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Introduction

Clay-core earth dams are indispensable hydraulic structures for water supply, irrigation, and flood control, yet
more than 35% of their historical failures stem from excessive seepage and internal erosion. The hydraulic behavior
of alluvial foundation layers, characterized by high permeability and variable thickness, exacerbates these risks by
promoting uncontrolled seepage, pore-water pressure buildup, and slope instability. At Nahand Dam (East
Aczerbaijan Province, Iran), situated on a narrow U-shaped valley with a 16 m thick alluvial layer over Eocene
marls, the existing horizontal chimney drain (15 m length, 1.5 m thickness) inadequately mitigates these issues
under a 35 m upstream head and 5 m downstream head. Despite advances in numerical modeling, the synergistic
effects of drain geometry on seepage control, hydraulic gradients, and stability particularly in heterogeneous 3D
geometries remain underexplored. This study addresses this gap by numerically evaluating a targeted 10%
dimensional increase in the chimney drain (length to 16.5 m, thickness to 1.65 m) using the finite element method,
with the aim of optimizing drainage efficiency, reducing seepage-related hazards, and enhancing overall dam
safety for similar structures.

Materials and Methods

The numerical analysis was conducted using GeoStudio 2024 (SEEP/W and SLOPE/W modules) based on
site-specific geotechnical and hydrogeological data from Nahand Dam. The 2D and 3D models incorporated
realistic geometry (35.5 m dam height, 730 m crest length, central vertical clay core), material properties (saturated
hydraulic conductivities ranging from 1x10~° m/s for the clay core to 5x102 m/s for filters and drains, along with
mechanical parameters calibrated via 124 triaxial tests and inverse analysis), and boundary conditions (fixed
upstream head of 35 m at normal reservoir level 1607 m asl; downstream head of 5 m). A mesh of 12,800 quadratic
triangular elements (2D) and 48,600 tetrahedral elements (3D) was employed, with adaptive refinement ensuring
convergence (grid sensitivity: <0.3% change in seepage and pressure). Five scenarios were simulated: baseline
(S0: 15 m x 1.5 m) and incremental 10-50% increases in drain dimensions, under steady-state, transient (e.g., 45-
day rapid filling, 7-day sudden drawdown), and coupled hydro-mechanical conditions. Validation against 18 years
of instrumentation data (22 piezometers, 6 observation wells; R? = 0.982, RMSE = 0.68 m) confirmed model
fidelity (98.2% agreement). Uncertainty was quantified via global Sobol sensitivity analysis (10,000 samples) and
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Monte Carlo simulation (10,000 runs) on key parameters (core permeability, drain dimensions).

Results and Discussion

The 10% increase in chimney drain dimensions yielded substantial hydraulic and stability enhancements.
Controlled seepage discharge rose 22.3% (0.008 to 0.0098 m?3/s per unit width), facilitating efficient pore-water
pressure dissipation, with average core pressures declining 31.7% (2.180 to 1.123 kPa) and total hydraulic head
loss reduced by 9.3%. Exit gradients remained below the safe threshold of 0.8 in 94.2% of cases, minimizing
internal erosion risk. Downstream slope factor of safety improved 25.5% (1.45 to 1.82) under steady-state
conditions, with greater gains (up to 31.5%) in transient scenarios (e.g., rapid filling post-earthquake, PGA = 0.45
g). Three-dimensional arching effects reduced overall discharge by 18.4% compared to 2D models, redistributing
flow toward abutments in the narrow valley. Permeability dominated over thickness (745.92% vs. 16.85% seepage
impact), as confirmed by Sobol indices (S; core k = 0.88-0.91). Monte Carlo results indicated failure probability
<0.3%, underscoring the cost-effective nature of this optimization. These outcomes align with and extend prior
studies (e.g., Salmasi & Abraham, 2022; Djehiche et al., 2023), providing a validated framework for drain design
in alluvial foundations.

