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Reliability approach to three-dimensional groundwater flow analysis
in underground excavation
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SYNOPSIS : In this paper, a reliability—-groundwater flow program is developed by coupling the
3-D finite element numerical groundwater flow program with first and second order reliability
program. The numerical groundwater program developed called DGU-FLOW is verified by solving
the examples of groundwater flow through the underground excavation and comparing the results
with those of commercial MODFLOW 3D programs. Reliability routine of the program is also
verified by comparing the probability of failure of the flow model from FORM/SORM with that of
Monte-Carlo Simulation. The difference of out-flux and total head calculated near the bottom of the
excavation using the deterministic 3D groundwater flow and the commercial programs was
negligible. The reliability analysis of the groundwater flow showed that the probability of failure
from the first and second order reliability method are quite close that of Monte—-Carlo Simulation.
Therefore, the developed program is considered effective for analyzing the groundwater flow with
uncertainty in hydraulic conductivity of the soils.

Key words : Underground excavation, Reliability analysis, Groundwater drawdown, Deterministic
model, Uncertainty
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BEEA Aol iz deXe 7)E9 syl dig dode duksEE o] ozt 23]y
3 QRGN BAERE Este FelH S Felels dHdA 2 A8AE 18E 28Ut 9l
& Aoz dddr. AAR FEEH A4S @ A V29 GdAHEH sl FE dE e
o]l SEEH S FAE FPste o] dREEonh AFHA A M& g SAH 54
ATt 271 S 23 Aol ofye}l kg EAEAL 2t AuAFER & BAYstE AR Ee] &
AEAREERRE O ddFEEC] drhy GARNE J9SE L AFHoR Fito] Frksta SHEH
;Ao FAME Bosed A

B ATE 7IEY ANFRE AN HAAFE AL FAHEE Y B HE AdsEr] A
o} AAHQ A ojBe TAE T RY FelHola Algo] A FerrHE A8 33d
Astrs ol #et A sz aRe Agstn, AA FEA4E Hriste AL BARoZ
2. A7EH

Warren and Price(1961)& BASH A3ty R DAH S A& AL AFAER, ol ALFH
R RAF 589 FAHMNA FdE ke BFSASFE SATH JEE AEste AAsE dTE
F39 k. McMilan(1966)L %71 884w ss 39 2444 2 2dolAlsl(model discretkzation)

Bibby and Sunada(1971)% ¥ ¢t ¥-AF 3 EZH 2180 A FHAEATH FFE 247 5ol
U)X = GFS A7) A8t FExHEY o3 3243 Monte Carlo A EH0IAE 0] 831
ATE s 275 FAA 247 T BEFAN M A 4FE rAde d7AHE
HEPA T Sagar and Kiesel(1972)2 Theis 31 o] &3 AAti+SE A G859 FHLA9 A
o) g eAFHd #3 IdTE FP5lgrt ©o)5& Theis 3l Bibby and Sunada (1971)¢] 23}
¢ PRV R 27145 M & U7 EE nJoy, s e UREE B detEHE ARAST
¢ Aoz LEFHT) Gelhar(1976) dFE9 1, 239 ANF 580 W&} FFASF7 2278

£ 7Y a 7S AFE FYsigen, 59 B FAlge EdAAdRT o & 9%
< T dFEAAE AArh Sagar(1978)e Aoz nigd vFAdAE 3 SEF A Taylor

HE AEe 84 WAL AEsoy, 7+ gEgwgo dg FEREITI Hag &

AoAA 7t HE Aoz 7P, e AR dAd detd HHFH F2E A=sh
BACIALAEZR1E F&E A Taylor 35 F W2 Choot(1980)9+ Hachich(1981D)o o3 =,
AEAE §3 2& 725 FE T FA9E AL FPsAA o] &3 Choot(1980)=

