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Abstract

Grouting for the rock joint is to strengthen the rock strata by infiltrating cement grout
materials into the rock joints. Grouting is one of a field of study which is difficult to
develop deterministic and quantitative design approach because of multiphase
behaviors of grout materials and 3 dimensional features of rock joints. Therefore, GIN
(Grouting Intensity Number) can be a good index with appropriate monitoring of
pressure and volume of grout. In this paper, we investigate the effects of joint
roughness (JRC) and rheology of cement material during the infiltration of cement
grout material into rock joint through CFD (computational fluid dynamics) analyses.
With rough joint surface and increase of WC ratio, the frictional resistance during the
grouting increases. The results have been summarized with polynomial correlations.
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olt}, waba] FRoA o] T12R-E Y AFEA-S UER= GIN (Grouting Intensity Number) A 35 0]-851] ¢
DUE P Fof 2t A58 E 38ck= Ao] 2 -o] Wkto|) & =FollA= T1ekes 5 Al A 7%75_]7]
Sa EAE(W/C)H]of| what o= o o] 4S8 kG50l A& 4=slfoto] ZAlolSint. Aol A&
T

2 SAMIERD 25 T Al b2 IA DAt o sid Ae 7 24 e ez Al Fﬂﬂr

Z20f J2+¢8, GIN, dH-da], ikasaid

1.M2

EF U 12k RS Aok f5 S REAU ANH R O] FAF S o] EQPESH ARMIHIE AR
FHl= 2/ol= F4 0 & 2 ARSET 5] B9 P =, 7|2 WL, AR} W Ao B o= &
= 52 48 55 FAAA YR HAE S Eoln YrHe] g o] Rokro] TS AAA7| AL &
20 g2 AMGETE oA Y Tk ANEEES] P ol Sajt A skl IAITE el 1EEA O
T 2 AspA o] QlojAl o] of 2] A/ tisiA] AgAIS] mhetstal Zekal Qlet. Eetra|et R g of et Al
rolEA o & Wohe ek RAlR ] 544 %?&EH*JOL AR U EA6k= e, 295 52 59 7Istet
A Sz g afjx]o] wE ek @737 o] tigh Agelet I} gick. o] 2Rt A1 E SESH] flste] 1t
29 A= 0] 7HE(Park and Kim, 2017; Park et al., 2017) U4 A5kl tigt Alo7 7Fs<h Al3-8H]2] 7

Ml

HH(Kim et al., 2014), 55U 3 7|F LT 9] SHAIE 2551 = A% (Han et al., 2014), 2351 &
T RE BIES Q1R 1k o] -8/l thet A(Jung et al., 2017) 5 ThFeE G417} X524 0 = 4-afx|o] F

o TR STSHD A W AL S TN 3L ARG AN T IS 02 4
A 9 A1:g0] o] 2ol A= Zlo] ohje Aukgh 7 AT b S B Eslel F910) Hrg S5k S3olch
o1 A ol o 12439 oy e el e el 4 o] el 5k A

o]l w2 Bingham A& 0] 7E-2 et A W Alg7]&Ee] /= ojop & Zoft}. T1eut o] 39 T12ke-g
Yol Aoh= thefet /= HHIH AN S TEsh ol ERA 02 AP Qle B 2 AX7EA] AlQkE 11

28 AAH T bt =82 AE 7] 2L Q)= Z1o] GIN (Grouting Intensity Number) ¥ 0]tH(Turcote
etal., 1994). GIN> 12198 T of| 4] £ H o2 9] 7l e = 4] T Aol A o] & xt T2k EAf o] 5]
Ao Fog FAHEE GIN /MEe 2ego = 2lste] T2keEA] 49t Tfl(hydro fracturing) 2-2 S5
(hydro jacking)2] WY 71548 43} gt GING| -85 ggat 44 =4 71535t Ba)A A=k,
FY Al 12k Hugs e ArREe s S4o] 7Fssiet vk AElollA SAE gt AA b Wl = Al oF
o} A159] ghe oISk ol 1] Siste] SAARE ALt Slct

990 Journal of Korean Tunnelling and Underground Space Association



Numerical analyses using CFD on the pressure losses of the grout flow with variation of joint roughness and grout features

