Syt 8 8L ad lojlo B s Ly S (Sl 5
2950 ogame 03] (b s 5 oy ¢S (S5 5] cbles
S 0fgp REG Cundd b Cudi 38> JyiS pie jgo 3 &S
35181 e 0,bole 4 1y (gloass]

Jsb b sty O JBe 5 il Clid (58,5 i o b
Cygod Wl adlas )0 (gwyp 390 lapiie w yoe
595 4] (3 Slac

®(H, B,b, q, Kpen, Keores Y1, ¥, S) = 0 (")

Jesl ol Josigr o0 (sl poSST T 4ndd cadllas (pl 5
W oo LS ) Oygods |y (golal e ol yielyb Dlas g D 0

b B K
(Z)(— b q core &,y_z’s)z() (v)
colin 9 (B) gb o ye (H) (SB s 45 CaundVb Ol s pimons
Job 53 sl oad a8 )5 e )3 ol (Kihell) s disgy (SS9,
b o8l 25 3l 4 2l (93, Sos dlaly il

@(EL&&&Q =0 (v)
B KenenH Kehen H H

S Sl
b ol 48,5 IS5 985 B yue LSS (69) 2 adllandjge ds )b

b oo g e ¥t U5 )l sy Bilis 4 ol 25 50 U2l
¥ oljl o b el yz0 YV (H) candVb an el o AB) o

s23e silwdse gla sl
SEEP2D ,!;810 5 A
Sl 53k Jso 5 Juo (sl 505,18 3] S, SEEP2D llp 5
sl Gy 4 & cunl pludlans 5 bl Glalae ) (nojpj o]
Jley opl 5l a8 e 8 (Finite Element Method) sgie
L;Libb}l.m 9 .Luu’l L;Lm)%) AEYW )l uT il ) LS‘)'.’ L.Lo.c
Ul Jols SEEP2D Lol (sllse .39 00 odliul Syiun

o0¢



RULSCEI )

q/Kshell*H
0.2 .0
0.16
.".
0.12 :
z
Qs ¥ 2
e R"=0.9946
¥ 0.08
0.04
-’,
0 & . .‘ .
0 0.04 0.08 0.12 0.16 0.2
SEEP2D

selCuwdds q/KshetH ladio (w331 Juo =Y S5
b silwdae sl 4 (3908 dmd b (SB s (5]
Seep 2D g SEEP W sl l3810

Cuis polie po dasly 5 Cul (LB g0 asliie sdiddl)l Hldges
oL 1) SEEP2D s s SEEP/W jl38la 5 Lawsgs sdbusloce
Casgy (Spdpdel cupd & Cull Comd (93908 Hpmo B0
e 8] jgmee 45 sy and oo ioles |y (H) glis) o (Khent)
592 b o gl |) SEEP2D Jus lawgs sddidunloee cuts
el (+1822Y) L5 3905 jl yiaS (oS bxisl o RZ e oSl
2o 92 @5 (e (58 sl Bl 0aimd LS Zodgdy (lien Lol
2SS gyl 5l Lib canl (Sen S BB ) .l
Sy » Sbliae 1l Jos jd a5 wsl Jubow sla g, b baodls
S lisay Wlgi o SEEP2D Juo liomen )6 ol mlo

b SB elots s sla b o slazel b5 slsloes I3
a0l dilie (glaojlo

y,/H
0.94 »
o
®
0.92 =
o.’.
0.9 e
3 e
S oss " RI=09965
5 =
0.86 -
c'.
0.84 o
oo
-
0.82 o
082 084 086 088 09 092 094
SEEP2D

S 1y oelCuwday yi/H Hjladle (435109 Joo Y S5
S350 5 b glwdae g1l 42 (g3908 dd b (S
Seep 2D 4 SEEP W

00

&S5 ol gludl S dalaio o (gly (V) doles o (Sdgyiun Colin
e K g o Jdo glil pue SB &S Jloj Lol g5 0 4l
b (S S o Slgiome 4y a8 5,5 o 1) glaie

&3 S5lw o slags L
oz e 5 €85 )18 ddlllae 3)50 a9 S Sy ]
ol 2 (lp b gy p Bl Al o g JSS (50l
2o b (b/B=0.25,0.5,0.75,1) iliso de g3 e slaz
Keore/Kshetl ) aold] j3 0 oy ditwds (S iid Colia s
5 S5 slogS ot gl (= 1,0.1,0.01,0.001,0.0001
(S (H: V)= 0.5:1,1:1,1.5:1) b w5l 5 (2l oo
b5 4148 o3zl 5590 SEEP/W 4 SEEP2D Juo g3 y2 (gl
s s (1901 (Sl )l 390 5 3 )Shas 25l gl o gl
L1l FY S 55 0 duglio (S = 1:1) S5 065 atud 5 (5350
oS5 gl SEEP/W 5l s 5 05 ploil awsalio glp o 2