Conclusion

This study demonstrates that a modest 10% enlargement of the horizontal chimney drain at Nahand Dam
markedly improves seepage management, reduces pore pressures and hydraulic gradients, and bolsters slope
stability across steady and transient regimes. The resulting enhancements 22.3% higher controlled discharge,
31.7% lower core pressures, and 25.5% greater factor of safety mitigate internal erosion and uplift risks while
accounting for 3D effects. Monte Carlo analysis affirms high reliability (<0.3% failure probability), offering a
practical, generalizable (94.5% applicability) blueprint for optimizing drainage in similar clay-core earth dams.
These findings advocate for precise, data-driven drain modifications to ensure long-term structural integrity amid
evolving hydrological demands.
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Figure 1- View of the spillway and body of the dam

SEEP2D s 5 alfile)l Jio b oFen SB lanw
(2 Hlgi oo AR5 Jobo g gl s & 03,5 ()15 9 M oy
s ings (Refaiy etal., 2021) sad yus 0o > VA BTy Ldgl 5
bug (SB glads Goly gilodde aiej > g3axie (gd3s
hlSer 5 59380 5 JhlSar o SBI Blud b (o San 5 (55250
Soen )13y p e ol (uyp 4 S o5 0 el
Azizietal., 2021; Farshbaf Aghajani) xzslsy SB slasw
gdme slial b, L (et al., 2022; Mahdavi et al., 2023
g liSeny jlis p oiSelad old g (I b iSa; Sl
oS 0 cdlyd g Ab gilwand (Seal SB gladw o gl
Fo b1y loyis O HLid Wl oo dul o)lgd b a8l iSa; oS
S ol gl .(Salmasi & Abraham, 2022) s yials as )y
el 48 0 03> (LS g A (g2 Sk (sloyd )3 (oBgl b
U.S.) S 550y i duoyd Yo By (gl )5 (05 sl (S (gdmgd
2 Edges S Cusge (Army Corps of Engineers, 2022
VOUNY als g b Jobo (Sen (SB sbadw (55l 5 (b9l
Djehiche et ) 13,5 )55 digg CusBgo b gl (03 (gduo)d
(655 o) phildgds diud Cundge 13l eoae (gjlw e (al., 2023
(Sayier ObS g (Cawdiml & blote 5 cuwnsVl 4 filote
Slegdge jl (o ( SB slasw > cudi JyuS g )lid 5 g9y
oo @l gy sled & bojle cpl Lk (o > e
obalS ghop ¥ il b (658 e dd & dad o Gl
3,80es cyio pd 4l i VIO & culd (0,8 290 g (Sgydun
(Asadi et al., 2023) >)by Jilois glodind & Caus (g Fdig
Obele dw ¢ S35 duw dles 5 I3 Gl gladw (6350 Cldlllas
(SR s At (b &5 Cunl 03y (L5 35 Y )8
Ol Sy (il 5 oilul GRIBI > 6% B Wlgie
OSad SB gladw o bl glawlie Juloo asl ansly 3D
S iSa) Ll 5 ab plxil (gaae 5 (23L) ( Supd slaae L
OiSay 4 b aul g 03,8 L)l hels ials 4> chimney
Al-Janabi et ) uS" S She jobay ) culs b Wl o (dowd

Julos > g BB slacd piy sniad ylis Glidsd diude

Jxdseie lae p> O ol dblee cwl (SB slaaw (el
gl laJlod iS4l a5 s &l Coggs bwsi Cognl g (Ken
235 5 Jrilied slaizio g (ol s upden SIS
b3 g ghe (gloyis I JLid psede (Casagrande, 1937)
Sl ooy Sy 5 5yl b)) e & 25 (Byme Gl
oby s Sle (Terzaghi, 1943) cé 5 )15 SB sladw
23,5 Sl (SB st 3 (ol 5 Jlod sl 538 (s
oo 30] gl yiSa; ias.(Harr, 1962; Cedergren, 1967)
P oy Gl L8 (ialS 5 gl J)uS 5 (esSae slaylid
.(Sherard et al., 1963) 15,5 dius p (o) dds  SB slasw
slalae ) (B9l )5 by SYolas Jo sl 29000 (il 29,
odzey Jlus oo 0 oMal & wb a S e Jodsae
&k e .(Zienkiewicz et al., 1966) >3 sbyl gy
sl gy 3l ookl b S5U )y atwds b ( SB sladw (g30e
S arle (Desal, 1976) 3)b 1) by 5 )L mjs 3:8
SB b Gln a5 25 W) (Solegyne SidsS
s oty Hldy p Gi= by S8, 13l oAb 03l dewgs
;) edlawl L (Biot, 1941; Alonso et al., 2010) 13,5 o)y
Mgl gdngd S iSe) skl (SeSj pi Sl
L b iSa; sl (sjlwanss (Shahrokhabadi et al., 2019)
2 S okin slagial)ly (5B g 8l aall ilise (sl S
Sharifzadeh et al., ) L35 )y baw SJo)ie >Slas
Gy Jcise > .(2020; Mokhtari & Behnia, 2021
M ool s g Mb ooy 484 (S slaiw o Coxladpae b))
Ohgl5 2 IS el cpptelas ) diad (gplideis oS
Dholy g Candimb iSa; awsis 5L (Ahmad, 2021) wsb, .