B AA TGN BEEAG g A FE vAE 2L BT AARAY AT F(scale of

fluctuation)¢l RS2 BAFAT) Fr| 2 AL Choots ¢A 2XEAE A= F324H 9] o]it
3H(discretization)ol] il olF W73 Aow yeh) AACAEHERH FIFEE YA Bt ¢
AEEHA olAtEtEe AL AUsE FA AFARE 5 ARG

il cly .
Dettinger and Wilson(1981)2 843 3554& /I thgd mAldAN A7 ¥38F =
2t FAAARL] Beke] AA D o)A Taylor B4 ABUE AL olES U7 A
Monte Carlo simulation®.t} 3 gt 4 9vta sF9r}. Sagar and Clifton(1983)
£ Hanford A4 ois] A3 HNH ATE FHHAT. o5 ol
Taylor 5 SiAH& 59 A 2 F@rgtdy stgom, $5AHA o
FEHAREY AR B 33, FFABAL FHISEARY 52 5FA o A ddFE vron,
FERAL ALEAA Alole] Foo] oA 7H4 Atk 319 T Townley and Wilson(1985)& X
3t EEMoIA o 7HA] o2 WPE] g Frivt "asty, Udes 94 23 ZWE Taylor
K o= Bashn F38F}h Sykes et al.(1985)
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= Rd v £ BE4EY UPES AR5 AR adoint 71EE AgHRoH, 2 W FFe
AAzAN U Y AR, BHEEE FEAS el Y Apsihn Folasls. BA91995)
= AEASANE B 098 o5 4 A3 OFd dAE 52 LAY 29lolE FANY
g olgstel AHY NS AU FEAN AR YAWFF FRATY I % Iy

!
(local) 24r=7} 743 wizbaltka a4t

A $(1998)S AFFEFW vjde BRAHS Tej@ £F BRAYl Y3 ATE I
s FelaEEe] FUA WES meidtel £F9 BHUNS Nekn Io] tE JFE 2B
o Monte Carlo 782 °) 83t A7& Fshor) FeAnne) BEAA) 245 74 ¥
FHATL A Hn FEAAL B A4 FE AYRek FRFHE aen AARANA ¥ Aol
A BEYAol AR tehtr) wgel At FFe AAA FHAEE] 04 WEFHE nestol &
it A2

AFAAE 3R4AH A AL AT F e 3L FRRE HNT2IWE Astn AW
xﬁw BARAE 1T 349 AHFAT AE Any ==

a9 ARH. £ 71E B
_]
[o]

R H | o

4
n@A%, Y Aol FH AFoIA HEH AWP55e
=N

IEHE FEAT AT 214
FREG F5 PAE AFRES F2 P08 B AFNE o Agach

3. O|EX HiZ
3.1 3xA xst+SEalA 0|2

2 ATl 33 Darcy WAL ASPHNS o143 @ 27 VAPIHAL A o) 37
4 Aerags Aoz Hesgn,

K

X

9’h | 4 9%h 2’h oh
ox® B

Aq471M, K., K,, K, € x, vy, 2% FFAF
TR}, Sg= AFASF, oh/ote A ] W

AW Al 7FE AR 81t Galerkin ML® Hste] fEE A9 B Fdesk WA
g o83, FAN Z2aR S FASAG

v

[ (@IrpiB)avia}+ [(<N>T<N>)av(a), = af (<N>T)av @)

o 7|4, A 13 A FH(stiffness matrix), 28 A& PH(mass matrix), THL 5 AE(flux
vector)o|t}.

3.2 X[sl== 50 et 2| MaliA] o2
3.2.1 ME|YslAe] 7|=0|2

A8 Mg Fsr] 9 dANELE A(safety)H F3(failure)E FEE
AA7Ze B0 HE FAHerY AEL AHosts d4s AAIHM, FALE YA
AFL2RE BT F ok A Q)7 e AANENE Ay