(2115 +) 15 odli] adllas IS

Ladl

SEEP/W ¢ SEEP2D aus s

Lk g (§I908 dimbd dimd oy Sl dw gly (gilw e s
oS 398 ooy B 00 awglie I3l 5 93 > (S = 1i1) S 055
Jae (V) U 53 229 ookl R? 1 oolizwl b aslllas 5 SGplss
wwd b SB s ol edalcws 4 q/KgaH  lage b5l
Gl o 03 LS (il e lil 4 (350

q/Kshell*H
0.2 R
0.16 ..‘.-
0.12 -l
2 |
S . 2
s - R°=0.9997
L o
“ 0.08 d
-...
0.04 =
c”
0 &
0 0.04 0.08 0.12 0.16 0.2
SEEP2D

&‘)‘3 DM‘M:Q q/KshellH )’Jiﬂ L’;’}‘ﬁ JJ& —\ J&S
b silwdae sljl a2 (3908 dmd b (SB s
Seep 2D 9 SEEP W sl ,!350

I del b YLl (Suen oxims s jlagei ol
§) et Julos 3 SEEP2D lusle Jue s SEEP/W Jlsélp 3

ol ¢ SB s dlo ¢ Slg)aem i S

EA-TY 1(10) VA Y £ £ .0l ol owaliggo obdgs — ool dolibad



SB sl 53 GlglT Bl 5 Ol S9N 2 St wsid S S 59 U oy

olts SEEP2D 5 SEEP/W 133l 95 51 Jeols zlts duaslio
SEEP/W s (q/KshellH) _yssly (03 Cons palie a5 dad 0
s> &l 5 58l 53, Ll el SEEP2D ) sty o8
s a4 o dawbre 3 SEEP/W pYL s .)lyes p
Cupd sl SB5E8 G Shy Jobd 5 55 ladgyg
o3yl 4" ool Cewday + AAAY b+ AQYY 40 (R?) puuns
sloyiahl awlbxe > Il 93 (0 b (Stuwen
sdddule Kby b cwl (y2/H) o(y1/H) {q/KshellH)
L,& Keore/Kshell > 0.01 cows ly Jio 53 o bwg
P ok b s il 5SasS olie Gl bl el Glusy
Iyp) ad so duslxe (6yaS ¢8> b atun asb SEEP2D
359w Kcore/Kshell = 0.01 4 l58lp 5 ol 5,Slas 239400
wolie gl sp5Edy @WSEEP/W  (lie 5 g 0
2 ol b Gl |y wes e «lKcore/Kshell < 0.01
Ol @ g Loyl oy Bl cuddly b S S pide o
5 Sllle aslsl gy yicastio 5l olyeASEEP/W o )y
A bl Gl JBil g o Sy (b))l

9l 23 9 Ol s ey At JSUS ST
ez eobgly (@9 ol b e e S5 31 b5l sl
dud (gl iz  Ssyan Colia o s b calisee s dwiin
wud 2)s 4 @Vb dd Gy Cons 285 15 adlan)ge
(S= 1:1 5 /B =1) 1 4251565 b (S) dts s 5 (b/B)
AY) IS5 5 238 o b lis 2 At JSU5 Lo oS g 5boey
wad sVl dgzg > Sl ks gaw 55y p dlen S5
S=1:1 3 b/B=1 5 Keore/Kshell cilice (slacnnss sl (y1/H)

Ll 0445 01> ul““‘
0.94

0.92 ——

0.9 \\
0.88 \
< 0.86
T 0.84

0.82
0.8
0.78

0.0001 0.001 0.01 0.1 1
Kcore/Kshell

—e— Vertical core —eo— Wedge-shaped core

—e— Upstream inclined core —e—Downstream inclined core

3 Sl S i mhaw (59 0 dwd G 1Y S
Slises Wi gl (Y1I/H) o CondVl apag
S=1:19b/B=1 g Kcore/Kshen
s 3 S b o i) 1 4hen JS 1 (1) S5 5

ol 0045 031> uLw S=1:1 9 b/B=1

EA-TY 1(10) VA ) £+ £ .0l ilin _owiliggo obdg}s — ool dolibad

y1/H

" R2-0.9857

0.84

082 = | ;
082 084 086 0.88 0.9 0.92 094
SEEP2D
Sy oelCuwday yI/H jlade (i3l Joo —€ JSU0
S35 b 5l n 5131 2 (§3908 et s ST
Seep 2D ¢ SEEP W

V2/H
1 °
0.8 'l
ar
o
K4
0.6 I
2 2
& i R™=0.9994
ui :
2 0.4 R
-‘.
0
0.2 G
..“
<
0 0"
0 0.2 0.4 0.6 0.8 1

SEEP2D
S (5l delCuwdas yo/H jludle (i3l Joto -0 JSU0
S8l 5 b ilwdae ljl 42 (63908 A b (S
Seep 2D 9 SEEP W

v,/H
1 °
0.8
&
= 0.6 p
a D
v . R%=0.9937
904 ‘.._.-..
0.2 -
&
o & |
0 0.2 0.4 0.6 0.8 1

SEEP2D

S (5159 eCuwdds y2/H [jlade (i3l Joo =T U
SB35 b g5lwdae lil 4 (63908 A b S
Seep 2D 4 SEEP W

o1



RULSCEI )

scaws 6y @/KshetH (6l (0 p dten S5 51 -2 S gz
S=1:14b/B=1 5 Keore/Kshen ik 0.7

el B Y5 Keore/Kihell gl 0950 0nlie 45 jsbolon : ﬁ? |
g 3 1y oy b3 maw o poml cainly Jocand dan To4 |
oo > & Canl See alie ol amdLe diun CandV =

