O 3 6ol (owdign (Sidgh (oole 4 i
VFoo by . gl 9 S o los o0 Jlo 4l !

Yy

SFw Sy Ml g, 3l eoliiwl b SBuw (SHlo jLd, (Sus s
(Lig s 55 590 4xllao) (MARS), sdidlsi 0 yuitio iy

"6 ol Lo yoon] T cwloS (g0 ! 23,5 st

AR/ B/YY: loyl G, 6
WALV Yor by dy f b

oy i )5 (59215 aoliylly 31 43d )5y ibgy Allie

RV

Gl 5 e ez 5law JU8) oni Cqz e ol (n i go0e ) (Sl slagts) Gog odezmm 4 4z L
L8, Joo lawss SIOPE/W 5 Seep/W sla,l58ls 5y lig! S o g5ladon 51w Gigh ol 5o adl so Sy
Gl g i Smien 4 el jo 5wl bl w380l Gledbl lawgs il (gildas s riwcors wlS 050
)5.14».;: L) RO IR 4.».>‘$)J (MARS)w)LA MOWM@W;)GLQJM‘ 6..»5[5‘)3 u,us) Ja.wy W) Ls:‘s).».w
5 odel e 00l (g Yoo g SEEPIW l58ls 5 so0e sla Lo 5l o] Cawds o0ls (s YVF Sl oile Jow el
Ao 5 wyle Jow ol omwyliel 5 Sbj,l ol ) bawgi Jow g ol eolatul SIOPEIW l3dls 5 soae sla Julzs
5 LY ol Slape Silos jim 5 AT 5 A0 s calyd b oy 4 Slyed Ml 5 St e
Ooglyd o )l.)f}..:L Sl el rogh ol jo uioren (ol ools lis v 5l VL LS rwiors A ey o[V F
Ol 515 a5 dw wlas Gl pgase (g « S IS S Kol agl; dlas 5 phdss oo dbex 51 Slsmd 6 Ik
Ad (§ phdeis g do,ys YA/O Cawdl ol 5l 5 rhw gl sl cuns o0 Con 0 A e Al riwdamles CewsYl
ClauS 5 pizmen il | )HL, Oy Jo 0 FANY gy (S loSSasl aygly ¢ Slg sl con jo 9 e 3V Y/D
Oz dilisie lacdle jo bl o po g Sla o 851 Cuz gal> slalal, 5 0b 1l 63555 sl el )b 5l cenlis

ol s by | Slasie 9 laayY

old Slope/w ,138le 5 MARS Jow (bbbl co o (yLlibgsl o 1 gauds slaejlg

Sy>en (060,29  solasll dal cll ol (Sdgymee slaosle ol PRV STV ) IV PO L SP-PE St
mahvashkorzebor71@yahoo.com ., !

(Usioms o0y ss) KOMASI@ADIULAC.IT ()]l 3,29 2 () 53,25 5 (sokiall ] ZuT oIzl ¢yl o 09,5 o Loils

a.mazaheri@abru.ac.ir .l 1« > 6,) 53,78 solaalldileg] olKisls ool yos 05,5 ¢ bobial |


mailto:komasi@abru.ac.ir

2

St s gl ey

S ol gl ol el ol B el S
VAL e 5 gilee) aiS ol

Sgazs sladl 38le i lawg K> axlye ww gl
ORS  o b sy gdas b, slez 5 Plaxis
Gl dilo g g dild Sy s (59,0 el g Sen
Oed slbaw o Sles (s Houwldigd clljs wo S
OYAF (e 5 (3.80) ail oo (Ked e sloows 5l s
laylBle s bwg Gligl e Bl 5 @B olulr
Ao Sle3ee s b ow,» Plaxis 4 Geostudio
Ol |y oad (g G g (Sl polie o sae)0
oz 5l Golite slaghy, Jold (o99lS13 slajis,
i s o Al opitoniz gesT, slagedd
P9y .L:....Ja.: 9 Ya4q. JLM o ..)5.«..4‘50 omb (MARS)A
slas;ldas g gglSools sy aS o slgrios ¥ ey )8
S (0 el 00S o (S e 3l 00 i
Slp o9 Ojga Wl ol ST (nl 2 edle
797 9 6999 Sl e G Oy b e alall) (8L
e Joe o9 oS g 1) S slaosls l (slacgae
590 Osle 4 ) Coenl 4z 10 Wil so yuitren wyles dloul
WS eend Joo (29,5 4 4295 b 1) 639)9 sl ie 39
( S3,b Gliae et die) 40 (Ve ¥ (), San ' KSL)
ke slaas 51 (58,5 0,0 b (V-4 1) fyfSem 5V lal ]
Al Sl sl swgim @ ey Slele
ool ST aS ols las oals pleil Sb sl gl awssls
yoS gl Sl e (2Kl 9 SobisS slzl log slyls
7 Marion
8 Multivariate Adaptive Regression Spline
9 Jerome Friedman
10 Yang
11Abraham

12Soft Computed

ol 2! ST 5 6rlal (owiige (Sidgly oole s pid
VFoo by . i 9 e 0 5louls o0 3190 JLuw

dodio

S35 2 S slodw 3,150 5l (5 5km 53 0394
J1oy55  glabido BB (550000985 51 a5 8 slaayy
& 0 ohgly S Gelaliplpais 5 e wlosl sis
T G315 oliee 955 S99 ysliie 4y (S slavs
Sl 3l 65l 5 Cessetly 3,T6 5l Laks
ey g o sl oYL conl (S 5, IS
S s (Fhb o e jls Dlegoge jl ol glk
orle g @ 2 S aw o alyS 5l oo (IS 50 !
VA )5 5 ) ) Col 00 03l S LSl