VOV i S o 65laly 9 0,5 dae pr 81 (3505 i dlasl ial381 13T goue oy p ooy Som 3 Glgle 9100l

Felf SunlS gl 5 (300 BOIYY ialS Cogo i iy o VO
LS (so)> DFIAY ials g (295 (Sdgyien bal)S a0y
e il (Asadi et al., 2026a) 3,5 o loyas
Ol lad g cats S8 0 w57 9 Mool s (S5 0,Sles
doue pd golail g 35 Sl S lgieds ( SB sladw (sdaie
s Sl gl sl 045 g ykae Wojls oyl (Slgyen ,Skes
5 20 WV Gee b ancl s ol a5 5 ol o5 a3 0
Conad il (G0 )d AD idlS paud cyio ) Coolbud b oy (90
olyon 4 5o |y ladizjo (gauo)d Vo IS g,y Jite (2l 4
slal il b esne gjluJse (Asadi et al., 2026b) sl
oy e Ol L (Gigly 0 p @By (B slaiSe
Sly Grtegin sodls jl s pSo e b ( SB ladw ) (Sg)a
b isa) 3Sdas abj)l 3 38> sb3)Sgy Sl oriw)lsl
S0 g0 L5 Sged gl b (gg) )y gl 95 o0 gune
Gl d WY Jials Coge da iSa; slal (sas)d Vo il3al oS
2> N i3l g (JISwbghS VA0 4 YY) (sdaie O jLid
b )Sod ibgi o (Asadi et al., 2026) 53,5 o (s Il (s ls
S as e ol GeoStudio HEley  p gdde oo
Py obele (SB s cuwnYl cud gyll Wl o (265 FeSE
ORIl )loigne pobots A3l g oyoe Sl @ (gl bl
Olizebl copd ¢y 15 @y <8l b )3 0y B9y cul -wd
Sl S5 Bl S plgisa g 038 )l HINLE Cunsy I,
S99 L (Asadi et al., 2026) w8 yxe 39350 (slodu (g5lugy
Sl plejan b o gl (sladlas 56 daciyiy o
ey i yliel (pod ax > sl Lol b a9 90 (g5l e
2 Jol (Slagyien SishS il (Bl yiagj YV L alls VA
el dal Vevve b o 5cise (glodnd d,i8 5 Bl Laylys
el (gl s diw dlaly &1yl g Slal (o pds Sl g 018l 50
Oy kol (55l grcnlil sl oads Wl)) bl Sl Aty
Sl S 0 &8 Wbl o 0dddl 3jlae lojed oSy b
Shoyd Bl Agh D98 ces 0hd lojen pbody iy Clilas
okin Slal Gl 56 00 oyp b ele B ) 25
W SB w5l g (Sgen 3Sles  (dend (Bl iS5

sl 0el

L gy 9 3190
g e ralilipan ) 9 (L8] yha Cald g

"NOYA g (Bys 'VATYA SLdlis cuBge )3 Mg (S
digd 61539) (59) 2 9 25 (B pbJlod (5 RoghS ¥ )3 @Bl Jlod
oLy 3Slke b moye yieglS YIS ‘_‘j );)j aoe Cuwl 0l didluw