. T, doE e . . KB .o 0
9 A 4 o (s Sl IS iy o Cud Jlesly 5 Yol 0.0001 0.001 0.01 0.1 1
IS slogS dwn Dad 0 YIIH (lp (65505 jlde ans p Kcore/Kshell
9 YI/H i cunpml gaw 0 1) by b maw o 5wl —o— Vertical core —o—Wedge-shaped core
Iy aliws Qe.l RS &l (9/KsnenH) ufbgl 5 (oD Camd oy yieS —o— Upstream inclined core —Downstream inclined core

Cans dslllas 390 3, Loy Coonnd i i 4058 A ylo5 oy . . PO .
» D9R 2)Ige R A P 025 N IR )3‘&!.‘11)3%@;59))'3’ » S ,)_,‘_A 15

Sl sbCuwns gl (Y2/H)dwd Cowd b 4 g

u'39‘)3 Yy C)L’J"‘ | g, « ,.ub S=1:19b/B=1 ¢Kcore/Kshell
Gy AKsnetH (gl (00 awn S35 51 (1) US55 0

G99 5 Ol e Ated (b B gy G50 (ul 5
Mt Cilike (gl (g1} 4 yolate &y sl o5 a3y odby i S=1:1 s b/B=1 3 Keore/Kshen calisee (slacans

g ge Wb Cl g b Gl Cuoglie 4 i a5

s L5y A s i (S=0.5:1,5=1:1,5=1.5:1) 1o ol 05
)51 8 gy g0 At il S JSS (il & gl (03 5 0.18
@ oigl 2 9 b b dted il )36 (V) JSS o el 8‘12
(V) UK 55 wcawl oaiodls Olks b/B=1 9 JS (glogS diun 3! =012
2 )l)WWdl)lduubsl)J @Jgubpbﬁwwr;b e 0.1
. o=
2 o 86 (V) USG5 )3 sl sndonls olis B/B=1 g sV g 008
_ " . = 0.06
b/B=1 5 cunimb 0 jbewd aun il 4 ol 00 9 by bs B
ol oddodly )lis 0.02 |
0 o
0.0001 0.001 0.01 0.1 1
Kcore/Kshell
—e— Vertical core —e— Wedge-shaped core

—o— Upstream inclined core —e-Downstream inclined core

0.94 0.2
L
0.89 ;50.15 ‘
z : |
S 0.84 3 01 ‘
. ol
0.79 X005 ‘
0.74 0 <
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1
Kcore/Kshell Kcore/Kshell Kcore/Kshell
——5=0.5:1 —e—5=1:1 —e—S5=1.5:1 ——5=0.5:1 ——5=1:1 ——5=1.5:1 ——5=0.5:1 ——S5=1:1 —e—5=1.5:1

D/B=1 G by JS5 (51055 Aiunad (5152 (9l 5 (023 E55 9 Gl S 5 hanid o 53T Y 0 JSUS

ov EA-TF 1(10) VA £ £ .ol qylio omotiteo subdg iy — sols Aoliliad



SB sl 53 GlglT Bl 5 Ol S9N 2 St wsid S S 59 U oy

094 1 0.2
0.89 0.8 Tods
%0.811 - — ‘EO'S E 0.1
> > 0.4 a
0.79 02 X005
0.74 0 ® 0 ¢ s
0.0001 0.001 001 01 1 0.0001 0.001 001 0.1 1 00001 0001 001 01 1
Kcore/Kshell Kcore/Kshell Kcore/Kshell

—-5=0.5:1 ——5=1:11 ——5=1.5:1 ——5=0,5:1 ——5=1:1 —e—5=1.5:1 ——5=0.5:1 ——5=1:1 —e—5=1.5:1

b/B=1 i b Cowd¥l Coomd ;3 100w diad (132 (9915 (23 F 55 9 ol by dtd cudd il -9 USG5

0.94 J 1 = = 0.2

0.89 Ul T 045

S 084 2 4 5 W

0.79 0.2 3 0.05

0.74 0 0
0.0001 0001 001 01 1 0.0001 0001 001 01 1

0.0001 0.0010 0.01 0.1 1

Kcore/Kshell Kcore/Kshell

Kcore/Kshell

——5=0.5:1 —e—S=1:1 —e—5=1.5:1 ——5=0.5:1 ——S=1:1 —e—S=15:1 ——5=0.5:1 ——S5=1:1 ——S5=15:1

B/B=1Cammsi b Cansd iy Caonnd 43 130 did 8ly3 Gigl,5 (23 F 55 9 ol sy did cannd G -V Y JSS

a3 &S pebilen (3 F 3 oyp 350 S diwd il
S)lse o )3 Keore/Kshell cams ialS b yi/H w4 o odnlin
I Ele atun (Sdgpre colin oy Sl 1wl (il
CandVl aw 3 by S o 2900 el g 2980 by>
2 o D90 Syell Sl )b (VW) S5 )0 b (38!