Yslee S sl oad 428 5 IS & T soas sla i,
399ome IS g 18,80, dw 4 (eilyio 5 IS
S50kl Gy, 5 (FEM) osamerlall os, F(FDM)
(§99e (sby; guzme syl by 905 o s (BEM)®
J> 555 5 57 eedlyins S¥olas (o 5 > sl
s,li8le 5 aney cpl jo adl so JIK! sladlslee
slo)l8lp 5 aloz 51Vl Cs g coy b o305
Dbl e 95790 ...  Plaxis JAnsys Geostudio
b el )l Lawgs cets o5 aculoe b (Y21 8Y Ladlas
Ol el g o glad,l s Sl § CawaVlb o
Oy b (Loan omacdSil oS 8 )5 ase CewsYl
Olyee L SeEPIW 13810 5 g Condly 4 s 2o 0 ¥ (gl
A S |y Gl (20 (305 a0 ¥l S sl
S S yliae (YY) Gy oS ams oo 451 codly
Geostudio 3 Ansys sl l8le 5 lawgs 1, Y e o  S1>
Ol3ee GEOSIUIO J38l0 5 4S8 5 a5 0,5 (wy
A3 oo lid Cosdly 4 S SUo P de VAT s oo
ooiigen ol gran Sllugs cos Ygons S slaow
Conglio 5w ;0 Ol ddlie JLid ay565 2 oS 9355 o0 )l 3
o ras Sllugs « a0 ¢ 3,05 oo Ll S5 5

1 Robbin
2 Numerical Method
3 Finite Difference Method

4 Finite Element Method
5 . Boundary Element Method
6Abdoljabbar



Ol 9 ol (wiiin (dghy (ole 4 2l
\f“ul.».m.o) . U‘"‘“ 9 J.P a)Ln.& .ﬂ.bé JL»)

YYd
oly!

3%n

62
E ko )

q=kx 9x?
20 S 5 pddehs culpo a3 aky s kx ol o a8

1. Durgawati

= S o) S 0oy 4 (8959 (byx (230 9 (o)
ol o J18 0 (V) adayl,y gedloyud dayl

a on) , @ on\ _ 98

(ke gy) + 5 (b 5y) =a+ ™

- . .06 1

5 &hie 2 5l g5 (99 «sdae Julod @l JS sl

Gl Jole g0 v calizeo sl iz o ‘5@3)%@ obol S

5 s ‘5@5)%%@1; sl oo

90 50 ol aa yils b g cod sas l58le 5 sla 9,5

o § Selgydap (Lol ol o O e Jsb 5 abais
OVARY T l,8) J.J‘sc Ceddy Sl 28

—oye &

Slord §3lly 5o plaebl o pé (ow)
ey ghee oyt (b slacts; IS
33 g o3l S8 51 g 0l 53 38l gn " e ot

99 o0 0, L3 ool 4 5,04
(C=r g =) sl lasls Sl ol S -
el oo a8 5 la o cSeSh S Glisgas Y
Lol o gdiie Ol Hlad -Y
Ssbisn 5 5 5 gl 551 5 S ¥
5 gn 4555 a3gol 33 (slag s S 0
el 5l ol (gl s 5l ool Conss 4y bl
Dl e Sy () abal,
)
_ R(Z(WCOS6. tang) + Tyysind tang) + Ty X H
(C.(WSIN®)) x R
o Glabl oy sl o axkad 2 159 T W
oauiS grhuns 2 jlone (L2857 (9,0 Tl
59 44 o a8 a1 ol il 45 6
S A SKhsl a4l;

FS

4. Schmertmann

Jowe 5l eslal LY SlalE 0 S o Slgywd g b

39 00 dewle yliablew po .2l oals plxl MARS
S ol Lt Candly b deglio o g il Ll
(2019 el iiuculs, MARS  Jos  oSles
ORgSy Ay 4 Sullg, b Gheedy ol o ,Kumar)

e 45 el aaily pl 6lysS 48,5 plowl Slalllas
L gz (o Gl dlinly alide laciweS 4 Cois
S i (S 45 Lol 5 awais | S
sl @bl anse lade o 5pS Gl loje jsba
& O G cnl 3 Sl ly93 e Ceal
Selgren 5 cwain slaesS nl Gl L3I aS 00 8
b Sl ik e 5 iS5 (@3 Ol b
5° 99750 Slillhae o)z 035 (o) 2 (MARS) g,
Sl Glasdlas 55,0l 4 U aS aoo oo L i 50 aiw;
a0 800 Cutd (28 50 w)le Joe Jonily (o) 2
2l o e (nl lawgs a8 )5 00 Oladllas K05 (g9
Joe ol SaS & 0l o @V LS 51 lis eojem
9% Olgise o) 5l oolaiwl b aS 04l o Slpiay (glakal
@ ple Joo dazme (alng Geizes 9 Pl 4 LS
ol 2 eS oy s )l oyl g Sl (o8 St
Siladae al> o o (o Jolie plnil Jo el
g slosls 4y crwlin o, b odal Cowdy gl

oo A3l

b g; 9 8lge
S o ol e8> Yol

o Lol pl SB s diwgy o a5 JI sl
L Al Cos 4y iy (555 b 4l 5 ) T o amo
cutd izl a5 S 5 spols S 8 > S ()
o o |y align o2 4 JB slalad 5l Syl
OYAD (gleS) 09 g0 00usl (59394

adoles Jodswie s jo O b, 0 oS> doles
oY G yxe lole a2l gans S5 4 Cansl ¥ yglsy
sl e