PP 9 (Fohan hea b oly oS duie Jbs (al., 2024
Ui g AD 03> dswgy Gangapur (S uw > Geo-Studio,l;él
A p 1,35 bl s o loyas lid alS > chimney iSa;
Jedljgu0n.(Sankarpana Vivekananda et al., 2025) 45,5
apts g AT VY g den Sl g pixe la
hb cuenl p 55 Kl 5] lesige olaw YA+ )-Y-11Y -
slolas 5 azily ST S glorw > iSa) glbpiums 4y
ICOLD Bulletin) (164, slosges 1)l 1, Sy i)l 5 >,k
9 Cuid by Jdow 2018; USACE EM 1110-2-1901, 2021
A Slegdse (S slors 5 6 Sdapke obdlS
P9 o Cguite ojl cpl (Sgyan 38es g (el (2b5)]
odlasiuwl &S Cawl 00l L5 bsle o (595 1 (5350 dalllae S ks
Sl iz 5550 st Wlgioe ) S5 9 SRS el e Sl
Koohdaragh et al., ) sisy deu0 |y dw (g5l0k 5 00,8 J,u8' |,
oLl g et o g dnol e bl 8w,y (2024
ool ol iy (b 53 i Blowo 31 (S slass (g pien
oiliel &Sl ooy s ease Sllllas guls g o gwxe
Ol Cage iy (pasiie Sl U o)l s 5 Gos
I3 45 i 3,5 o (Sl yien 3,Slas S 9 s Sz
Asadi et al., ) 5)i Loely Lials gl p3b slal iy
(2 e cudy o gyl sl eose (ilese (2025
Aoz Jl o SB ladw 3 LIS 1) 558 9 Sake balS
Wojlo (nl (Sdgpin 3 Sas 5 ol Dbyl 3 S Slegsge
F ol 515 ORIl &S am o Lt )2 ol 9 o0 ogmino
(el (20 o YFIY Ll Coge i iy oo ¥V & YF/Y
YAV Gl g (293 (S gbalS e YO il
ilw e (Asadi et al., 2025) 35,5 oo ;Lid ;5 9y o)
BB g 8l ol iSa; olal ioli8l 15U camdw—gam 90 (g20e
b )Mk 5 (Sgpaem (Lol «site OF b (gl S 5
Ml sloosls 5l g pSope b ow) dtud b il (S ladw
38des (bl ) wbpin s3Sag) Sl aelisl lp B8
Ol ol ds (g9 22 o @l 950 e o iSa;
o 00 4 0+ 3l Jsb) la iSa; el (gduopd Ve i3l a8 amd o
(o9l (23 Gl YY Liuli8l Coge 5o VIV 4 Y 5l Culsus o
oLl o MOY LialS ( sldie ol HLid oy /T olals
Sl Ll cups a3 YN gme 9 (298 (o)
@3 sibe e (Asadi et al., 2026) 53)5 o Cuwd b
O3S (il Gl 2 (CSIM) ) by s 5 oo b
$122)S0g) 51 (o (S (slads o loyis O HLid 5 (S0
b s 2 @l 295000 slod 4 bojlo cul ()b (silodinge ) S50
Cwls g pe AT Jobo b (idgy sl (giludine & a3 e ()L



VEed bl ¥ o)lois Fe ol (S g T 4,25 VOA

upd & e a5 A5 bl (slodnbive ola £ g yiogi VY) Cdesids
2o YIY 5l S Gloyis Ol jlid clbas ¢ +/ANY S R? s
9 SHegpin ladidod (ly oad miwly polie cpl 43S
Y JSKE p0 ol lasuie 5 48,5 1,8 edlatul 50 b (glul

ol 215 ]|

il 33l g e LS 5 Gy pdeies 9 Syl 3!
ol 7 (yie +/VE) flogin VW Jolib digg o (i)l it
O e639)9 S 3teg)hn 10> OF) iSa) (23 52y cslosalia
(rocshee V) Cons glacSjlo ¢ lidlgn o5 pio 5l V1) (35
Sl Jae L (WWAF=IYYE) allo VA (slaoaly .cunl ladsy o il 5
W |y s prasd bl 5 (1o S s R220.982) 55 e
ol 04 11T Jodn 53 W yiog jy Caudae dbd oo ]38l duo )

Lasula J:Llé:t K] ‘5in&4?