ol o 03b i (SB dw (63508 diwa

R
D

-

H y \ KCOFE
Kshell \Il Kshell

9 o 90 (B el b Silend ik Y JSUS
SB s s Cuid

EA-TY 1(10) VA ) £+ £ .0l ilin _owiliggo obdg}s — ool dolibad

L e 85 3505 Gl s (W) U (V1) cslayloges & d255 L
)b @/KahetH 5 yi/H 5 (o8 w556 (S) UK shogS
IS an Sy co cupe & Sl popate
oyl BB Y1I/H Sal380 ST il Keore/Kshenn = 0.01
108 3935 q/KsheH > zals jiShis o8 Jb s el 1¥ Ly
2 ol b mdaw o(q/KshetH) Sigly (00 G oy yiaS oCan!
UlosS dtwn gl S=1.5:1 j» (yo/H) diwn condpml pdow
9 lp g0 03 Cand o ity (o8 4 &S Amd 0 ) SSS
g 1y e s gl 5 (@KanetH) gl (5 S
daw by b maw ey e ol (Yo/H) diws cusdpml
e b Ccov jutn oS Cal pmall (Yo/H) dtas cans ol
5 135 i s 255 93 (lp (ot 05 (0 )5 du
I diud gl do 3 Yo Bl yo/H lade «.0:) 4 V.00l s

B e uu.tbl.{ wbu.ul; )l.)w» Al dl).g Lo )yd YO 9 CawdYl

&9‘)3;5'3:9&&.%@9«4).3
Cola uyd g dted WYL oye il ey 4 addl

Ored & D ABby ol (00 5 Gl b daw Sy
@Yl 4l (o)e @ diun (o)e il lacus il 4 j5hte

laazg )3 by s o 5 (@/KsherH) gl (23 plie s

oA



RULSCEI )

0.16
0.14
0.12
0.1
0.08
3 0.6
0.04 \
0.02

— -

Kshell*H

q

0 0.2 0.4 0.6 0.8 1 1.2
b/B

——Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

g i (555 s Slacmd 611 U
SBCelar o pd il 4 dw (VL 4l (o,e
Cud b (SB sw )0 gy (20 g BliSeo (Sg
Sd90

W (51 S 3905 ol Glgen (V) J(OF) slasid 4 g L
Copmd 20l s 325k 51 @/ KshetH (55 (03 Conmsd 3908
by wbise ol Keore/Kshell s  (Sgpun colia oyl
5 /B (li8l o GBI DB (o] (VL (o s 1381
CandVl gdaw 3 1y ol ks aw (izmen Keore/Kshenl p2als
w31y ol s e a5 Iy an3 e 3l (yi/H) ais
SaCins dan (sl s ol Syl b (Y2/H) casspnly
48,5 )L 33 Keore/Kshel=1 ja4s dalllaed ;50 b/B g Keore/Kshelr
02y Wid gllas Sl dagy g dun &l > gd e
cops o 4 Keore/Kshet = 0.0001 ¢ 3,15 (6,50
Q/KshetH ¢ 55l 5 44155 g canl 05yl diteds (S gyed Colin
Sy9m sl yiably Setleds g5b (W) S 3 sl 0 dgan L 5

ol o 0310 LS (SB s S5 (6losS At )3 sy p

2 90 Sl )b Slesd b - VY IS
S aw S5 log dind
b B 4 den (B dilie lacewd 31 (V) JS5 5
Gl (Sdgyre slacole cops il 4 (B/B) s oYL
(YI/H) d cansVl 25 5> ol s w52 (Keore/Kshen)
ol 0a 03l L IS5 (slogS diwa b (S s

o4

0.94
0.92 —
0.9 //k‘_—_‘
0.88 /
> 0.86
0.84
0.82 /
0.8

0 0.2 0.4 0.6 0.8 1 1.2
b/B

1/H

——Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

43 A (55 i (S Cuund 3T V€SS
Bl cu p5 slil 4 w (2VL sl (5 ,e

CuwdVly dag 53 oy b mhaw Bl (Slg)ae
GO0 dd b S > Al

0.9
0.8

07 | B o S I
0.6
T 0.5
~
‘;' 0.4 \\
0.3
0.2 e v ey —
0.1
0 0.2 0.4 0.6 0.8 1 1.2
b/B

——Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

4 S (158 e SR 3G -V0 JS
1Sl o pd il s (VL a4l (5 ,e

49,0 gl b mhw p dlise (g
B3908 dd L S s ,d dluwd Cawnd by

EA-TY 1(10) VA Y £ £ .0l ol owaliggo obdgs — ool dolibad



SB sl 53 GlglT Bl 5 Ol S9N 2 St wsid S S 59 U oy

0.93
— *
0.92
0.91 /———-—’—’-_"
0.9
&
S 0.89
-
0.88
0.87 /
0.86
0.85
0 0.2 0.4 0.6 0.8 1 1.2

b/B

——Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 —=Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

4y Kt (56 Bieo (B 3 Yo S
SBCalad o pb il 4w (VL 4l (5 ,e

Cawd¥ly d2g ;3 Gl s mlaw p il (Slg,ae
CandWl ) ot dwd b (S o )0 dud

0.9
0.8 ‘\._\.\‘
0.7
0.6 S
£0s \.\4
> 0.4
0.3
0.2 \\.\'
0.1 ——
0
0 02 04 06 08 1 1.2

b/B
——Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
—+—Kcore/Kshell=0.0001
4 i (555 CiliBu g Wl -TY JSS
SBCelar o pd il 4 aw (YL 4l G5 ,e
49,3 ol b p it (Sgyn
33 s i b (SB s > dud Cundmb