1 Durgawati
2 Poisson
3. Sherard



2

St s gl ey

g o N ST SPRT VeV p SR RPN
(MARS)

ol pb 4 (Blbail Sgen )55 Joo Sy JB am g3 50
5 SosSy hlas omyn 0 Joe nl oS (B
ibee §89 9 piySlasil g (Sl
aaly g slosle ab wly ol 2 (jle S5

b e i yxs (A)

x—t x>t
|x—t|+—max(0,x—t)—{0 X<t W\)

t—x x<t
|t—x|+—max(0,t—x)—{0 >t

il e o 5 slaws ,Sillas t

gdige iy (1) &b Oj9e 4 @l cnl acgeze

c={( =64, (= x4} {x1) %0j s X}

j=1n (?)

g aMS (V1) abal) )3 ojlo Jae (S 2

Y:f(X) =Bo +21A141:13mHm (x) )

aly &l 5l (S Bo (s ) doe paie Y ol o oS
Ol &b HeelM Hin(X) ol wolgs slass M el o b
23l_o Hin(X) ,5lte o 5 B
sbal al @y plos bl jo Gojleoe el cq
bwgi oJoe oot B5ln e Sl 6 Sl ln et o
e (GCV) * Jlits oo Ll (asLss d(1)) ala]
3,5 e Bi Carenl oS alsi

T (@i (x)?

GCV =
a-EEy)z

QRD)

Sz lxe C(B) ¢ o28lg oo 1,8 slaosls slassn
b oo iali8l Gl aulgy olass 4y a3 b a5 ol

ly Jole yo eadaizle Jao L b5 10

5 (RMSE) Tlasclespo oSl jdor I (miwcono

clio Joo S50 sl 0 ooliiwl (R?) fpd oo

ol 2! ST 5 6rlal (owiige (Sidgly oole s pid
VFoo by . i 9 e 0 5louls o0 3190 JLuw

uuj.’.] oﬁb éb.w R
u")’J o).ib )S)A b oossS Gl.w.ﬁ g pjls ol :H
O AAY (el o)
ol — 590 (5,18 Joo

GPe) oS Sl Gl sy, 5 S
dw 5 50 Cov sliges 51l g0 018 conm 3
N 28k 01) 02=03 45 59k 43,5 1, 50,55
iy 993 loie yiSTas 4 la yis M S| aS
bryee 1 (V) IS Gillae. S5l o B asgly aeS
sloadsb 0 970 (59, 5 99 485 Hlai 13 6,7 alate
oajfw.w)al,ag s 4y glo,uls g 090 lu> 01,03
L}Jl S$9y Ls‘d.]am Slaise J.JT‘SQ Cwd )90 eﬁlo
OS> B> Cys 10 01 48 (gam an A a il o ko
Sole b 280 W0 w0or 4 s Sl slaayjae

o, + 0340, —0
o, = 12 3t 12 300523 ®
_ 01 =03 .
T= > sin 23 ™
T

e ™
B N

Y o).x_‘.} Lgs))xw&.mwwul,u (\)JSM.

IGeneralized cross-validation

2Root Mean Square Error

YYs



O g ol (wiigo (Shdgh (oole 4 i
\anL:.....o,* . u».{b 9 J.Qa e)l.o.& .ﬁ.bé JL»)

YYy
oly!

) des 625 51,8 CuaBge (V) IS5 s ploxil consy 5oy
Glhd oIl jalie saige) w0 oo Sl

2 TR N —

555 i 5 dow Slaia

5 s @S glaiond [0 oolaiul 8,90 plas (53398
3 e 4 S =i 5T o eoliisl 5550 sl el

o (F) USE 5 el 00,5 5l (V) 5 (V) slo o
Ot ) Sl 00 o0l lis s sdyieg i oleil>
Gl olal jsliee

s
o
R G
EPE229-1 EPE229-2

1788.2

- LA -

EPF229-3 EPF229-4 EPF229-5

1778.

- -

EPF229-1 EPF-229-2

ologl o ) 9 By O oo sl Sl g o (V) S5l

Al s e

ooy G vae 4 (R?) Llade g ,a0 4 0l (RMSE) lade

1N ,
RMSE = NZ- (R, —dF, )
i=
N _ 2
Rz — 1 _ Zi=1(dFo dFp) (\\ﬂ)

2N (dF,—dFp)?

dFo ‘G‘;DAL,::;.A oals dFo daosls olass N Laslg, ol jo
Al oo 00l Lo iem oolo dFp g Slaalic ool lawgis
NQR R S PRORV)

solaw! 8590 )l 3810 5 B %0
.)SJ_‘X.A;‘)_?-‘ U’Qj) )‘ ool L| St Yol J_‘>
Seep/W (53455 slaools 15,5 o ;8 oolaiwl 5,50
Sl it 6 ndidsh cu pd i (pwiis Slasuin Jold
S wilbge s Sy (5550 Ll g s iz

OYAN e
e 3 50 ol (6l (o) 2 51 Slopelw
Syl o pls et b o (FOS) laweb! oy
s 900 s g g i S 5l oolatwl b yledol o o
Js> S 7o bS5 @ s 35 00 Jo pslie sla X
g oo iy i (V) ably o 90 55 5
My
S = ug %)
db}ﬁdegﬁgL&aéb)ﬁer
O L) wsl o 5 e

