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ABSTRACT

A three-dimensional(3D) equivalent continuum modeling was performed to analyze hydraulic
behavior of rock mass considering discontinuities by using DFN model and smeared fracture
model. DFN model was generated by FLAC3D and smeared fracture model was applied by
using FISH functions, which is built-in functions in FLAC3D, for equivalent continuum model
of fractured rock mass. Comparative analysis with 3DEC, which is for discontinuum analysis,
was conducted to verify reliability of equivalent continuum analysis by using FLAC3D. Similar
results of hydraulic analysis under the same conditions could be achieved. Equivalent
continuum analysis of fractured rock mass by using DFN model was implemented to compare
with existing analytical methods for inflow into the tunnel.

Keywords: DFN, hydraulic analysis, smeared fracture model, discontinuous rock, FLAC3D,
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EAEHS et oRte] £=2|ojA Rels] HHolli= EAEA] si4(discontinuum analysis) 57 FAEA| sl4(equivalent-
continuum analysis). 02 FA| 5 7Fx] HiHo] Qlrt, BALA ol BALH| olof] Eald 7iE Rt =20 223U 217t
Aptela g, AA| dute] A5t 71 717 melgo] 7Fssict. sRA|Rt sl B o] the-2 AlA| ok Wiof| EAfshe e EA
EHS Aeo] RAfsk= 2Fgo] ulg- o] H a1, At -§Fo] st A .

I OhE Ao W2 2 dsHe] Al S71ASA] s ol s e] 71Ese ool 715l AN 2 a5
o] P& P (implicit) 02 HRFSh=1H 0 24, AL ®dlof] 7S & s ot S71aAE5A] Relld e =5

19

E4 Aol o 4191, siAE LT mhErk="g3o] Qlok
EA& ehite] 571914 sl Aol Bt $= Singh(1973), Morland(1974), Goodman(1976), Gerrard(1982) -5 -2 -4}
S°l 2JsiiA 138 =of $iet. Zienkiewicz and Pande(1977)= &4 ke 2AISH ] f15hA H5- L H (multi-laminate) = 2217
S7FAEA HTHE 0851310 H, Blanford et al.(1987)+= =354 s A2t 57 HASA] slfAlof] thsl] Blw-E AATSI o™, 1)
of|%= Chen(1989), Min(2004), Agharazi(2013) 5] AllA| of2] s¥xbze] olaix] A7 ideiA Zlsg=lo] gt Sjol A= Park
and You(1998), Koo et al.(2008), Lee et al.(2009)°1| Jali4] A7} 4~38=] o] 2t

EAE kY] S7FASA oo TRt 7]E9] 452 RMR(Rock Mass Rating), Q-system, GSI(Geological Strength
Index) 52| A2 Q1 HHRI oA RH-S S-8oto] #7] o] g APRE AL A Ao EAEHO] Jaks 11
23tk (Kavvadas, 2013). E3F X o= A&l ool E2]H 294 ARke EEH| £ vHgH /42 71X sh el o
Aot dA&AR 7HEsle] RdlEsk= HAdE| R (ubiquitous joint model)S o839t F77} th HfE|ojttk Park and
You(1998)).
SIA|RFEAET O] E/4Jo] oftol mX)= ke B Aok, £21ARl B4S GAFE A = FHIRS oA e &
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AAetg o, sfid A-+axte] tisl] Avotara} ek

2 =Rl AQHE B ARl 57HAEA] sl 7 RS o 85t SeElafiid el digh A+ Aik= HY, ARH1E71A]
2 A5 5O Aot 122 Ala Al Aokre] AR W A= A 5 Elsldef de] o8 Flolekal Tkt

o 1:!