Cannd¥ L

EA-TY 1(10) VA ) £+ £ .0l ilin _owiliggo obdg}s — ool dolibad

0.93
0.92 — . —
0.91
o 09 gt
5089
0.88
0.87 /
0.86
0.85
o 02 04 06 08 1 12

——Kcore/Kshell=1 b/B-o—Kcore/KsheII=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

4 Klanid (12 55 Cilie (S T -IA S
SBClar o pd il 4 dw (VL 4l (5,0
CuwdVly dag 53 ol bd mhaw Bl (Sulg )
JSG (51055 dwd U (SE s 4> dd
(B/B) o (Vb 40l 50 4 At (50 cilie (glacms 55T
» (Keore/Kshent) cilisee (Sgpap glacelia cops il &
b (SB s > (2/H) s candimly 429 ) ol bs daw
093 A At 0y Cilisea (Slacinns 3 g JSB (glogS At
Glisee (SJgynn glacolin cops sl 4 (b/B) s (oYL 4l
G b (SB s > (@/KshenH) 9l5 2 52 (Keore/Kshen)
Ol @l s (V) IS8 & ey b oad (g 3o IS5 logS
Colia cups il (JSS GlogS sladiun sl o5 390 ol
g 5 (@/KshetH) (915 (2 s Keore/Kishet) (Selg)ae
g w3 il 1) (y2/H) dtes cundpml gdaw 3 by b
ame il (VIH) ceansYl oo obys b g
2 (B/B) aten (Vb (shag i G381 & ol mly (prioman
2 S b ialial el ol o135 o b y2/H b q/KsnenH
s &S 0L s ol 4l S At oyl 298 0 yI/H
2= e 115 585 e (B/B) U (slosS i sVl 056
IS5 53 9 4,5 02l Slgiige ol b cnlpl @) o Somly
2 P At 53 oyp D90 sl Siled g5k (W)

Gl odibodly i (SB s cundYl

i é

25 o3 23590 W el )b Sl £, -V U
SB aw CundVl 43 jecp duwd

T



RULSCEI )

0.95

G

0.9 /”'—‘_—_‘
<
o 0.85 /
-~

0.8

f

0 0.2 0.4 0.6 0.8 1 1.2
b/B

0.75

—e—Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

4 i (5 55 iz (S Cuund 3T -VE S
SBCalad o pb il 4w (VL 4l (5 ,e

Cawd¥ly d2g ;3 Gl s mlaw p il (Slg,ae
Cand ol 53 i dud U (S s > d

2o 2V 4nl oy & Al (e Gl e 5T
L, (Keore/Kshell) aa ( SJg)in colia oo o(b/B)
Sl 3 )ed s b (S slasw > ol 5 (239 0l
ol s 5 (V) JSb (olol ol 485 )13 ()0 390
S Colin o s (alS dade g9 (pl )3 &5 4D el
Uil e ¢y osell 4 e (Kcore/Kshell) aws
i Vb (5ye S Gl (riomen D55 (q/KshellH)
Slse 3 >4 « Keore/Kshelleol jlide 5 (slu(b/B)
&y q/KshellH  gzalS’ el .o+ ) gKcore/Kshell = 1
L s Sk Colie s ples
Canbge il el Vgome Keore/Kshell jials oyl p ogde
by ad wed oo (Y2/H) dted Casdpol dng 30 by b3
Iy Kcore/Kshell = 1 alie @l aSKeore/Kshell = 0.1
b/B sl 5 Keore/Kshell Lials « Jlis 5 ad o olis
(YI/H) diwd casdVl dng pd by ks Cumbge ili8l coge
Sl U (B/B) atan (oYU (e s 503 (sgm | 395 00
o) 3 e BB > 0.5 ylie (gly a5 gysbas )13 y2/H
2 faicdyo 5t
s Kcore/Kshell jials a5 wad o lis o w40
yI/H clyus o @/KshellH zals” cel i pa b/B i3l
3l 5 S)5 polie sy y2/H pb/B 15 Lol g o y2/H
Gl a2l

sy SEEP/W 5 SEEP2D  (slajljéle s o yimgss cpl o
WLAb 48 )5 Sy Jbdtue  SB gladw o el by gilwands
O Jolds i caliseo slacdls (gilw e 1 158l 5 43 5,Slos
aS ol i gl b (objyl (glosS diwd 5 (43908 diwd cdiud

1

0.18

0.16

0.14
- 0.12 \
x
E 0.1
20.08 ‘
T 0.06

0.04

0.02 .\’\.h’

0
0 0.2 0.4 0.6 0.8 1 1.2

b/B

—e—Kcore/Kshell=1 ——Kcore/Kshell=0.1
——Kcore/Kshell=0.01 ——Kcore/Kshell=0.001
——Kcore/Kshell=0.0001

A (- il Sl 5 YV U5
1Sl o g (il 4 s (VL 4l (5 ,e
Cud b SB sw j3 gl (20 g e Sy
Cuwd¥l 43 jlacaws