((Log] vw) 3 590 anlllao (8 y20
Sble 3 ol sped 3yb 50 plagl (Girenw oSSl
95 O gz Sl )0 0y2gp Loyl (S0 g
S oSGl (bl L 5ols 15 asly g ol s )8
5 S5 Job FAOFA YT Lldlas clake )l
ol ol Sldes ol Il (o,e YYOYA WY
S 6 VAT Lo jo 08,5 5leTAY Jlo blgl 5l o

Factor Of Safety



height

n ¥ 43 T 1870
IVAR st jlyi - (g gloylagiy
60 1850
50 1850
|
2 40 1840 '3
) s,
3 3
"2"300 1830 %
3 3
200 1620 ,3\
100 1810
0 R 7 1800
a g “> 9 -~ 3% @ X o -
» b3 > > > > 2 X = - 2 » = >
cEefr e EEe PR R R
2333e:5323scskrss
<3 5 < ¢ ¢ o7 s r X 3
= Ol s Y. &,um g YYAF o Solagig 35
i Y80 o o et Y 14 s 55 e YYOLY gl 25
b YYAF pladgylid g 1Y o&hu,)k«@ e 1¥4.5 abaia Jlid

OLbgl e iy 5l 258 wlg 50 (gl (20 (O JSS

<%
120 |-
105
%0
Z I

0 15 30 45 60 75 90 105 120 135 150 185 180 195 210 225 240 255 270 285 300 315 330 345 360 375 3%0

distance

ol Py (WIS (D9 (e A gl

YYA
\f”ul.uww) ‘_;u:) 9 J‘Q’; o)Lm’.b .p&é}‘gé JLw
QL.:,;“I dow bz G!La.o ‘5).1;\.;59.65 () Joue
las Kx(m/sec) Ky/Kx
Alwd Yioxy -t oY
Ay Yy \
i 1)+ F NS
S Yy )
- AR \
ol oSy V)oY \
S = s /'.,,JL‘»T 5o oolaiwl 8550 Jlas sbo el by (V) Jgo
Joe 039 039 b lao
(| P pas P pase ¢
& by gluil c(cu)
(E) Y wet Y sat kPa
KN/m? kN/m?
Mpa KN/m?
o \ ' YA s
= YY/A Y¥/0 - Awgy
o A Yy - yidud
A Yy Yy - S
YO - YO/b - <
O - v¥ - 139
aio!
@ g siludae

slosls  riwiors gz s gildas 5l e
JLas Seep/w lisle 5 yo Jaw goae Jud=s 5l >9,5
B g (2 ) 0D ead Sl ieg i Lawgi s (sl O
79 die ol Jlid la)guils b e (2813
b ooad smiiom @b ol awlie Seep/w l58ls 5
Cowdy oals ColL8 00 4y Cond Joud LB oo LS
IS @illas o (go0e o 5l ol gl 5 o0 .aiael
il caSe e [+ VPV Joleo Y/TAE-« <0 Llads (B)
Al (gl 5 (20 bl oo (e FYF) aw Job axlg 4o
coSoyin [N [0Y a 380,15 Ol Lawgd ool
0l i (5lB ag i 40 d93ge ol Hlid ol o 4y
Sl o odls lad (F) o 50 e WWAA 5l o
Gl ol gl rmsaige)



Height

Yya

O g ol (wiigo (Shdgh (oole 4 i

VFoo by . gl 9 o o los o0 Jlo 4l !

Factor of Safety

| 1/86
- 2/01
= 2118

= 2/31-
W 2/46 -
= 2/61-
m 2/76-

-2z29

-2/01
-2/18
-3

291

i 1/86

[
0 1020 30 4

Height

1T 1 8 4

L1 Ll |
05060708090 110 130 150 170 180 210 230 250 270 290 310 330 350 370 390

Distance

T35 99959 W09y & pliwebl o yub duwlxo 1 (V) IS

A ) 5l 29 99905 Ghsy oo S

ol 5o 0,5 eoliul gyl Groviw o 5 glad g
Ol o o3 gl o Jle o plagled 5 4t b,
Sl d5ge hayis )5 Lamgi ogdice (ouyp G
Snlsd Silge bslad 4 oo )5 5l ol s oS 5
S ye o ST A) S8 Billas 5 O3S oo o ol

4

5»5‘540 ul?w‘ |) w}.'.l ‘jaljbuwod.«.u V)

Factor of Safety

W 1/52-1/67
W 1/67 - 1/82
O 182- 1197
1 1/97-212
B 212-227
W 2127 - 2142
B 242-257
W 22/57

0102030405060708080 110 130 150 170 190 210 230 250 270 200 310 330 350 370 380
Distance

9 45 gy i 38 (20 s 1 H(A) S
sl

height

L

Sloyis Of HLid mwcone
Iy s (2 )0 o cead (Y-YY9) g5 (F) S
Voo ooy ddne JLad fegin cnl wedee plis
Joleo Llade o A e olas (F) IS yo l, J&ubsks
S8 )3 goae o 5l Jol> jLad ,gils a5 ol (5 )Lad

Pore-Water Pressure

0 <-800- -600 kPa
0600 - 400 kP2
0 -400 - -200 kP2
0-200-0kPa
00-200kPa

150 0 200 - 400 kP2

140 E 0400 - 600kPa

120 0 600 - 800 kPa
0 800 - 1,000 kPa

120 0 1,000 - 1,200 kPa

10 B21200kPa

100

2 .200\

80

0

60

3)