3 (limit state functlon), olA o] f(safety margin) 52
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Z=R-L 3
A714, AFerrt dFeartt & A$(RYL)OE F2E0] AT A$olal, RL o)W F2E9]
o3 7 g AQolmg z=0L FRE9 ortdn o AA HiE FAFE(imit state)7t =
3, 39 13 Zo} s FEUETSRE 53 £ dg
olot L ME Ay ZFEAN HLEH, BFAF, AFAS, A T AsSFEE B
FHAANAEL 54T FERFY ZAHAEAL Zte 8L 7Y, AuEX YA BsaA
€ FHoq AT F UEE Y. F, XI5 Ed BI JFAAY} IR AAY FopA Z|
WIFHA Exdte 9 230E S5 3, 284 &8 FE 98 FES RAste RAon}
SRATAA A etpE el 7 33 (failure)s=
ZT: ] H 40]] "]EH ’;}?ﬁ% %%]:(Qmodel)ol %Ei f’_}'
2 797 FQureed T 294 FEE 2 (4)9} Zo)
Aojgict, ojo] Hig FARENITIFE A (5)9} Zo)
AAg & £ glon, B H495-%E 293 g
B2 4 (6)-4 2. F3ZFEPpLS Monte-Carlo
A EH ] AM.C.S)H & FEHol} UA AHA
EMH(FORM, first-order reliability method), ©)
A A=A BE2H(SORM, second-order reliability
method)# Z-& AP oz AT 4 Qo)
I 1. 99 gE d=
sz P(Qmodel = Qtarget) (4)
7= g(X) = Qtarget— Qmodel ()
Pe=Ple)<0l= [ ®)
g(X) =0

F(hydraulic conductivity, K)9} %A S (transmissivity, T)9} &<
ANATE AHoslr] A3 A3 FEUEGF(PDR)E FAsH=d #HL FAY Law(1944)+= H=x
2 9% AL BEFASFE 2aRAFEIEZ AR o0, Bulnes(1946), Warren et al.(1961),
Bennion and Griffiths(1966) 5o} oo} )3l A& S 2& 9 th Willardson and Hurst(1965)= A
F59 E4 ¥ HolHE HEF AF FFAsE ZaAFEEE YEE F2E AFEHIJLH,
Brust et al.(1969), Nielsen et al.(1973)= HZEJ ta AN@AFyE AT ZAA}E AA}
McMillan(1966)«= 72| ZYote] tiFg B/ A3 F5FAse 22T EE] Ao d75U
Freeze(1975) F57A159% SFFATE 2aAFEIE HAEslY 453 4948 RAFe U]
Neuman(1982)2 F71¥ o2 A, v, 59 dxr/l 2aAFEEY S BH3UT. ol
oA AT F5FAss 9 %)EOE EAE7] wide FEWHSE T 0BT S o= Zé
o Et}. Freeze(1975)E AGAEOA AwkAel Za} obwke] )&t FAF(log K) @2 +3~-9 AL

2 53y, A4 T el BEFALE A A7 B4ASY BAFEL -2.68~-5.60 log
cm/sec, EFHXFE 0.20~1.56 log cm/secd] #E 2zt Ao

2 urE}vm Delhomme(1979)& 1370
1,

FH WFEFoA FrHASTY HEgE 2L zAEG s, R 333 -20 ~ -3.0 log

991



m’/sec® FAIE QoD BAEYE 0.12 ~ 0.98 m¥Y/seco & Uebtel,

Mantoglou et al.(1982)& A T-EA8A 718 % 3}¢] Turning Banks Method& AF&3lo] & 713
o2 AvE FYARES} PulAF FAAN EEAYE FPat. FEXETH Fo wisfEgQl
FrAes 1 A7 FdelA BpFdor WiFsiy, B Ao Igd FAge WEA
(Variability)o] WA 23X 93] ZALE 5 duks Abdol AEFH A Freeze, 1975, Schwartz,
1977, Woodbury & Sudicky, 1992).