S sly &8 3500 ol Glgice (YY) U (Ve) oSt 4 aagi L
Colia cops &S Jloy wandVh p bewd e L S
y2/H 3 @/KghetH exb oo 28 (Keore/Kihenl) atun Sy )2
b ol (B/B) o] (oYL (o Cuns 5 be StalS
ol yi/H 55 b/B il g Keore/Kshell ials 48" 6 jsbods
don (gl yol cpl el LY> 4y g YU )0 &S jobojlen aad 0
Keore/Kshell = j2ds aalllae 3550 /B 5 Keore/Kshell (slacns
g0 Sl Solas £ (1Y) JS5 55 apiie Juel 1
ol oy L (SB s Cundpl 50 b Al 3 wyp

20 (w390 S el )b Slews zyb YT S5
SB s Cuwdml 53 5 ca dud

EA-TY 1(10) VA Y £ £ .0l ol owaliggo obdgs — ool dolibad



SB sl 53 GlglT Bl 5 Ol S9N 2 St wsid S S 59 U oy

ol lad S 8 dng ay50 eS (LB Gldllas > oS ad e
P S 8 (SB s dn (2 & aad e Gl Giagh
wdin Ol g o)l ojle el GBIy (sl ol S
9 Sgren Cuolin oyl il oo el @lal g dtn caslie
S SaS e G5l g sl o LS Wl At s
Ol p e gy 55 29 0 oty wt] Sldllas (4l
ile) i (gl il Slge jloslitul (pizned 298 o0y gl
o (o990 Nl (5rek Slge 5 Slawle SB- (o) S
oz 5 St lid ileand il gam s
15 il sl 3gms b SB olgs i1t s Al
Judoss plol S (oS s )by g Syd 4 Wilg5 oo b Hliles
ol oy wle dilize bayiall ly Seels cowles
iz Bl oot GV (28 Connd g Al s o Sgphn
bl g @ kb & Giaghy cnl S ol e L8, Sl e
dipoj 3 oaiy] Wlalllas (gl glasly aShy S oo S8 (S sl

WS o pol b Lo 5 Shos (gluainy

SRRk BB Jaol I (59w SWSI Ollasdlo
Ly alloghs &g 4y pobs i > (BaiSes Lie (5 Sen

ol 039 bl culs,

b ol
a0 ol i S5 b il 34 3o

LY
0397 gilio Lo los 45gyn 136yl alis « oSy sl pli

L]

References

1. Ahmadi H, Abtahi T, Aghazadeh N.
The effect of hydraulic parameters
on the analysis of unsteady seepage
from the foundation and body of
earth dams (Case study: Derik earth
dam) Iranian Water Research
Journal. 2018;11(4).

2. Beiranvand B, Komasi M. An
investigation on performance of the
cut-off wall and numerical analysis of
seepage and pore water pressure of
Eyvashan earth dam. Iran ] Sci

EA-TY 1(10) VA ) £+ £ .0l ilin _owiliggo obdg}s — ool dolibad

CurBge 5 (q/KshellH) cuis o0 s duoloo )5 ,l58lp 15 45 4o
Y2/H) 5 (YI/H it caodimly 9 cansVl drg 3 gl b3
JS5 dplme SSEEP/W (o ol b iyls g oy aitllas
Sds Keore/Kshell = 0.01 (glys diwn 59,0 )by s o
Moz oy b Sl Slalllas JeaSS (gl nlple 9 557 Jos
q/KshellH jialS ;5 (glosS diwn 48 55 )l diiwds dusins g5
P $905 Lk 2 i S oo Il 535 y2/H
350 b 9 candVl jlacwd cladiun 5 503 415 cam 4,
G 1y YI/H polie oS Comdpml hcud dtwa 36)b olie
3 ) sVl o B 15 Gl e Yoo o
Iy Oigly Loyds dtw il +.o oV 1 a8 Keore/Kshell 3,
) Gl 8l dn I3 plas 5 03,8 Sgdune
o) yI/H 5 q/KshellH , ol 556 (S) awn cud
«8logS dtwn (gly oo I S Keore/Kshell gly jogasa
& S =151 s »» y2/H 4 q/KshellH ,olae oy a8
S = 0.5:1 s )b sladtun gly a5 Jb > wad o
o el g > ol b Cagn 251y 3,8kee
Sly oRgt Oplyce did b 1y b prin(Y2/H)
Yoty a o) Ol S Candmb g oVl Hbowd cladtun
lisee glgil gly (B/B) dtwn YL (648 Cond ol 20 3 ¥
3 505 38U B/B Olyess L el 3o (slogS dtud sy adiun
Wt (Sgyien Colin S )l Cwndimly 13 SS)n Uy
o) ogly lusgad yusd 3 ete Lids j(Kcore/Kshell)
sials ¢« y1/H 8l & e Keore/Kshell ials .18 o
s Caand £liy] yol ol 45 39 0 y2/H ialS 4q/KshellH
ovgly Sl w3 el g 0ol LialS |y syl dg > 0l
A o ildl |
Olpeds sl JB o aliio glaimgsy sboasl b adlas ol gl
02 i 4 gloS o a5 wlosly Hlis LS cldlas ¢ Jle
5 ized Bl gl 22 GialS o 1y 3,Skes (o ying ey
wlo 5 de el Gull 5 bl ialS pKcore/Kshell
e b oy b addllae ol Lol ol o 3155 5 @lisios
Ay it Sl « (B/B)atun (YU (55 Cad 9 it

Technol Trans Civ Eng.
2021;45:1723-36.