[ 1200 | Sttt b ) 1 DN | T AN NN

0102030405060708090 110 130 150 170 190 210 230 250 270 290 310 330 350 370 3%

distance
g odd (giludae dw goue s aes oo ol (F)
odls dwslie 0uls (giludae v riwione Cys 28l

obbgl o (o g 4y die ol jLad Hguls () JSi

S (ilg e 55lly (2L
99959 O3y (o gl (bl (o po dule Lz
Ol T oo oslanl (e ) ol b o e 5 29,5
So o 1y iy LS as 0l o ools 138le 53 4y Il
) 65380 mls g awo )18 Jdo g 435 0,90 4>l
eor 0 gl ok slaw sl (pl sl Jol>
Orized w83 (oo aled | abgr e (lebl o p5 g 00900
gl Slye aly b o po Jlade (o 5 b 53 e
a5l @l NS 5o wleige e Sl (353

Sl 00 03ls ULM..: C3)> 999,9 LJ‘"S)



2

St s gl ey

-3
8 x10 " »
i —RMSE
> 6r --GCV
O b
) --- Jaa b g a2l i 4 1l 6
B4
=
o
2,
0 1
0 1 2 3 4 5 6 T 8 9
Ghaly slows
x10%
—RMSE
8 - =GOV
= =i ngh o il oy a3
> 6
O
O
7 4
>
o
2
0
0 1
Ll wlgy olass
ool osle Joe lawgy asbailes slaws s () ) S5
Ol o o

ol Joo bwgi sabaisle Juo (2b5)
el ] iy liel 5 g2 Joe ol 5l g
STy iy 4 (V) 5 (V) s jo 5 o
oads &Sl 3 polae 4y Cond  Slawls slrosls sl
eio g mly Jolpe Jsb o gl a8l
& polie ol ouls ool las cuas oo bl
prolie & 185 ot e Joo baosss 00 (it i

ol 2! ST 5 6rlal (owiige (Sidgly oole s pid
VFoo by . i 9 e 0 5louls o0 3190 JLuw

Yy.

Joe buwgi Slgpd goluly 9 @l gludue
ol
Gy 0310 (60 YT 5l o col jolaie a
ools G Yoo g Seep/W e sla Ll 5l W
5 0als oolawl Slope/W sose Judow 5l ool oy
on Syye osls cnl fuz e 5l L3 a8 cenl 0¥
50 oyl calio 005 Como 3l g 48,5 13 o
sosls 05 Jol> skl jSde  gludose
o3l 5o Wb GEle s goae Jdo cge bl
Wgs Sl adlg ouls 2il,3 lade 4y s cowlio
5 2le> b ools 5l 65 aws cauds 5l wilgiy Jow a5
A wll 6,538

oosbo Juko Lausgi asly ulgs olued ol

el polie Slyds (K8 (V1) 9 (V) S5 50
» (GCV) hlite riw lizel 3 RMSE) UasClsy o
@l by ciia (oo Sols abe IS5 Jsb
18 Oeied el 00l ols yLzs Slope/w 4 Seep/w
e e Lags sl @l Sl (s 0950 Lo IS5 0
olawy Jaw b S pl illae sl 0als ools oyl
Olojpd &5 WS (oo uead SlSa | e by
ol 5l g ausl awsls 1y Jlade oy 530S «GCV) 4 (RMSE)
Wz ol 50 (ki 9 395 o0 S5 Joko dny & al> 1o
2 95 Ll addllae cnl 55 e lW e 0y
w2 oo 5 4 gV abalsd olows



O g 6ol (it (Sidgd (oole 4 i
VFoo by . gl 9 o o los o0 Jlo 4l !

Y™

0 0.1 0.2 03 04 05 0.6 07

Shwelie oo

Clis (20 wlwlp Joo (xiuwlg o o jo (2Blg ouds Coly8 wolio b (w)lo Juwo (Swaon :(1)) JSCo

1 L 1
0 0.1 02 03 04 05 0.6 0.7

Shalie oo

ol 0 pbuoly Joko i Al o 35 o2y i <15 polio b yle Joo gl (Sotwmnnd (1Y) S5

Ja.ws.: o k.':"'“" u,u...) )JOLQ.A C/u.u‘ AW oéb Ql-MAJ 6)“‘\"L’ &ML».A A;"\"S‘)" w).ftb (\\c) 9 (\Y‘) L;LQJSM )\)
DBl oo ds Gliebsl oo 4 S50 s wle Jow o] ool sdslie polie 4 Cad Slewlxe sleesls

cuyo pwlolp miwiome g iy Sl Jsb o

08 ..//
06 ;/

0.2 /

0 0.2 04 086 0.8 1

Obwobl Cu o wluly Jow mwly o o jo (Flaalin wolio b wyle Jowo guls (Kowaor :(1V) S



Olnl & 9 &)kl (owiige (gl (oole 4yl
VFoo by . i 9 e 0 5louls o0 3190 JLuw

0.8

0.6

0.4

ol (g Gy Olueblin ;o
\A

0.2

0 0.2 0.4 0.6 0.8 1

Obableg o (wlhulp Joo (Zrww oo dlo o o (Flaalin polio b ke Jowo gols Soiwaon :(1VF) JSCo

el o0ls (Ltd 395 Sl et 90 (Gt 0 L @b S las Sl e n Sl polie Gizren 5 ) 4 So03

i g

RMSE=0.01

0 20 40 60 80 100 120 140 160
ool olaws

Yy



rry O g ol (wiigo (Shdgh (oole 4 i (a

VFoo by . gl 9 o o los o0 Jlo 4l !