3.2.3 dE|Y BAMY

A ZH NN 24 GERse Fan B3 agn BPEFEE o] &5ty g g
Al AxY AIAEANFE EL}\}ZﬂQi AR A D oA AFA BAWHT FERE Fgid AR
EE FENSEY "o #4443 FELIEFSE ol &5t SANEA ) 0By #E &E, &
B ES AR ALY st FEyol At

AA L oAl AlFA FAEL AR EAF vlseH ovle] 7123 BHERSE o]&sta 9lor,
FEHo o g gEe AFHAA AAFRT Ao QFHE =Hi Aol ASHA FoEA H2
7V 337F R A 4 AA &S 2AAA(design point)e] HEZHE Iogd ¢ onm

]

Al wimto g WA ge gUsA AAE7} ojHe A
= = =2}
= L B

[o]

+ 2]
7 o Fue 359 Rodg(simulation) & $3te] A FES TAMHOR AA s
& FE o]4dEd, HEHQ Y o2 Monte-Carlo Simulationo] 1Tt

2 drolXe A AdTde fEa4e 2587 st FERFGESAS, Astre)el #e

A o] ddale]  Monte-Calro  Simulationo 93 ImaES AR ﬁ\-‘}’} d], Monte—Calro
Simulation® F#4 ¥ 3} 25 2] Xézvég B A57] Y38kl Shooman(1968)0] A|tg Q3 FH Ao
HE RoAFE 5%, AHSEol 107 4 A9 el REFEATMNE 10,0008 2 AAEh

3.2.4 YA EM

gEniao Hy % EZEdAe] W] o dxstEe waE st 9z E FA(sensitivity
analysis)< A7std FadATE SEA5Y AUEQd FLEE f4od £ e JIEolth dAAE
4 AP A FERSA UistY VdiE e 39FER AHRA S} i NAERE SHATOEN NPT
S 02 4 (D) ~ 4 99 7o) 88 & Utk

A= Vu' u :minimize , u= (X—p)/o, (N
KT .k
g G v e o (og og g )T ®
GET gk u? u ouy’ su,’  8u,
_ Gy GIT
B: u T u* = —TI'—*-’ o= W (9)
Gu Gu u’ 1

o714, e AN Y AW TE2HAH o) B2 HoHE Al EAF(reliability index), X+&

gEWT, g= PAGHTES, a s WHE

T
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4. Lzl dshA
4.1 3XHH XI5l SEM =232 U=
4.1.1 4= N

AFo] o8y F2dde 7 99} Zo] ol
200m, Fol7} 200mol™, W29 FA7F 40m<)
FAe] & 40m, do] 50me Azt "o
A% 15m7l# 239 Aow MRS AT Ao
Ao} HEe 550 gl Aow spHsglen, &
A8 4 611—1"8‘038 AT L et

EF ¥FASLE ¥ 17 2ol 1.0xX10%m/sec ~
1.0%X10 " m/sec® BEFE= Ao2 78t %)
HEFddd s 4TIl FEsA EES 25m
9] ARFFERHE BAdla, 35399 AARNE

a9 2. 3349 MEANTS 58

==t

1L AFel ol &4 vidddrTe =44

AT AR 35me) Asr9E Rossn). T % A # 2 X (m/sec)

FAMA I Ml AZFo) o]2H 3XY R HES 1Xx107°
‘lj'% —’FX]?‘EI]@.EE:L%‘;%_ 19839 Ulileé}_/\} = 22 HAEZ 5x107¢
AN ALHY e, FRAERE ARSFL 0= (K /seo) TaE= 1x107°
MODFLOW (A Modular Three-Dimensional
Ground-Water Flow Model, version 2.6)2 &) Rk X107
AAAH o 714 WeE s Qi Tz Ao AAzA | ZFFA A85E9 | DL (+) 25

H, m | x59 =59 D.L (+) 35
4.1.2 RULY Y HLSRT v
38

ZadH g 339 Aske BEFHAL Bdte] Al r
Asts F9F U5E WY SFRES den, £ 5x O] P
AMTE AL AL viw AEG FAdwoz 34
FdHE Asts FAdFE 2 AHZ=aROGU FLOWFH ¢ T .
MODFLOW 3Deld #7t 94.52m/day, 87.35m/day2 ¢k & | ;
7.59% 2382 BAT} 3 0l