3 Ot ol dipg e s VA sosdly (gl (glnosls (<
s £ S0l YA+ 2095 YY) glojios o jLid 5,55, V- -
3 ctlie joypw SiSB (23 Sloy sy cslosnlin slaols
olidlon (sl eyl g yj

» S s Kbl cpides b bl mbs (o
gy 5 gy Al 035505 Cud (gladigal

ol oS yio yguden TV YL
bulyd g (olidope) sl Sy cn e Jl slaads V Jgio
Pl (Gl o am o0 Lo |) Aigg A it (S0fglesfg)hen

Caol 48515 o300 Jho (SeiSSgy sl el

S s (5 i o83 g Sl g yaad « casia ladidie
ladiog g @B 30 () dln b (S (ho 25 S
el GF oon b (Bl (o @) &5 cul o)lite (Slojy S
ISy gose Jao j0 pdlas (Slgh iy yad (sl oS sl o &)

N

s34e (5l Je 53 o2lisul 3)90 (Sgyien (cpdided cul s
5 0B 5 Ol e slagtalesl (S slofl s 3l 5l &S
oen (R2=0.982) esids (g 095w sloodld b Jdo g |8
ol 0l 03)91 (458 o 50) ¥ Jodo 53 cilons

$ags s pellas (SUIlSe Gluadidio
Sagats 305 \TF ) sigg s lns (S5l sla el
Sy wsSas Jalod 5 (659200 (40 08 puiins o CUICD

b dgame slinl Jdo ((amol wdl) (omiwly i cpusd dls VA
Srngim sedly 5 Levenberg-Marquardt w6 1 salasuwl

A o alllaio ol oo § Oladein —) Jgia
Table 1- Geological characteristics of the Nahand Dam area
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Table 2- Geometric, hydraulic, and permeability properties of Nahand Dam design

Parameter Amount Unit
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Table 3- Hydraulic permeability coefficients of Nahand Dam materials (meters per second)
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Row Dam section coefficient (K) glws! () Range of changes observed in field and
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Upstream  cusd iyl 9 candVl dwlo 5 0 slading 5 x 104 _10°3 2% 1043 x 103
shells and downstream gravel
Transfer filters (v B 3 A Y 4Y) Jisl lazlé 1025 x 102 B
(layer 2A and 2B)
4"““L' u“s*"’) 9 ‘;\Jlf u"g‘ u‘&“) 5x 102-101 _
Horizontal channel drain and heel drain
:3, &b Alluvial footing (after injection
5 oSk 9 (efernjection) 1x107-5x 107 -
(305 )
OHorizontal and Vertical Filter sses 5 a8l yilé
2100 - 2000 OClay Core o) 4
1800 A (] OShimany Drainage (slauegs ,:iSa;
1500 - OUpstream and Downstream Shell cuusipml g cussYl atwg,
1200 A OAlluvial Base i 4l
900 A OBedrock (Marl) (o)) yiww Ko
600 -
300 1 35 33 32 28 35 g3 8005130 45110 50 10 o o5 o 2B 1 g0t 52 3 ) 4252, 57 97
0 +——=—= — e —
Poisson's ratio v ... Modulus of elasticity E  Effective adhesion ¢’ Effective friction angle Unit weight y (kN/m3)
ol (MP8) ¥ JynaE (KPR) e Sxvuac’ (kP2) @ (degrees) slshacl agly ol oy (KN/MW)
(MPa) S 42
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Table 2- Final mechanical properties of Nahand dam materials (after numerical model calibration
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Table 4- Location and alignment of tubular piezometers in the instrumentation sections of Nahand Dam (alignments in
meters above sea level)

FR9 5
Piezometer Section

o

(o y 9500 43 Copd) CopnBge
Position (relative to dam axis)