3. Emamzadeh S, Taheri A. Numerical
modeling of sealing curtain design
performance in earth-dams
implemented on layered soils (Case
study: Abbasabad dam).
Geotechnical Geology.
2021;17(2):527-37.

4. Farhadian H, Maleki Z, Eslaminezhad
S. Assessment of the optimum depth
of sealing cutoff walls in the clay core
of Peygham-Chay dam. Journal of

1y


https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://iwrj.sku.ac.ir/article_10559.html?lang=en
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://ui.adsabs.harvard.edu/abs/2021IJSTT..45.1723B/abstract
https://journals.iau.ir/article_686449.html
https://journals.iau.ir/article_686449.html
https://journals.iau.ir/article_686449.html
https://journals.iau.ir/article_686449.html
https://journals.iau.ir/article_686449.html
https://journals.iau.ir/article_686449.html
https://journals.iau.ir/article_686449.html
https://iapetus.ac.uk/publication/assessment-of-the-optimum-depth-of-sealing-cutoff-walls-in-the-clay-core-of-peygham-chay-dam/
https://iapetus.ac.uk/publication/assessment-of-the-optimum-depth-of-sealing-cutoff-walls-in-the-clay-core-of-peygham-chay-dam/
https://iapetus.ac.uk/publication/assessment-of-the-optimum-depth-of-sealing-cutoff-walls-in-the-clay-core-of-peygham-chay-dam/
https://iapetus.ac.uk/publication/assessment-of-the-optimum-depth-of-sealing-cutoff-walls-in-the-clay-core-of-peygham-chay-dam/

RULSCEI )

10.

11.

Hydraulic Structures. 2021;7(1):59-
76.

Ghaemi M, Ahangari K, Noorzad A,
Goshtasbi K. The effect of alluvial
foundation on the earth dams
settlement. Open Journal of Geology.
2017;7:360-73.

Mashkabadi K, Zandi Y. The effect of
changes in sealing wall and
horizontal drainage of Golfaraj dam
on the values of lifting pressure
parameters and maximum outlet
gradient. International Journal of
Nonlinear Analysis and Applications.
2021;12(1):419-32.

Mirbehigi SN. Analysis of seepage
performance of Soleiman Shah earth
dam (Shahada dam) based on
instrument  results. Second
Conference on Architecture, Urban
Planning, Civil Engineering, and
Environment2022.

Poursalim R, Alizade Majdi A.
Numerical finite element modeling
for earth-dam grouting and curtains
wall design by Plaxis software.
Geotechnical Geology.
2020;16(1):385-94.

Salmasi F, Norouzi R, Abraham ],
Nourani B. Effect of inclined clay core
on embankment dam seepage and
stability through LEM and FEM.
Journal of  Geotechnical and
Geological Engineering.38:6571-86.
Sharma HD. Embankment Dams.:
OXFORD & IHB Publishing Co; 1991.
Vaezinejad SM, Marandi SM,
Salajegheh E. Inverse modeling of
leakage through earth dams (Case

12.

13.

14.

15.

16.

17.

18.

study: Baft dam, Iran). Geotechnical
Research. 2018;5(4):218-30.

Wang L, Huang Y, Li Z, Zhang ]J.
Application of plastic concrete cut-
off wall in reinforcement of
reservoir. I0P Conference Series:
Earth and Environmental
Science2020.p. 012037.

Johnson A, Ahmad R. Effect of
materials and structural methods on
seepage rates in earth dams. Journal
of Geotechnical and
Geoenvironmental Engineering.
2000;126(6):450-9.

Wilkinson P. Impact of core density
and homogeneity on seepage in earth
dams. Geotechnical Engineering
Journal 2005;18(3):280-9.

Clark T. Reducing seepage in earth
dam cores through improved
compaction methods and quality
control. International Journal of
Water Resources and Environmental
Engineering. 2010;25(2):135-42.
Doyle M. Influence of slope and core
angle on seepage velocity in earth
dams. Water Resources Engineering
Review. 2007;14(4):370-8.

Mostafa, M.M., Zhenzhong, S. Effect of
zones' dimensions and geometry on
seepage through zoned earth dams. J.
Eng. Appl. Sci. 70, 46 (2023).
https://doi.org/10.1186/s44147-
023-00223-7

Lopez ]. Effects of core depth and
thickness on seepage reduction in
earth dams. Civil Engineering
Journal. 2015;41(5):520-8.