AP

b

7]

2, 294 dtie| 3D S7IHEH| RH

2.1 EHEFHY (Discrete Fracture Network, DFN)

EAST AL AA B S JiRt S| BASE ] fIsiA] 7ol S5 EA5H] WK fracture orientation),
EAEHO] F7(fracture size), BIE5H ] 7Hfracture aperture), =0<5HO] Wk (fracture intensity) 5-2] &45H O EAJ|
et SAAR] RS v o2 AA| B (kS HAfok= FAISH(stochastic) 1 BRE 7 |H-E T3t EASHEE> 54
H BEASHES] FAA AfE Folo] 7o) RadrE 2, o] Btz EAS ANES EAJRe= 7ok

Fig. 1-2 &5 ggol wet T15o]H, 7]&e] wol ARE3IH o] g=2(Dual Porosity)Ht} A7 =A< Fte] 9]t
EAEHES] A4S 6L FulsHA BAPL 7Fse A ER1Ig 4 Sk [q':i}’q ot Y o2 BEASH IS o] =
E450ll 7171 7350l 9445 ofte] S=afafjaof ] ARg=ar Qlck
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matrix
Dual Porosity Model | | Actual Rock Mass | | Discrete Fracture Model

Fig. 1. Discrete Fracture Network

2.2 A0|0{= #H(Smeared fracture) 22!

Anjol Fd El2 discrete fracture "2}t porous media W2 2] THFSH S Al gol= 24, A Aspo HRLOA
LPT-2 A9l 7|7H53H B34 ol A O] Z]6= SR HAPVSIE: o 52 b4 o 2 ZAs)7] flsii] 282 ReleH, Z[sk
553 e oo §9bH QLS =E3c(Igarashi T et al., 1994). B4 QoA Ae|7t 2ot 7P of|, AHelE 28tst
+ 84 (matrix) 9] HoH], 42]4 E442 A7} gl Q4-9k= thE Zo|th Fig. 29 o] Anjojt ot HEle 9420k A
2]9] ke Hhgstal, 7 ol O] A5-S Bt HustA Alitsh=t] o] Hrt. SRRt ekt B2 ffsiA= A9

1_0—11_ 202
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Fig. 2. Smeared fracture model
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Fig. 3. Generation of DFN model in FLAC3D

2.4 3DEC ZEE S5 S71HEA|2H! U 2 TI}

]

FLAC3DOA] AnjojE g BHlS o83t 5715 Hdo] Ao EH?P A of
of| d] AL8=1! Q1= 3DEC F=E Faf AR Axfe} vlwEA S
Table 17} Z0] 344220 m x 20 m x 20 m2 H.oH, 2|73
k. EALHe tholkl=Fig. 49t 2o E7g3t

- O

G 7T AT DA S om, 53714 §E AN vl 2

FHLA R
< AXsHAC

Case 1-& 21412] ZA17}90°0]m) ZAa0] 90°, Case 2= 2 A47210] AP F90°0]] ARIEI0] 135°, Case 3:& Bd:
710] X7} 90°0]m ZAAFkeo] 90°2} 180°0) WA} AL S THEIT) 3DEC T Ak A A, Beidio] mulo)

AR BARANA] HEEA] AAE]ojo} 5 g FLAC3D T =M E 0|2} 5Us1A] Xags1s]

Table 1. Model geometry and input data for fracture

Categories Information and Specification
Region Size 20mx*x20mx20m
Depth 500 m

A vertical borehole

length : 5 m, diameter : 2 m
Fracture information Case 1 Case 2 Case 3
Dip direction 90° 135° 90°, 180°
Dip 90° 90° 90°

22[5H 2ot HlmEs

sl ool Aol ALE] 15500 m ol FARTH R A1 Aso m, S mie] L] 6wl 3ok
U2 A l(hydro-static pressure gradient)©f| THbA] g4 0 2 Hofslort, & el Aol

Al AFholli= 4.9 iy, 2E SO
51 MPUQ] _J_:L/\o}o] 74}_9_0].52 AR o]. q—

TS 35h7] 15k FLAC3DOW = 4718 Aeisliorst, 3DECM = =

A& O] 7+ aperture)S 475 H|
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(a) Case 1 - FLAC3D (b) Case 1 - 3DEC