o jl5

Installation level

S 25031l £
Measurement type

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

P21

P22

24-24

24-24

24-24

24-24

24-24

24-24 sl o3y 3 LS s 31 Inside core, before water curtain

24-24

12-12

12-12

12-12

12-12

18-18

18-18

18-18

18-18

18-18

30-30

30-30

30-30

30-30

Section

24-24

Upstream of clay core
o)y A CandYl

=y <wn J5> Inside clay core

ey b Cusd ol DOWNstream of clay core

Upstream alluvial bed
otV (Bl
s Downstream alluvial bed

Cewdpmly By

a0y 3l an cazwn 30> Inside core, after water curtain

Upstream of clay core
(o) L CandYl

Inside clay core
o)y Ak 3D

Loy ik Cusdyoly DOWNstream of clay core
Upstream alluvial bed

CondVb (Bl s

Cawdyl 8y sz Downstream alluvial bed

Upstream of clay core
sy L CandYl

Inside clay core
o)y Ak 3D

Upstream alluvial bed
CawdVl (3l yn

Cawdml 8y sz Downstream alluvial bed

Upstream of clay core
oy A CawdYl
Inside clay core

) A J:>|J

Upstream alluvial bed
CoodYb (Bl s

Cawdopmb (80 s Downstream alluvial bed

1585

1590

1580

1575

1570

1595

1585

1588

1592

1582

1578

1572

1586

1591

1581

1576

1571

1589

1593

1583

1579

1573

Pore water pressure
&loya A.Ji Hlid
Pore water pressure
&loya A.Ji Hlid
Pore water pressure
loyo o Hlis
Groundwater Level
i 2l il
Groundwater Level
iy il
Pore water pressure
oy ol Lz
Pore water pressure
oy ol Lz
Pore water pressure
oy ol Lz
Pore water pressure
sloyis O 5Lz
Pore water pressure
sloyis O 5Lz
Pore water pressure
sloya o s

Groundwater Level
einy 2l Sly
Groundwater Level
einy 2l Sly

Pore water pressure
sloyis O 5Lz
Pore water pressure
dl° )n> uj )Lié
Groundwater Level
iy s
Groundwater Level
iy s
Pore water pressure
loyis ol jlzs
Pore water pressure
loyis ol jlzs
Pore water pressure
loyis ol jlzs
Groundwater Level
iy Pl
Groundwater Level
iy Pl




1Fed oyl (¥ oyloids Fr als (S g ol w,u5 VPY

i I IS0 sl igI331 (2 oy 5 (lod (sl ias o -0 g
Table 5- Characteristics of the analytical scenarios defined for increasing the dimensions of the horizontal chimney drain
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b o1 lysS
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\'_4‘:‘.‘% cA.iJﬁf
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2D, 3D, Coupled « casauw ( cox
S22 —esles 20 18 1.80 PIEC st sy
Y. o_wk);;
Sens-30
83 sl 30 19.50 1.95 2D, 3D «gindus (singd
Y.
Extr-50
s4 . 50 22.50 2.25 2D, Coupled wis bsS gangd
"rbi)““f|
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Figure 3- Drawing of the geometry of the Nahand Dam cross-section model
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Figure 4- Flowchart of the integrated numerical modeling and analysis process in the present study
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Figure 5- Comparison of piezometric head calculated with numerical model and recorded instrument values in key
piezometers of maximum section 24-24 of Nahand Dam (reservoir normal level)
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Table 6- Results of grid convergence study for the 2D Nahand Dam model (reservoir normal level)
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Number of

Change from
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(LR old! bwgie e (12 . Slo s ol L8 R
ok ok
1 5000 25 0.0078 - 4.181 - 45
2 8000 1.8 0.008 6.2 8.180 -0.3 78
3 12800 0.1 0.008 0.0 2.180 -0.3 122
4 18000 0.7 0.0085 0.6 1.180 -0.1 210
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Figure 6- Distribution of total head (colored contours) and flow lines (white lines) in the maximum cross-section 24-24 of
Nahand Dam — base condition, normal reservoir level
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Table 7- Comparison of actual and modeled seepage flow with percentage increase in drain dimensions (unit: cubic meters
per second per unit width, selected sections, normal reservoir level)
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Row  Section Drainage dimension Actual rovx_/ Modeled Flow rate Relative error
increase (%) (Instrumentation) flow change (%) (%)
1 24-24 0 (base) 0.008 0.008 - 0
2 24-24 10 - 0.0098 +3.22 -
3 24-24 20 - 0.0105 +3.31 -
4 12-12 0(base) 0.0074 0.0074 - 0
5 12-12 10 - 0.009 +8.20 -
6 30-30 0(base) 0.0072 0.0072 - 0
7 30-30 10 - 0.0088 +5.21 -
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Figure 7- Comparison of seepage flow and flow line pattern in 2D (left side of each pair) and 3D (right side of each pair)
models for three cross sections of Nahand Dam - base condition, reservoir normal level
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Figure 8- Comparison of the flow line pattern and total head contours in 2D (left) and 3D (right) models for three key cross
sections of Nahand Dam — base condition, normal reservoir level (15.3 to 20.3 percent reduction in discharge in 3D model)