A2 2HA Ass f50 4@ A5 19 29 [
o) 7tz Az W dAwwtA-A, B-BA)T SR |
H(C-Chez FE3 1, 53/ AAHAA AFFE AAsHY 26|
¥ 3o A== JeEgitt. DGU FLOWS} MODFLOW BT
of o3} A" F4Fo HFQAE 0.054mE DGU FLOW “u 2w w0 2w %
9 Aot A vehds o, ek A717) wig- Huoorow ()
of FAE & v Aoz FrrEnt Y 3 AFF AEE

993



4.2 MEIMHM X
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4.2.2 QHFO| WME DS NATEA

AHAG A oZRE TR0 o Y FYFFLE 23 FES AL T
ol Fade AFE Bt kAgol 1.0d A5l 0.
AEom, bdgo] 248 o)A AL EFAIY 3833 FE(0.1%) °FE gidte A
HA dA 2 oA A H A R FEL 1F 49 2ol A9 AAFE =2
o gA 2 oA M 23 H32E3}  Monte-Carlo Simultionol "??l' 13
0.03~4.50% A=Y ztolE Hlow, RTE gho] FolALE F EAHY e
sttt

e Jopel dg A9 gE) U ¥ 29 2o 4% 100~ 2oomoﬂ AXG HHES
FFAFE MG & Aeq EAHJen, udE
59 AT > AEH AskeY > Fadse B
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oY i A o
B oo 32 X X o
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el
rr
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FAF > BEZY FaoAs wow vemg. o Freorde Rty Wathod
Y F5ASE ARD ASSAd BAAE = 00l = ;eocnf;;fégge;;ﬁgggi;vMetho%
Aolg nelshd Al WUgEE AEW Asge T L

7b 7B 2 Aoz #gdHv, o Bibby and § 300f

Sunada(1971), HYE(1998) 5 of2) AFAEY S

ATFAFRGE sk Qo) ]uu:] Ashegek  E 2200

YHAEZY FA5Y BRgol 2424S 39§ [

5.5 o &7}6}0% W oj9le ExoAE ma & 0L

A7t #adeS HHESY] FHIFS TP ool t v 1 1y 13 Lol
7]7] uﬂ%oﬂ y},y_]:g;}.%% %‘7]"3]"‘5: Zi.g.i L]‘E]-‘;,\“ 10 12 14 16 18 20 22 24 26 28 30
t}. o mEAx ud g uz Safety Factor(Fs)

A= v‘f—* évy shgwdo] ARglo] BEAIJs = a9 4. 339 vFAFFolA] ol e
Ae4E Angee 2 202 WAHYY dNGE
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2. SgEy 9% F4FP; = 0.1%)

515 1] dp dp dP dP
e ) o “an &

A xH At 8.31x10™ 2.21x107 8.31x10™ 2.21x107°
YES -4.12x10"? 3.26x10"? -2.49%x107 2.68x107°
HAES 3.78%x10%2 2.93x10"? 2.62x107° 2.97x107
TIEZ -1.19x10"? 4.25%x10"! -9.74%x107° 4.11x107°
T39% -4.07%x10"? 1.39x10"? -3.37x107° 4.92x1077

4.2.3 B0 UlE mastse] He

50.0

HAESY FgAse 2HIRY FY5Fd o First-Order Reliabilty Method
A A%E A AT AeeTolne 945 T ao D s et
—Er-rﬂ] o FE Wt AAG g VA= BAF B -

& BAFSCh o7)N, HAES R4ASe B4 F 00k
;)]-’,:E B} TAe Ro 7}143}0:1;} % -

HAEZ 4457} 5.00%107° misec & £ 200~
oo HALS ol4d BHEA A Azel o 8 -
sz s 8go] 50.0%2 Adggion, BF & O
grol 1/58 ZAHUE 2S¢ AHTEL 0.54%= N ,
o 1/1000] 7289k Bgkol 1/102 A= 50 1.0 05
2 Ago= #HTEL 1/25000] AH 0.02%2 Hydraulic Conductivity of Grout(K, x10°®m/sec)
Axts o] F7gT 9 gE Ao um?sgxaol A % 5 349 HFAUSFAA FEVSFY
#BAZL RS &€ 57 AAHIE 5 % BEgel we S gs