NS EIS i

1
= =aa il
— ok dwilae
0.8
2. 06
.b o
] o4
2—
0al R=098
RMSE=0.01
5 . . |
0 10 20 30 40 50 60

osls slaws

Sl 20 polely Joaw rwcons Ao e jo oyl Joe oL b5, IS
5 ol ol lp oS A e 4 Seop Gl ool e OA) 5 OY) sladsis bl
Oleeblon yo gt o) @Y LB (eies Ol o b s o (g )ll plebles yo (o iy

el o0l L slas Ol o 1, Sibo polie Guzmen g SO 4 S0
f ' '] — dulz
It e
08" , * 1
G
W M b
%M- 'H':.g J vq'd
Y g R=0.96
RMlSE=0.01
" 0 | w1 200 250

ool olaws



(A ol 2! ST 5 6rlal (owiige (Sidgly oole s pid
VFoo by . i 9 e 0 5louls o0 3190 JLuw

St s gl ey

- - alia

D Glsebl o yo

0.2

R?=0.98

RMSE=0.01 2 % o m e n w

Laosls sloss

P a6 yaS Glas g YU el oo ol (69959 Soop glarcu o aazg b oyle Jow aS cowl dgpuie
Dl oo Gy Glpebliy 2o g Culid (20 (S 5 2 S8 BB D) 4 oo Gyl g sho @

2o o lid Oloebles po ¢ s & S
( Ko - NWL - Ko - Ks)
(Dc - yW)f -Ds - y(w)s)

99 LJ"‘ sl 00U ey 6)LAJM ) )L.\f).:‘ 6[.Q).~A‘)l.’
oS S 1 2l )b saaite slacuS 5 Lol oS 5

s oo s el b sl (F) Jsos A leebly o @l latall 236 (1) Jgue
L TR el BRIV
KC VY as Ay
NWL YA/ cs YIA
KE Yy y(sat)s 0
KS £ y(w)s A
Kfill V¥ e ¥
Kd \ Ce YI0
Keut \Y y(w)e 7
Kb Vi ot YIY
cf YIY
y(w)f 0

Yy



&l 9 il (wiige (Lpghy olde 4 2l

YyYo
VFooylno) . i 9 oz 0ylouds o0 JLu ol ]
oyl d bgrye at cdle jo jle Jas 4lalss (F) Jgo
ooy olielsl s by e s o osle Jow al milos Q) Jgoo
&l PARIPYA i:f balas
Hi(X)  BF1=C(@s+1,0.265,0.529,0.765) Hi(X)  BF1= C(KS[+1,0.268,0.478,0.739)
HaX)  BF2 = C(@s|-1,0.265,0.529,0.765) Ha(X)  BF2 = O(kS|1,0.268.0.476,0.730)
Hy(X)  BF3=C(yw(s)}+1,0.286,0.536,0.732) Hs(X)  BF3 = BFL*C(NWL|+1,0.37,0.739,0.87)
Ha(X)  BF4 = C(yw(s)|-1,0.286,0.536,0.732) Hi(X)  BF4 = BF1*C(NWLJ-1,0.37,0.739,0.87)
Hs(X)  BF5 = C(yw(f)}+1,0.284,0.568,0.784)
He(X)  BF6 = C(yw(f)-1,0.284,0.568,0.784) Hs(X)  BF5 = C(kc+1,0.0178,0.0356,0.518)
HA(X)  BF7 = BF6*C(@cl+1,0.238,0.476,0.738) X BFo - CKROHL.0.006,0.018 0,508
He(X)  BF8=BF6 * C(dc|-1,0.238,0.476,0.738) Y= 0/5+ 0/BL7*BF1L -1.07*BE2 45 G*BF3 -
= 0/544+0/583*BF1 -1.23*BF2 -0.0848*BF3 © SBEA 0 BEEAEEG A0 127 Ere
+0.222*BF4 -0.173*BF5 +0.201*BF6 ' ' '
+0.257*BF7 -0.317*BF8
' Jow ol 3JGT
Joe &85 5 e ol sl IS soangex (V) Jsox 2 Joe 605 byl sy ol U
Oliebl copo g Sl (20 Gk Cax b C SIOpe/w 5 Seepiw soue Julss s Lol
a3 oo (LS 65luk S
Slope/w 5 Seep/w ,158ls 5 90 ;o w)le Jow (b, @ls (V) Jgoo
A o s P
R2  RMSE R® RMSE
Seep/w - /AAOY SAFA e R90Y S[AYY
Slope/w  .jasvy <[N8 - [AAVY AT
ooly plas (b3 plieblon po 9 cid (20 St S oS Az
AW QSWL}“'"’ )JQLDA )O ).».4‘)[.1 B ).».:L: ! 6L®«-\.~u goos . u?)l.e‘? IS ).»pl> .
TS el Grized 5 Wb (il O Glaeblon o 5wt ldlas paSSLy S
5 SR Omedeers 5 bl 58l 30 el et asl atbpdy bl dus
@ Sl sl Llo ] a8 (sllasSle yo 0 Kils bug 99390 Joo Como g (s3ldoe Geo-Studio
Slably iz 0l (Byme (Jlyped 5)luly 5 ot SRR 1 V. S UNVRTVR PO 1\ |9 QR SV (X
Grd 5 S (@0 (Pt AT 00 (e oo o g Slope/w ¢ Seep/w sla 58la 5
gyl alayl ) sleolaiwl b ays 3 &l o 8 ool SaS b Al Dy oyl g o
Orizmed g Sl 4 5l e g egh (nl 5l ead Jos GEO-StUdio gove s 5l ol gl
S oles Spo b MARS Jos suzme il Joe byl bt 4 axg bg i wjlo SBgl5T )5
it i et hants il ety S ol ey g oS polie 4y azgi b m)lo
9&[}@&@0 6meJb\)4L» (5‘f d.JLD.o )O 0J )O u;'YlJMJ)-L’ u,q)Lo JMJW")"S/QSA