(c) Case 2 - FLAC3D

(d) Case 2 - 3DEC

(e) Case 3 - FLAC3D

(f) Case 3 - 3DEC
Fig. 4. Three cases for comparison between FLAC3D and 3DEC

%]o]9J}. 3DECOIA] Case 13} Case 29] B-4H ] 7F18-30 2 76101, Case 32] 7-2-=H5ko] 90 °¢1 Aej= 7o)
30 m2, H3¥o] 180°¢1 Aejoli= 2H50] 50 m= 7HsHct
FLAC3DOJA9] & B4~

A Bl A (28 F9lA AR, A (2)= Navier-Stokes ©] ZHIRE A 0 = 7] ALt

e
o) E4AKZ AR Aotk
U2
permeability of a single fracture = 15 2)

1 (2)2 Bl AWk B Blkulo] ngEs

Al(intrinsic permeability) =, FLAC3DO = FrAG=2] &7t m/
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Pu-secE 2= -5 3AlS(mobility coefficient) “k”7} iAol B Ro1H, 5-5/3A15= Darcy H2lolA =9 =2 AlE
etch whebA] 4] (3)9] Tl eHkA o] IR R Al « K & SolA s dA = e4tsAl EItFLAC manual).

mobility coefficient(k) = & < 9.9 x 10™? 3)
Table 2+= ofid H&e]] -85 2] 2-d2]of tisiA it ol

Table 2. Hydraulic constant and boundary condition

Information and Specification

Categories —
FLAC3D - Permeability 3DEC - Aperture
Case 1 7.5 e-7 crt 30 (m
Hydraulic constant Case 2 2.083 e-7 cnf 50 um
Case 3 7.5 e-7, 2.083 e-7 anf 30 um, 50 um
* Upper face of the rock mass block : 4.9 Wb
Boundary pore pressure * Lower face of the rock mass block : 5.1 M (hydro-static pressure at 500 m depth)
* Vicinity of borehole : 0 WP
‘ 5.1000€
5.0000€
| 4.50008
| 0000E
| ; S000E
3.0000€
2 50008
200008
1.5000€
1.0000€
5,0000€
0.00008
(a) FLAC3D (b) 3DEC

Fig. 5. Pore pressure distribution around the borehole

FLAC3D9} 3DEC FEoA sl Aik=Fig. 59t o™, 7} AlF5 FHEC] F=pdo] e 2 FH He Dol A
5lol3} 2= oItk

ol

T2 Al5goll - =he gl tisl vl w2 st Sict, Al3g FHEE0] 3902 02 0 I 2 A5t a4 e AAlet
%.2™, Table 3-2 FLAC3DS} 3DEC-S S5l Alte 896K flowrate) 2] ZAxfo]ct.

Table 3. Flowrate results in FLAC3D and 3DEC

. FLAC3D 3DEC
Categories
Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
Flowrate (liter/min) 1.3264 1.4119 14.6163 1.3303 1.4931 14.5424
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3DEC FEofA o] a2 FA9] ofs = L% HO AR o] £oIX] H8, FLAC3DOA® U5 EaEHo] YA[5H]

WE 840 FAlE “07 02 Eslo] shide 5ol Table 32 ZF Z=o M AR -Felrolm, By Hlus) &
37HA 785 B el Aaigto] frAlslthE Zhe & 4 Stk =, FLAC3D FEol b Ega A/ dAA 2njof= o

T AZE -2
The.S okxo] 1.8 ELATL <070 oPd 1.0 x 107" m?, 1.0 x 101, 1.0 x 107 n? 2 ]25}0] Case 29} Case 32] AlF2-0.

S|
TUFE= AP, S8, Fig. 67 20 Case 29 Case 3 B FAK7 571t b frdwage] 571

G RS 285714 R Fpr} 1zpo] Itk 21 B11% 4 9]
[e)fe)

—

il

flowrate (I/min)
flowrate (I/min)

00E-19 1.00€-21 1.00E-20 1.00€-19

intrinsic per;r;e-;ggli!v (m?) intrinsic permeability (m?)
(a) Flowrate for Case 2 (b) Flowrate for Case 3

Fig. 6. Inflow into borehole with variation of rock’s intrinsic permeability

B, A5H1E712), PAVIH 7 = A5 5 Aot =0 AR Foll Z[ek-o] fa- 2[WHIeH 50 A E o Iok= 52 A
St EE0] QP el A ZRE Gk mXiIth whebA Aot FEEE A R ALE Al Aok e ARl of
+ A2 - Saskth