2. GIN (Grouting Intensity Number)2] 7§

St TRk e okt o] BALE Ik EAlR WA A $-=H] 1 2do] k. o] 2 SfelA
=)o) B3t ohite] Ale ejste] Simhat Sio] MAISIA] ok eolAle] 1okt Ajge] F¢lo]
|50l oF sty o] Tk AolS glslo] GIN S 8ot 9lom GING A St ule} Zo] 2t
A 2910k (P)h k9] ol ZIAA(v) 2] Fols] 79 Aol L] 9] oz} (Al (1) 2,
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GIN=PxV (1)

Fig. 17} 0] A¥iz7A0] et 415 GIN b0y AARC 2 slo] ALgke 2 AZ L Teted 5
Q117 1A 0] Fo 2 AT 7] AP @)2 GIN ZHAG)o|uh Z2plo] AAS 1] Wolok gk, Zero
Flow Path (ZFP @)= FAVIeollA] 12k E4] F-Jo] i) b Aee] 122 vehi glom, 54
A4 Fele] Az 2P Aol $1X]stolof gk, olefek GIN eblat B 0] Aol tiigh ol 2 i
o thaat 2o

-

0.

DGIN=PXV

P [kPal

@ Zero flow path

3 GIN target
@ Grouting Path

V [m3]

Fig. 1. GIN envelope, target and zero flow path for the controlled grouting process
Tkl Beldw 2719] 79 Fig, 29} 2ok
Grouting boundary

/@/

e

Rock joint aperture

Fig. 2. Schematic of grout injection
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Numerical analyses using CFD on the pressure losses of the grout flow with variation of joint roughness and grout features
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Surface height (y)

Distance along a measurement line (x)

Fig. 3 Topographic profile of a joint along x-axis
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Ae Urehfolch AR A2 Re & FI0] BS 0.15 mm 510] 4] (10)2 Fajo] y 5] A HHge =

RandN(n, 1)= k3t BEHAEe] PAOIA n® 192] =5 olo] dp A A)7]= e=rolth. Bt gl

Tablel12} 2t

0.06
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Standard Deviation

0.02
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Z,

Fig. 4. A correlation between standard deviation and 7,

Table 1 A correlation between Standard deviation, Z, and JRC

Y axis range Average Standard deviation 7> JRC
0~0.065 0.032 0.019 0.263 4.039
0~0.085 0.042 0.025 0.341 8.055
0~0.110 0.055 0.032 0.442 12.025
0~0.145 0.069 0.041 0.575 16.079
0~0.185 0.090 0.051 0.743 20.010

2000712] WA © 2 A= FHTE Pre-Process & ©1-851 2000712] Node point A8/3 & Z+ Node pointZF
AE-S ok AeE FAd5kar F/%H Ao MeshE A dsto] drjHe] T2utd-S Fig. 59F2o] 84 stk

e
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Step Grid generation process
Node point
Joint
R S
Mesh };g:‘}\ S { i eSes v/>\> / T % \l

Fig. 5. Grid generation process (aperture = 0.3 mm)

ol i o = /% JRCE H2lo] FEli=Fig. 63+ At

JRC Joint surface profile
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BB R EERIIRH f\/\\\\

RCS Sl SeeeEEaT
s ey
Rt S e e S ’/g{(f?‘ffﬁ
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Fig. 6. Joint surface profile according to the JRC (aperture = 0.3 mm)

3.2 2 S-=5A(Computational Fluid Dynamics, CFD)

SIS I RS 5] S A A B0 AR S0l 5 20k
A z= A7Fe)E/do] Bingham AR E-S 28515 0™ T2k-EA 9] 5742 A 24 HILE FH
Herschel-Bulkley %@ %} VOF (Volume OF Fluid) 2 &-& #-8-5}%ct.

¥
o
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3.2.1 Herschel-Bulkley 232
T12R-EAf= Bingham 4| 5/8-& Ho]H Bingham A= HI'TE FAIRA @588 o] HojoF -5
o] AJ2tel= E4du ATkE o] Hgloh= A-FA10] E/4dS 711 Sk, R 0 & TTEReE F9) A ARG E]
= AHIE H|o| AE= Fig, 71} o] Aok of| H]FHokR] ¢8= Power-law 52 44 T3F 7k 11 Qct. 2
Lol 4= Bingham -3-42} Power-law -5 543 A7 =2 Herschel-Bulkley S22 53] o]2{3t 12k

E 20 E42 mAST.

