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A Study of Probabilistic Groundwater Flow Modeling Considering
the Uncertainty of Hydraulic Conductivity

Dong-Woo Ryu, Bong-Ki Son, Won-Kyong Song and Kwang-Soo Joo

Abstract MODFLOW, 3-D finite difference code, is widely used to model groundwater flow and has been used
to assess the effect of excavations on the groundwater system due to construction of subways and mountain tunnels.
The results of numerical analysis depend on boundary conditions, initial conditions, conceptual models and
hydrogeological properties. Therefore, its accuracy can only be enhanced using more realistic and field oriented
input parameters. In this study, SA(simulated annealing) was used to integrate hydraulic conductivities from a few
of injection tests with geophysical reference images. The realizations of hydraulic conductivity random field are
obtained and then groundwater flows in each geostatistically equivalent media are analyzed with a numerical
simulation. This approach can give probabilistic results of groundwater flow modeling considering the uncertainty
of hydrogeological medium. In other words, this approach makes it possible to quantify the propagation of uncertainty
of hydraulic conductivities into groundwater flow.
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Table 1. Analogy between physical annealing and simulated
annealing

Physical annealing Simulated annealing

Thermodynamic simulation | Optimization w/ constraints

States of system Solutions

Energy of a state Cost of a solution

Change of state Neighbor solution

Temperature Control parameter

Local minimum
Min. Cost

Quenching

Min. Energy
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Begin

INITIALIZE( ¢ s €9» L &)
k=0

&= g

Repeat

Foré=1to L, do

Begin

GENERATE( j from s);

If AHN<A3) then z=j

else

if exp((R2) — AN/ c)drandoml(,1) then ¢=j

End;

kE=k+1;
CALCULATE( L )
CALCULATE( ¢,)

Until (stop_criterion)
End;

Fig. 1. The structure of basic simulated annealing algorithm



148 FHAERY EFAES 1BE FEEH Avkr fEdldd] ¥t A+

O 24T Ex 2Ry 7t A48 BrE Fogte
2R 27] 3218 X 2d-E A3t A 2 M= EA
a £5)S 0|83} cosimulation®] 3L, BEA AMAE
(calibration scatterplot) 2F-€] 42 ZAs AR B
Z2HE dE ol

@ &S 7144 S Bda O A A
2] olAERA Aolgirt

B FA92 A9g R0 A2 g dgges
A Aut G oA HEAIEITH

@ ¥5(E A2 P FHT AT of dhot
=k B glol Svierd 58 EEEA o=y
tiBoltzmann ZEEFo]| 23t MEHo] - Metropolis
A EH).

® HF P2 wstA] §2 A= ash(swaps) S 5
4% FE0] FolE ¢ FEFTIL FE @S 7
7R} Ald vhE gEn.

23 Sx§s

FHAEE SEFH|(random field)S] AHES
7] A3 283 mo] T sHolA &85t BHTs
£-2 Table 29} Zth

#HF 24 05 Ol A 8259 A gL
2 FAEY, 2 252 A7 AN 24 BHFSE

o) B 4 otk

0= 0.0. @

4714, w9 0% A7 FREXe T4 BAgEo]
o, ok T4 BAFL Aol

7 712 WA BRI ot 2 1 2R
o] 7lol=g FUSH & & ek HWES wolsd R

AR 723 AW E B BE F1Ee BHS

of wskge] 712qk

£0=0,-0, ©
7 74 BAYSE B chedt 2o,
£80=$0d0.,~0.]= Z .00, @
VA w., c=1,,Ce BATE 209] HskF

7 34 BG4I YA TlofstE APt 3,
2 7B 0 T4 BT BRsiee) oA

wlaet
— 1 -
wo= T =1, C ®)

ALl B9, 2 P BAYSS HakRe] FRA,
|70 BaRoR ARG 5 ST, SYHA 9
FO2 A3 FPANFL AFPORA, SHFow
A1 4 e

o=l i
|[20d=—7 2|00, c=1,.C (6)
. ez SETEH

4 Ao 2T SAHE B2 o2 A
2o} ekl 2w, AghE AdolMel AE Amdtes
4 T o] SedEE ERE mjolsied) o
7k Stk Wetq $AEEES she] S8 (stocha-
stic process) &2 718}l 7|44 4 29 B )
Ao $YAEE PH5e AtxAon o] Hxse

Table 2. Summary of various objective functions for simulated annealing(Deutsch and Journel, 1998)

Statistics Objective functions
Histogram MY F* (2)— F(2)]?% where F* is a conditional cumulative distribution function of simulated realization.
z
* _ 2 . . .
Variogram g—[m}(h—;ziﬁll—, where y* is a variogram of simulated realization.

Indicator variogram
&r e ,'(h 3 z

n .. S} - K . 2
EIZ:M, where % is a indicator variogram of simulated realization in class ;.
IS

Correlation [o" — p}?, where o* is a correlation coefficient between primary and secondary variable of simulated
coefficient realization.

Conditional Zb 20[ 7)) —f:(N1?, where f;is a conditional distribution of the primary variable given that the
distribution i~

collocated secondary variable is in class i.
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Exploratory data analysis :
seismic velocities and i
hydraulic pumping tests

Histogram and
correlation analysis

Geostatistical data ana gsis :
seismic velocity an
hydraulic conductivity

|

Construction of 3D ref. image :
seismic velocity

Indicator variogram
modeling

b SIS : E-type map

Model validation

3D simulated annealing : Realizations : hydraulic
data mtegratnon conduchvnty maps

Fig. 2. Flow chart for the construction of hydraulic
conductivity realizations
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Table 3. Statistics of hydraulic conductivities in each layer

Hydraulic conductivity(m/sec)
Layers
Mean Standard deviation
Ist layer 2.12E-6 1.48E-6
2nd layer 2.10E-6 1.49E-6
3rd layer 2.28E-7 1.39E-7

Fig. 8. 3D topography of a simulated domain
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Fig. 9. Boundary conditions for groundwater modeling
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modeling
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Table 4. Groundwater discharge into tunnels at each construction stage

. . Discharge(m*/min/km)
Elapsed time(days) Status of construction - -
mean 95 percentile maximum
Stations 730 completion of excavation 000 0914 0938 0.949
ADA 0.626 0.677 0.686
eastern 0.314 0.343 0.345
1000 under tunneling westernl 0.286 0.317 0.327
western2 0.251 0.289 0.294
Tunnels 1185 completion of grouting eastern 0.102 0.112 0.113
completion of tunneling western 0.317 0.345 0.346
. . eastern 0.103 0.105 0.106
2640 after completion of tunneling westermn 0.092 0.097 0.098
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Fig. 13. Box plot of groundwater discharge into tunnels at
each construction stage
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Fig. 14. Head distribution from transient flow simulation
upon completion of station excavation(after 730 days)
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Fig. 15. Head distribution from transient flow simulation
upon completion of the eastern tunnel excavation
(after 1000 days)

Fig. 16. Head distribution from transient flow simulation
upon completion of the western tunnel excavation
(after 1185 days)

Fig. 17. Head distribution from transient flow simulation
4 years after the completion of excavation(after
2640 days)
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Table 5. Drawdown in the observation well at each
construction stage

Elapsed time after Drawdown(m)

excavation(days) mean |95 percentile| maximum
730 4.15 5.00 5.50
820 4.39 5.00 5.31
910 5.14 5.68 6.20
1000 5.72 6.54 6.80
1095 4.71 5.37 5.60
1195 5.03 5.87 6.00
2640 1.52 2.36 2.80

Observation well in the tree garden
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Fig. 18. Box plot of drawdown in the observation well at
each construction stage
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