sl osls slagy o5l Lo LMARS (g, vl 53

1 Sensivity Analysis



/3

Ol 2! ST 5 kel (owaigw (Sidgly oole s pi

VFoo by i g e 0 )lols o0 3190 JLw
s gl e

Slolpiiy ST slgiesn lp 518 Lo

23,5 oo

Sl ol

OBt s Lm0 1) e 5L 090 Sledll 4 (gl s jgliis (i ofzga Gl )] il (sl dilate O lojls

285 oo (6,15l aily iagh ol (miize L) (6o JleS g wisls 1,3

alis 5 oDle
Ty Fabb
<l by 515 s NWL
gy (5 iy dais KsHeLL
JEITERPSRW K
EXISTPIRI Keain
L (6 2y 3985 Keore
YV SPSREIVE Kfoundation
ol 03y (§ pudeds Keut
S (6 iy S KBlanket
wing 3l SlSlaslasl Dishell
wwn 5 Slaslaysl; Deore
Ogemliigh S5l SSlaslayl; Droundation
dn Sy Ceare
Wy (S Cshell
Ogwliigd Sains Ctoundation
wwgy LSl ogase ()59 Y(satyshell
Wwgy 00 gLl pogate 3 Yw(shell)
it 00 £Ldl (ogate 05 Yw(core)
LS ot el pgara 09 Yiu(iten

&lw

Olyes ple 5 GEOSUMO ;I oolizul b S (slaos (Sealiys 5 (Seibiwl Julo (VYA | sl | eces S .

S S glass Sy 65l 5 2ot Bl lieen LESRS Elil 13U gy (VFA0) s ol

(Sl 9 Solere plyes )0 (g Slaiegh (Medl o WSS (rogas (Canlys 03]

85 oy & S (S sloas 5l (loebl o po 2Ll 2 (oot Sgmge T otinyS 3 e T o35S -

YYs



Yy

Ol 5 6yl (owiign (Siad gy (oole 4 i
VFooylno) . i 9 oz 0ylouds o0 JLu ol ]

O goae g, sleolatul b S o aiay jo catd gl 4l (VYAQ) L& ()0l o o Slo,S Caani g3 L (jgYs .

00 o A oojled X 0,90 (ol Gy oS g o hagh cele a4 ,dS (())09,0 dw) b oLl asi
Yo

@ i goae Jdow g 3805l leslainl b yligl S o 28] g 5B slo olouls cwy oo gl o owleS .
YEO-YOF o ) o,leds ) 0,90 oyl Sl g (5 Le]

Abraham, A., Philip, N. S., & Saratchandran, P. (2004). Modeling chaotic behavior of stock
indices using intelligent paradigms. arXiv preprint cs/0405018.

. Friedman, J. (1991). Multivariate adaptive regression splines. The annals of statistics, 19(1), 1-
67.

Fakhari, A., & Ghanbari, A. (2013). A simple method for calculating the seepage from earth

dams with clay core. Geoengineering, 8(1), 27-32.

Jamel, A. A. J. (2016). Analysis and Estimation of Seepage through Homogenous Earth Dam
without Filter. Journal of Engineering Sciences, 9(2), 38-49.

. Kamanbedast, A., & Delvari, A. (2012). Analysis of earth dam: Seepage and stability using Ansys
and Geo-studio software. Sciences Journal, 17(9), 1087.

. Kumar, V., Samui, P., Himanshu, N., & Burman, A. (2019). Reliability-Based Slope Stability
Analysis of Durgawati Earthen Dam Considering Steady and Transient State Seepage Conditions Using

MARS and RVM. Indian Geotechnical Journal, 49(6), 650-666.

Miao, F., Wu, Y., Li, L., Tang, H., & Li, Y. (2018). Centrifuge model test on the retrogressive

landslide subjected to reservoir water level fluctuation. Engineering Geology, 245, 169-179.

13. Robbins, B. A, van Beek, V. M., Lopez-Soto, J. F., Montalvo-Bartolomei, A. M., & Murphy, J.
(2018). A novel laboratory test for backward erosion piping. International Journal of Physical
Modelling in Geotechnics, 18(5), 266-279.

.Sherard, J. L. ,,Woodward, RJ, Gizienski, SF, and Clevenger, WA, 1963, Earth and earth-rock
dams.

. Schmertmann, G.R., V.E. Chourey - Curtis. Johansson, R.D., and Bonaparte,R. ,(1987)." Design
charts for Geogrid-r-." J. Eng. Tech 23.12 (2004): 750-766.

. Yang, C. C,, Prasher, S. O., Lacroix, R., & Kim, S. H. (2003). A multivariate adaptive regression
splines model for simulation of pesticide transport in soils. Biosystems Engineering, 86(1), 9-15.



Ol 2! ST 5 kel (owaigw (Sidgly oole s pi
VFoo by i g e 0 )lols o0 3190 JLw

el g e

Seepage Forecasting in Earth Dam Using Multivariate Adaptive
Regression Spline Method (MARS), Case Study: Eyvashan Dam

Mahvash Korzebor!, Mehdi Komasi?, Ahmadreza Mazaheri?