Herschel-Bulkley
(n>1) .~~~ Bingham

/ Herschel-Bulkley
(n<1)

Power Law

(n>l) Newtonain

Shear Stress (1)

Power Law
(n<1)

Shear Strain (y)

Fig. 7. Herschel-Bulkley, Power-Law model of the shear stress and shear rate of change

Herschel-Bulkley @] -9 Ele 2] (11)a} ey,

T=7T,tky" (11
7] A, k= Consistency Index, ni=Power law index, T <= Yield shear stress, 7 ’+=Shear rate, 7+ Shear stress
£ ojnlgict.

J=R-EAfe] EAS S/AIMEW/C)HEC] A S vlXith 5 Al IeREA= 27| vfgdv]e ot

=]
AT B4 71|11 ke A0 TPgatel F4lo] of2olAt Al *mﬂ o] w}a}%%aa =47} 5

St HE LEME AHE ] W/Co] ThE AJHE o ]/\E,] Ak ] w2 7@% 2] ol 485lo]| T
S AAAIE 4Z519T). Herschel-Bulkley X 30] 2-8-5 Q]oto] /\]- a5+ 2712 Table 29} 24}

Table 2. Grout material properties

Propertes WiCratio|  wic—04 W/C=05 W/C=0.7 W/C=1.0
Consistency index. K 1.359 1.021 0.29 0.071
Power law index. n 0.57 0.55 0.61 0.73
Yield stress threshold (pa) 9 5 2 1
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3.2.2 VOF 24| 28

TIRRRE T4 AFE e 59 EAEH RO skt 3715 ol f-E ok tHd 1A AsS
t}. teba] 1ERE F9] 852 Bkl YaiAle o 8% oAl B 91 VOF (Volume of Fluid) 2 &-S AFE-
Stojof Rttt VOF W2 A RHll|] 7| 0 24, fAIAIA HleS Bl 9rt vk = FA1E A9l Al
A4 Qe 5] s 71 . 24 740 A1(Volume Fractional, )2 Al &5 7t Al&xjolt 2 EghaS HhE
o} AR 7FaohH AR Wit A &2 ThE 7 A1 2] A4 Hla-S 6l 7 121 BAIR A o] A& 20|
7Fssith

A AlARlr F A7 H EAS] A k& 7891, 7IAREEAT 7450, 1019]0 H9-=0<F <12 BT
= Qo™ AFTT A (12) 5 THSohe AJHE F26k 2= A9} 7 1H ZdAH ] Higt F2l0] 7Fs5i.

%FJru-Af:O (12)

P71, v S HEfolt.

3.2.3 FLUENT #3514

FLUENT—E AR Q= o] FPsat ma 2] o 2A] 2] W 9H|0] 5254 Mut ol g 5, ,Tgr o7
3 HE3-5 Thedet 2xde] ozt sAlo] kst webA] FLUENTE o851 JRCOll b T12R-E 59 9
= %Ohﬂdl 215]] 3 /minS I8 o Q== 910k AXtelgit), 58 7L el o] A7) B
(Transient flow) "JHI = 71 StGIth AAEC] 95 BAlE WO 75 A= 07 0 & A (pressure
outlet)= AA5I O™, FUHRI 252 A 2702 S5 7 A|(velocity inlet) Z7(Table 3 311) & sfof 4=

Aelke sisict

Table 3. Boundary condition

Boundary condition aperture (mm) Velocity inlet (m/s) Pressure outlet (Pa)
0.3 0.166 0
0.5 0.099 0
0.7 0.071 0
1.0 0.050 0

ol AAxAT =dgke A8t pAIsA e S 2™ Fig. 82 2] 501 0.3 mmY v 2] W
S Teuplg LRl )t 2 deje] Adr] 2 HdiSE g2 JRC7F0Y ™ 0.215 m/s, JRC7H12¢
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) 0.404 /s, JRC7H202) ) 0.767 mis7H AISHACE, SlA e HeEelafe) o|n Hejelo] AW4E
SEA] S o okl A4S Bl

JRC 0.1-0! o.‘a o.a X Velocity
JRCO

L S Y N
IRCI2 #WCW%&%
JRC20 = e e O Ve

Fig. 8. The velocity profile of joint surface (W/C =1, aperture = 0.3)