Z6}2] F-A-RE AIESt] fIaliAl sl Q1 B (analytical solution) @ 5=2]5}4] ¥ (numerical analysis)&©| TS
AtE]o] it B9 R FUER= Aok = AlSsh ] it |oA] eE0] Chisyaki(1984), TalZ Dagan(1983, 1984),
Meiri(1985), Anagnostou(1995) 52| oJ2] atx}5o] ofaiA] A & 7ig=]o] ghom, shAl HiH2 /e 4-2]o4] o]
ATE SlolA A= Fe] ARSE|A QI

3.1.1 3443 3y

B2 U= 2ol oS Alrtslr| 18t a4 91 i © 2= Polubarinova2} Kochina(1962)7F 5148 A2 P
Shgeel giulel 2] SHEl o] S1loh Gl %ol El] B9J21o] e s A5keg sk 413 thamt o] Aot
At
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21 K(d— )

"= WRD/R) @

o714, K : O] FTFEFAS (m/s)
R 9O ¥ (m)
D : A0 2HE B o] AmFERIZEX] Zo] (m)
b, : E'FTRAAC] =5 (m)
d : A3 219] 2o =07 (m)
q : El'd Teldo] F 2ol 54E (m¥/m's)

Polubarinova®} Kochinat 2= Q1= Ak=0] ™, sink 2} source 2ol A== <5 (equipotential line)-= E|'EH
HoflA Y] = 71 YA R ( D = 75l

Pa Imaginary source
v -
d
0

Ground surface
D [D'
R

Horizontal Tunnel

Imaginary sink

Fig. 7. Schematic to illustrate the concept of steady-state inflow into a tunnel

Goodman et al.(1965)-=Polubarinova®} Kochina”} AIQFeH B1'd W] Aok A 44412 Tl A Fig. 8 g2 2487
gdo] 283 = 3= A1 (5)F AANGH B Qlek ZslHo] X3 ofefje]] Y2|ekal, Z]ok-9ie} Bl'E o] Amelelel Afo] o] 74
2 H, 2f 7PgsiGinh. Bd TR RE oM el =x = 4R, z=-Hy 24 ¢, = — H, 2 73515tk

2nKH,

1= 3 Slog @, ) ©

Ground surface
The water table remains steady
Because of rechargeby rainfall

Water table A
Flow lines

Equipotential lines

Fig. 8. Flow concept
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3.1.2 X543

kS A&A| 2 7Pgsle] Bl R -GER = G- G5RS FLAC3D T 52 S6f A3tk FLAC3D T =2 o] 83 ofuto] 4~
glaflollM= fA1S] S50] Darcy lawoll 7|5tsHH, 5A]oll Biot equations TESAIZITKZHANG, 2014). slA42Q1 E";i_‘?l
Goodman®] A8 A& FollA BE 2 -l =e 782 Blulsh | fsiA 9 @42 Bd= 7Hd3ink Bd9] 217823 m, A
o 2RE HE o] AneRRIZEx] 210l 500 m, EI'E2] ZolE 40 mE 71g5ISirt. o BE2 Fig. 99t 20w, EEi__!Q 71
=40 m x 40 m x 40 mo|c}. BEO] AA A 0 & FAZ9Re o] Zofo] 2]5}500 m Zlolof| YA|ek glo B g AAES] 6
o] 285t F=r-2 A4l (hydro-static pressure gradient)o]] ThehA] A2 0 2 Bty &, dl Attofl=4.8 by, &L
d Shttoll= 5.2 Mo =pdo] A= }LoH BlE 22t 9o Bd TR 3= ti719 02 71g5te] 0.1 M= A1

o1 T H

& 2743t Goodman] AFgAlel= e/ B Qs g 2] A= 1.0 x 107 m/sec, 3252 0.52 7Hgste] 28
6111:]-
AA .