Abstract

The accurate design of the geometry and the sealing layers of the earth dam to obtain the optimum
structure are important from a practical and economic point of view. Due to the complexity of the
analytical methods, the numerical method is the best practical solution for measuring the mechanical
behavior of the dam including seepage and slope stability. In this study, reliability analysis of seepage
and slope stability of Eyvashan dam has been performed using Multivariate Adaptive Regression
Splines (MARS). The Eyvashan earth dam was modeled in Seep/w and Slope/w Software's and the
model was validated by observational data of instruments. Then, forecasting of seepage and slope
stability was investigated by MARS method. For this purpose, 214 data series from Seep/w numerical
analysis and 300 data series from Slope/w numerical analysis were used to establish the MARS model.
The model was evaluated and validated by these data. The MARS model showed high performance in
modeling process with determination coefficients of 0.98 and 0.97 and the root mean square error of
0.0132 and 0.0160 for seepage discharge and safety of factor of slope stability, respectively. Also, in
this study, the effective parameters in seepage and slope stability such as permeability of materials,
internal friction angle of soil, specific weight of materials and upstream water level were sensitized to
determine the best combination of modeling input's structure. The parameters of the upstream water
level 29.5% and the permeability of the core 12.5% had the greatest effect on the seepage and internal
friction angle of shell with 69.7% had the greatest effect on the factor of safety. Also, suitable
combinations of input parameters were presented and a comprehensive relationship was obtained to
accurately estimate the seepage discharge and factor of safety in different modes of layer arrangement
and their characteristics.

Keywords: Seepage, Factor of Safety, MARS model, Eyvashan dam, Slope/w Software.
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1. Introduction

Seepage with stability analysis of dams is assessed through Plaxis 3D and then compared with the
obtained results achieved by the numerical solution of Laplace equation. In their analysis through Plaxis
3D software, it is revealed that the accuracy of Plaxis 3D software is more than that of the numerical
solution method of Laplace equation (Kumar, 2019). In a comparative study, Kamanbedast (2012)
found that Ansys showed a seepage rate 18% lower than Geostudio. Damluji (2004) compared seepage
in steady state with the FEM and BEM methods. Inefficiency in cases of nonlinear equations and non-
uniform form is one of the disadvantages of the BEM. The accurate design of the geometry and the
sealing layers of the earth dam to obtain the optimum structure are important from a practical and
economic point of view. Due to the complexity of the analytical methods, the numerical method is the
best practical solution for measuring the mechanical behavior of the dam including seepage and slope
stability.

2. Materials and Methods

The presented model in this study has two steps. In the first part, the Eyvashan dam was modeled in
seep/w and slope/w software and the different combinations of structure were used to produce data for
MARS modeling. In this way to validate the model in seep/w software seepage, the discharge from
numerical analysis of seep/w software was compared with the observational seepage discharge from
the instrument mounted in the dam. Also, the pore water pressure of the piezometers mounted in the
dam was compared with the pore water pressure shown in the software. In addition, both Grid & Radius
and Entry & Exit methods were used to validate the model analyzed by slope/w software. In the second
step, the results given by the numerical analysis of seep/w and slope/w were introduced to the MARS
model. In this way, the Eyvashan earth dam was modeled in Seep/w and Slope/w Software's and the
model was validated by observational data of instruments. Then, forecasting of seepage and slope
stability was investigated by MARS method. For this purpose, 214 data series from Seep/w numerical
analysis and 300 data series from Slope/w numerical analysis were used to establish the MARS model.

3. Results

In order to construct the model, 214 data series obtained from numerical analysis of seep/w, and 300
series of data obtained from numerical analysis of slope/w were used. Firstly, these data need to be
carefully examined and assured of their proper use in the above modeling. The MARS model showed
high performance in modeling process with determination coefficients of 0.98 and 0.97 and the root
mean square error of 0.0132 and 0.0160 for seepage discharge and safety of factor of slope stability,
respectively. Figs. 1 and 2 show the scatter plot of the actual normalized factor of safety versus
predicted normalized factor of safety for training and testing data set

0.7

Computed seepage
Computed seepage

01;

0 01 02 03 04 08 08 07 08 09 1 0 0.

1 02 0.3 04 05 07
Observed seepage Observed seepage
Fig. 1. Computed and observed seepage Fig. 2. Computed and observed seepage
For calibration step. For validation step.
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Also, in this study, the effective parameters in seepage and slope stability such as permeability of
materials, internal friction angle of soil, specific weight of materials and upstream water level were
sensitized to determine the best combination of modeling input's structure. The parameters of the
upstream water level 29.5% and the permeability of the core 12.5% had the greatest effect on the
seepage and internal friction angle of shell with 69.7% had the greatest effect on the factor of safety.
Also, suitable combinations of input parameters were presented and a comprehensive relationship was
obtained to accurately estimate the seepage discharge and factor of safety in different modes of layer
arrangement and their characteristics.

4. Discussion and Conclusion

The MARS model has shown a high capacity in predicting seepage discharge and safety factor for
slope stability in earth dam. The effect of each parameter on the predicted values was sensitized and
also the most suitable combination of parameters was determined via determination of coefficient and
RMSE criterions. In this way, validated relationships were presented to predict for seepage discharge
and slope stability. Using theses relationship, less time is needed to predict seepage discharge and slope
stability. It is also suggested to perform the approach presented in the paper for other dynamical
analyzes of the earth dam and also to compare the MARS model with other data mining or meta-
heuristic algorithms for future research.
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