Fig. 9= W/C =1, E&]RF0.3 mm¥ ©ie] 2 21349 o2& veh L Qlot. o] Zoigh2 JRC7H0 Y o
47.12 kPa, JRC7} 12 1] 61.58 kPa, JRC7} 20 o] 89.28 kPa2 SHIE|th AZSE §9l&r L ez o
olof wh} @7El= FRAYE F7tokE Aol ERIE St

20
60 Tl

30

Pressure (kPa)

1
0 20 40 60 80 100
Position (mm)

Fig. 9. Pressure by position along the joint (kPa)

W/CH], b=, JRC| wha} 279t oFe] 4ol =7] 9fet 8+M5l= FUUS 2 Table 42+ AT

dejo] 5ol a5, WICHPH S5, Al dejo A7 a5 e s TR v 240
SRIFII. FUY vle dePtoiel £23& 71Eo s & w7 7131 ZHURC = 20)014 2] 8+ 42
th2F 1.1~1.858) U= itk S/AHEW/C), 25, EeAd7|E FAdd 7HE 2 = A=A
o S Al SRI= It 5ol whet 2 234] o] U Whso] LAY, o] A7) of w2t
Ae Z|d 2.081 2] Higo] EARITE S/AMIERRE Xt 18] 0] Zfol7 ARttt wHbA d7gollA
o Al Az o] Fofl it et mpeto 2 of] W50 ZAIE o= Ak 5T 4 Ske A S = TkErh

o
-
©
.
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Table 4. Required pressures for a constant grout injection of 3 I/min with different joint apertures and
roughness (kPa)

(@) W/C=0.4
JRC
E (o) 0 4 8 12 16 20
0.3 409 422 462 499 586 757
0.5 138 143 152 162 177 201
0.7 69 71 73 77 79 83
1.0 33 33 34 35 36 37
(b) W/C=0.5
JRC
E (o) 0 4 8 12 16 20
0.3 294 302 329 355 414 531
0.5 104 108 114 121 136 149
0.7 54 56 58 60 62 65
1.0 28 28 29 29 30 31
(© W/C=0.7
JRC
E (mm) 0 4 8 12 16 20
0.3 105 108 118 127 150 198
0.5 34 35 37 39 43 49
0.7 17 17 18 18 20 20
1.0 8 8 8 8 8 9
(d)W/C=1.0
JRC
E (o) 0 4 8 12 16 20
0.3 47 48 53 58 69 94
0.5 14 15 16 17 18 2
0.7 7 7 7 8 8
1.0 3 3 3 4

ool 73S 714 129 59 A] Aele] St AHslo] HhE EeAle SA A EET ATR T
2t i ATRE At IRC 2] Z71o] njet e sl ek

WA 7HA5Re AERS BOI) JRC = 09] 2718 7130 2 7 IRC 270l 9] asl oFeighe Jfs)
A7 1 IRC 7k0] 43S 51T Fig, 103} 2

F
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= . © e=0.3mm = 20 - 0.3mm
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b g 0 e=0.5mm

216 16
&_ & A e=0.7mm

214 514

g 5 1.2 0 e=1.0mm

b 1.2 T g

% 10 o 1.0

0 4 8 12 16 20 0 4 8 12 16 20
JRC JRC
(@ W/C=04 (b) W/C=0.5

= 20

S B © e=0.3mm

)

¥ g

) g

g Z16
n:' [-N
> \E 14

g =

3 %12

) gL

B N

-9 1.0

0 4 8 12 16 20 o 4 8 12 16 20
JRC JRC
(QW/C=0.7 (dWw/C=1.0

Fig. 10. Variation of required injection pressure affected by W/C, aperture and JRC (kPa)

olo} e el e % 710 100 mm Hejo] thgt Arjoln] Aejo] Zolo] mke hele 4e] 100 mmE 7]
o2 st sigdelo] Zo] Hlguha ek gho] A 7Ie o] HIck B Aol £E 1A sk gl
G IRC7H0]] 2708 710 2 2t e 2704 gt HelURC = 02 Ui glolek ZK, = Prc/Po7t
=] Table 42} 0] 7} 273004 0] APl thbalo 2 g