V£

i (S s gslwly 90 Slos (A8l A8 s ol ol 58] O PR ol )en g ybgle g3 0u0l

ol ool 0dis ST A oz 3 gy jluw
S gy s )3 (JSlpsleS) (sdite O Lt 55 4 S
UiSaj (oolel calisto (gl yliw cod YF-VY diuiny aleds )0 Ay
o Ve Gl g Y 3 b ) (s Jloy 15 (ewd (8
yoo b sl g cdate O Hlid vy BB ialS (b o sl

] Dghuiio Zadody diwd 51 &4 jlis

oiblS) dusy FAY kPa 4 Sl jlid wop Yoo il 4o

2o IV Las doyd 04 B il58l Lol (b a4 Cand duo > YE/A
A o i |y galal Ja35 005l anl as 5,8 sl 8Lal jialS
RZ=/AA) o)1y YL Gldasl dls VA (g yt0g5m (slaodls b gl
Sy iSB (6 5lodigs XS oo Aol g (doyd VA 5:55ke (sl
I (S (SizenS ply ) Glizebl coys g 038 Jola 1,
9 S ablio )> (gdate jLid duslie .aad o &) VAR 4 V/YY

SR (gl i (glag: s Cod (35 Jloyd 15 )3 i s ooy it 33 (JISuslyoheS) (sl o Ui 351> dlio —A Jgaz
(Fe-¥e g IV-IY YE-YE ablis)
Table 8- Comparison of maximum pore water pressure (kPa) in the clay core of Nahand Dam at the normal reservoir level
under different drainage dimensional scenarios (sections 24-24, 12-12, and 30-30)

Row

Drainage Scenario Section 24-  Grade 12-  Section 30- Maximum in all Decrease from baseline
Q9> 9 24 12 30 cores (%)
1 Baseline (0% increase) 1082 1034 1051 1082 -

o .

2 10% increase in 741 768 759 741 5.31
dimensions
o .

3 20% increase in 684 712 701 684 8.36
dimensions

30% increase in

4 dimensions 659 688 677 659 1.39
o .

5 50 d/f’ Increase in 637 665 654 637 1.41
imensions
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Figure 9- Pore water pressure contour at section 24-24 for the base case and 20% increase
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Table 9- Comparison of maximum hydraulic outflow gradient and total head loss in clay core under different drain
dimensional scenarios (section 24-24, normal reservoir level)
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Figure 10- Time variations of pore water pressure in piezometers P6 and P20 and the position of the phreatic line in the clay

core during a 45-day rapid filling scenario, comparing the base case (dashed line) and the optimized drain with a 20%
increase in dimensions (solid line)
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Figure 11- Time variations of hydraulic outflow gradient and transient pore water pressure in piezometer P6 during a 7-day

sudden reservoir discharge scenario — comparison of the base case (dashed line) and the optimized drain with a 20% increase

in dimensions (solid line)
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Table 10- Comparison of critical transient flow indices in three extreme scenarios — basic drain condition vs. optimized drain
(+20% of the sump dimensions)
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¢ (kPa)
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ab = 0je, V SLSU alss
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Optimal drainage
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Figure 12- Time variations of pore water pressure in piezometers P6 and P20 and the position of the phreatic line in the clay
core during a 45-day rapid filling of the reservoir - comparison of the base condition (dashed line) and the optimized drain
with a 20% increase in dimensions (solid line)
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Table 11- Comparison of slope stability confidence factors in steady-state conditions and critical transient scenarios - basic
drainage condition versus optimized drainage (+20% of embankment dimensions)
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(3980 32 52)

) $195,L bl al ab-
Row Loading conditions Downstream Downstream Slope — Upstream Upstream slope —
Optimal (Improvement optimum (%
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Figure 13- Critical failure levels and distribution of local safety factors on the downstream slope of Nahand Dam during peak

transient pressure (45-day rapid filling) — comparison of the basic drain condition (left) and the optimized drain with a 20%
increase in dimensions (right)
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Table 12- Global Sobol sensitivity indices for key model parameters — impact on key outputs (based on 10,000 samples)
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Table 13- Sobol Global Sensitivity Indices for Clay Core Permeability and Shimni Drainage — Impact on Key Outputs (10,000
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Table 14- Quantitative comparison of the effects of percentage increase in the dimensions of the sluice gate on key hydraulic
and stability parameters (normal reservoir level and transient peak pressure during rapid filling)
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Table 15- Comparison of key hydraulic and stability parameters of Nahand Dam (optimized) with similar international dams
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