EA-TY 1(10) VA Y £ £ .0l ol owaliggo obdgs — ool dolibad


https://iapetus.ac.uk/publication/assessment-of-the-optimum-depth-of-sealing-cutoff-walls-in-the-clay-core-of-peygham-chay-dam/
https://iapetus.ac.uk/publication/assessment-of-the-optimum-depth-of-sealing-cutoff-walls-in-the-clay-core-of-peygham-chay-dam/
https://www.scirp.org/journal/paperinformation?paperid=75005
https://www.scirp.org/journal/paperinformation?paperid=75005
https://www.scirp.org/journal/paperinformation?paperid=75005
https://www.scirp.org/journal/paperinformation?paperid=75005
https://www.scirp.org/journal/paperinformation?paperid=75005
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://ijnaa.semnan.ac.ir/article_4815.html
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://www.researchgate.net/publication/356894761_A_Review_on_Analysis_of_Seepage_in_Zoned_Earth_Dams
https://journals.iau.ir/article_679345.html
https://journals.iau.ir/article_679345.html
https://journals.iau.ir/article_679345.html
https://journals.iau.ir/article_679345.html
https://journals.iau.ir/article_679345.html
https://journals.iau.ir/article_679345.html
https://scispace.com/papers/effect-of-inclined-clay-core-on-embankment-dam-seepage-and-16jw2jr782
https://scispace.com/papers/effect-of-inclined-clay-core-on-embankment-dam-seepage-and-16jw2jr782
https://scispace.com/papers/effect-of-inclined-clay-core-on-embankment-dam-seepage-and-16jw2jr782
https://scispace.com/papers/effect-of-inclined-clay-core-on-embankment-dam-seepage-and-16jw2jr782
https://scispace.com/papers/effect-of-inclined-clay-core-on-embankment-dam-seepage-and-16jw2jr782
https://scispace.com/papers/effect-of-inclined-clay-core-on-embankment-dam-seepage-and-16jw2jr782
http://opac.niscpr.res.in/bib/40300
http://opac.niscpr.res.in/bib/40300
https://www.sciencedirect.com/org/science/article/pii/S2052615618000169
https://www.sciencedirect.com/org/science/article/pii/S2052615618000169
https://www.sciencedirect.com/org/science/article/pii/S2052615618000169
https://www.sciencedirect.com/org/science/article/pii/S2052615618000169
https://www.sciencedirect.com/org/science/article/pii/S2052615618000169
https://iopscience.iop.org/article/10.1088/1755-1315/531/1/012037
https://iopscience.iop.org/article/10.1088/1755-1315/531/1/012037
https://iopscience.iop.org/article/10.1088/1755-1315/531/1/012037
https://iopscience.iop.org/article/10.1088/1755-1315/531/1/012037
https://iopscience.iop.org/article/10.1088/1755-1315/531/1/012037
https://iopscience.iop.org/article/10.1088/1755-1315/531/1/012037
https://www.researchgate.net/publication/322541824_A_Review_on_Effects_and_Control_of_Seepage_through_Earth-fill_Dam
https://www.researchgate.net/publication/322541824_A_Review_on_Effects_and_Control_of_Seepage_through_Earth-fill_Dam
https://www.researchgate.net/publication/322541824_A_Review_on_Effects_and_Control_of_Seepage_through_Earth-fill_Dam
https://www.researchgate.net/publication/322541824_A_Review_on_Effects_and_Control_of_Seepage_through_Earth-fill_Dam
https://www.researchgate.net/publication/322541824_A_Review_on_Effects_and_Control_of_Seepage_through_Earth-fill_Dam
https://www.researchgate.net/publication/322541824_A_Review_on_Effects_and_Control_of_Seepage_through_Earth-fill_Dam
https://www.researchgate.net/publication/352428456_Effects_of_core_characteristics_on_seepage_through_earth_dams
https://www.researchgate.net/publication/352428456_Effects_of_core_characteristics_on_seepage_through_earth_dams
https://www.researchgate.net/publication/352428456_Effects_of_core_characteristics_on_seepage_through_earth_dams
https://www.researchgate.net/publication/352428456_Effects_of_core_characteristics_on_seepage_through_earth_dams
https://www.researchgate.net/publication/342115910_Analysis_of_Seepage_through_Earth_Dams_with_Internal_Core
https://www.researchgate.net/publication/342115910_Analysis_of_Seepage_through_Earth_Dams_with_Internal_Core
https://www.researchgate.net/publication/342115910_Analysis_of_Seepage_through_Earth_Dams_with_Internal_Core
https://www.researchgate.net/publication/342115910_Analysis_of_Seepage_through_Earth_Dams_with_Internal_Core
https://www.researchgate.net/publication/342115910_Analysis_of_Seepage_through_Earth_Dams_with_Internal_Core
https://www.researchgate.net/publication/342115910_Analysis_of_Seepage_through_Earth_Dams_with_Internal_Core
https://tj-es.com/ojs/index.php/tjes/article/view/1761?articlesBySimilarityPage=11
https://tj-es.com/ojs/index.php/tjes/article/view/1761?articlesBySimilarityPage=11
https://tj-es.com/ojs/index.php/tjes/article/view/1761?articlesBySimilarityPage=11
https://tj-es.com/ojs/index.php/tjes/article/view/1761?articlesBySimilarityPage=11
https://iwaponline.com/wpt/article/16/4/1248/82570/Effects-of-core-characteristics-on-seepage-through
https://iwaponline.com/wpt/article/16/4/1248/82570/Effects-of-core-characteristics-on-seepage-through
https://iwaponline.com/wpt/article/16/4/1248/82570/Effects-of-core-characteristics-on-seepage-through
https://iwaponline.com/wpt/article/16/4/1248/82570/Effects-of-core-characteristics-on-seepage-through