=
1

S
1—

o

Table 4. Correlations of K, with aperture and JRC

@ WwW/C=04
Aperture (mm) K, equations <W/C = 0.4>
0.3 Pire/Po=1.5 x 10 JRC*-1.9 x 107 JRC* +1.9 x 107 JRC + 1
0.5 Pire/Po=3.3 x 107 JRC* +9.4 x 107 JRC + 1
0.7 Pire/Po= 1.1 x 10 JRC*-1.0 x 10 JRC* + 8.0 x 107 JRC + 1
1.0 Pire/Po=7.3 x 10° JRC® +3.6 x 107 JRC + 1
(b) W/C=0.5
Aperture (mm) K, equations <W/C = 0.5>
0.3 Pire/Po= 1.5 x 10* JRC* -1.8 x 107 JRC? +1.7 x 10? JRC + 1
0.5 Pire/Po=3.4 x 10° JRC® +8.4 x 107 JRC + 1
0.7 Pire/Po=7.9 x 10° JRC®* +6.8 x 107 JRC + 1
1.0 Pirc/Po=5.5 x 10° JRC* +3.9 x 10? JRC + 1
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Numerical analyses using CFD on the pressure losses of the grout flow with variation of joint roughness and grout features

Table 4. Correlations of K, with aperture and JRC (continue)

(OwW/C=0.7
Aperture (mm) K, equations <W/C = 0.7>
0.3 Pire/Po = 1.8 x 10 JRC® -2.5 x 107 JRC* +2.1 x 10? JRC + 1
0.5 Pire/Po=4.0 x 107 JRC® -1.4 x 10* JRC* +9.1 x 107 JRC + 1
0.7 Pire/Po=17.9 x 10° JRC* +6.8 x 102 JRC + 1
1.0 Pire/Po=4.1 x 10° JRC*+3.9 x 107 JRC + 1
(d)w/C=1.0
Aperture (mm) K, equations <W/C = 1.0>
0.3 Pire/Po=2.0 x 10* JRC® -2.4 x 107 JRC* +2.0 x 10> JRC + 1
0.5 Pire/Po= 1.1 x 10* JRC? -1.6 x 107 JRC* +1.6 x 107 JRC + 1
0.7 Pirc/Po=7.9 x 10° JRC* +6.8 x 107 JRC + 1
1.0 Pire/Po=5.3 x 10° JRC®* +3.4 x 102 JRC + |
4 2 &

U 229" FHAIE Al =AY Z/AHE H], He2) 9] 5, A7) Foll meh A xR Al 85
TFUU ol Aot At U Z1ehe-g2 o/de] Hapo] ofsiA =A@ Al ol s Y
Zojt}. whebA] 2 AtolM = eAlsh A S Sote] T12ke-E U Al wiC B, Ae &, 7] A-7] 5ol 1=k
gl u|x]= Gkl tiste] 2461 0 11 Avk= thaat Zth

fEt ] 1852 ARFelEA o & Wskel= FAAe] ST FAB 2] o vt uf Ao diet ekt ntet
flo] e B2 AR A0 Zig H ke 7ol o] tigo] B& S8’ @47} Firt. wheba] Q) =9l
= AlofshAA] 2 24 GIN gk Eelshal FUvHgS RUE "2 sPHA| ZI8gsof gt
1. T A o= 4] WEel Rk niAl= /A HER], dejo] §, He|AA7E AR ofo] 2o 1674

o] & st om, ZF 498 6 T2l IRC g2 slAdste] F 967119] 7-7-ofl tigh siiAdo] a8 =i,
2. F3t6 TR0 A-TIE HHSE] $16101 2,0007 oo ke =E FAR R A /dste] sfAlstalat sk A7

2 BdsH: 3N s or ol X.:ja 1.9 o) galol H FAZ AL Wgslol SAlsl A o=

12k R T2 ARl o 11wl A 4ol st E e FUYS HUE T S
3. S/AMEH], d] &, AeA-7]E Haei oA —% o4gt At ] o] E(Fd 238 0] Y HEol 7FE

& FFS nF o S/AMEH|E 118)), 2] A-7|(Fd 28)) 02 SIS}t dro] 5ol A2

= 183 E/AHER} 225 A A-710] G2 1L A RIS

& Aolite AR 2014 ER] 9] ZIstet] EA(E, 7127 S/AHIER] o g FAEES HE
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solct. Felge] 27171 F4dell 9lol 7Pg & G MIAle AL BIsiolrt. @A) 12ke F¢) AN A
EOMZ*EH—*J% TG AL Q] FEATE Solo] B Aol =2 © Ave Yo 48

4 A Bl B AT A7 A0S Ao 2 Agslel GIN 2] 55 3 AFEA ZUERS
o o
[e}
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