40m
@G
W
w
3

L 40m

Fig. 9. Numerical model and ranges of numerical calculation

_4

Goodman 2] AFg 213 FLAC3DE 5ol Al Bl'd 29| -Fo8<] ZA1}=Table 42} 2t} FLAC3DOIA AP -F--=dtt
Goodman®] 4F3241& FF Al A, w4 7] Foll T Fko g Anglel] Y& 2lo|7H 46131 1 Goodman o] 45 4]
3ol 93 Eld 29 folfR (B IS5 4= vk 13t 4= ISATE. sEAeE AR]eol= B ] R B2
TGS v|A = EGGHo] v UiAlEo] Qlo B = EAETE el sfijo] skt

ﬁm{g

o =
718 g9l

Table 4. Flowrate results in Goodman and FLAC3D

Categories Goodman formular FLAC3D
Flowrate (liter/min) 1.30 e-04 5.46 e-04

QA SIS M S BP0 2 AREE § 3RS ek o] TefulA] RS QoA A fgolc @A) ke
Hfek: Beidso] iafslo] i el ehitolck. mrebd ehvte] ef219] Aol nll o] vle 2 BALHS Tejs
5714457 S0 2 SRS Al
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W2 91 Fig, 99| mele] 719} A o] Aot she el Fig. 103} 0] 370 BA& 2
A, BAERLDL WA F, FLACID T R FISHER 5] 20]ol= 29 B2 5§31l 3

=2

Kol
=
=& D] Hglel mE ] ke dot| $IsliA Fig. 103} 2ol 215 A4S 5 371071, 5471,
o

(a) 10 fractures (b) 54 fractures (c) 124 fractures

Fig. 10. Generation of fractures with variation of fracture intensity

Table 5= 32 &<t Aol et A E=A =

(correlation factor)E 1.0x107, 1.0x10° 2 AXslo] AL L] 7H0] 377} -Fd-a5F] v]x]= Fa e $17 vl st

Table 5. Model geometry and input data for fracture

Categories Input data
Size of DFN 20m x 20 m x 20 m
Dip direction 90°
Fracture Orientation Dip 45°
Distribution Fisher distribution (Fisher K : 50)
. Radius (mean) 4m
Fracture Size
Distribution Exponential distribution
Correlated to fracture size
Fracture Aperture - Correlation exponent : 1
- Correlation factor (deviation factor) : 1.0 x 107 (1.0), 1.0 x 10 (1.0)
10 fractures 0.01 m*/m’
Fracture Intensity 54 fractures 0.05 m*/m’
124 fractures 0.1 m*m’
3.2.2 siME A 24

2oplo]= e A oholel §71F4A-B A 4 900 el 2719} e Yol el ) slel vlg
olgatmez, melo] l4l(mesh) 2710 T kS S91d et olek WebA vl 2718 1mx 1m, 2m x 2m, 4m x 4m
% 37110] B9 Lteo] SIS AN
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mso] v} 371of w2

S
—

Table 6

o] 2|42} 2]719] Jo]7} oF 34.8%

[e]

[e]
T

o]
H

o

gk

Flowrate (m*/sec)

Table 6. Flowrate with variation of model mesh size

Continuum

Categories

3.69 x 107

9.10x 10°

Imx1m

432 %10

8.02 x 107

2mx2m

4.87 x 108

6.75 x 10°

dmx4m

0.01 m%m>,0.05 m*m>, 0.1 m*m’ =

=
=

SRS

S| ATt A

t}. Table 722+

Sl stiade AATSK

, 37121 2] 7ol

)

4

5]

2=, B

1=

11.0x 10" m2H.0 x 10° m¥

Hlo

L
—

o] = T 2] et o]

1 108 713l wHbA Frdr2 oF 1,000 = AR

=

QA45810] 71
H
h=]

2~
ﬁ‘—'T@P’] 1=
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Table 7. Flowrate with variation of fracture intensity

Flowrate (liter/min)

0.1 m¥m’
(124 fractures)

0.05 m*/m’

(54 fractures)
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(10 fractures)

6.11 x 10

Categories
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1.03 x 10"

1.0x 10" m
1.0x10°m

2.23 % 107!

6.17 x 102
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