4.2.4 BMAS0 ME maEES) Hat

SGEWUFY FiHAIF e 9 dEo AFge :ﬂror}?i £ % #(target value)S SHH-&o] 2.48(P;
= 0.1%)Q o ZESF(Q=234.41 m*/day)& 7|Fo 2 g on, FERFY EAASFE 0.1~09 B
oA WslA7|EA AFHA A S A

ApzRog Iy 634 Zo] BAAFIE F7hgel meh s R JA
A7 0.19 W 33 2E2 <F 0.002~0.003%2 A4HH S 7
ot A vl B 0.1 olEkY A g
o] = Monte-Carlo Simulationo]l A& ZHEWH 1.0x10""
Fo XEFE3 7 100008 9= B3
3 93 ggo] 107 olato]7] wjio| s}
S g8 FARA Eden, 494 =
ol AN E AP o7 HAFEL A9
Y Aoz FHrE A

FAAAFETE 0.2~0.59 ASols 4A & o]
AXZA 94 E} Monte— Carlo Simulation
of o3 s dE <zt HAE HYth &
AAF7E 039 Aol 7 & AolE B4
v, E4AF7E SHESS 2 Axe 3Aa

=
o BAAFEI 0.6~0.78 Aol A=A 19 6. BAAZS] wE 5 gE

_n

32
fo 4
=
o

© Second-Order Reliability Meth o
O Monte-Carlo Simulation

rrrron

( O First-Order Reliability Method ]
d

1.0x107°

§

1.0x10"

T T IIIIII!

1.0x107

Probability of Failure(P:,%)

T 1 lllllll

1.0x10°
0.0 0.2 04 0.6 0.8
0
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sAel me sa g B e g ow FANAL ueh A 2 ol AN e
FAA LA HeFE e NANNN L S TEHA YU A0E Bawn
5.4 B

ARERA A SEol B BHAYL AFHOT 1T £ A A HNZ2aBe AR
#2424 A4E Fasden Hid 2 Aeg A

A Asre) F5& B AN 3 FRLLNS ol g A BFNNel s

3
Ay T2aRE 13}0}919‘@, &2 et
Az MEd 053
2R ZTZOAS A3 A &
]u} /H;qE- %:@]—/\ A AEZ Aetg &4 T2 R0 FEFA S
Monte-Carlo Simulation
A I 998 Hma}oq By 7 . NHe ol4d T BEw
Monte-Carlo Simulation®] 2§+ ¥ ggo] Ao {FAlslA B7MHEUL, AA AFZ2HEF Blasto
oo @ T2aRe Ass S5 B@ A4 M6l FED Qo=

Ao AE@th
AHLA Aol ol L6-25% A BAR Aol AY FAE Sl
0.72~13.13%% 25 7S el v}, AAX Awgse 2A54S selseol ¢ o & 9wt

HBE L ZEHA 9P H9FEY UgE HMOi—ri g8l M 2 dFe vA= FEW
= WRHE A FrATelH, 2T 4718 n# Bfole ARY AspABARD A 2
Fe A= RAoE Yebdoh
TAA o] e I gEe] 9% 3 }ETH COV/t 71a4E AAREE FA F/8te 49
¥ Bolw, Fatgkol R Ggel vIA = WAEIE REARY AR 2 Ao YEY AsFEF]
WE A HIkel goiM Ankdse FEREEE, BHE Y Brlete 2o Fas.
LA AN FEE AGA] FRAAAI} Ao, ANAFe B FALE Apolol= nAd Y
AL ZABAZ AT =g EAF TR FRGol FAAIL LT E AN FELS It A
o2 F7HE .
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& A9 e BAEA] nelsolol shx WHEY A5 Hael A4 A4S Bk A
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