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Abstract

The utilization of underground spaces in relation to tunnels and energy/waste storage
is on the rise. To ensure the stability of underground spaces, it is crucial to reinforce
rock fractures and discontinuities. Discontinuities, such as joints, can weaken the
strength of the rock and lead to groundwater inflow into underground spaces. In order
to enhance the strength and stability of the area around these discontinuities, rock
grouting techniques are employed. However, during rock grouting, it is impossible to
visually confirm whether the grouting material is being smoothly injected as intended.
Without proper injection, the expected increases in strength, durability, and degree of
consolidation may not be achieved. Therefore, it is necessary to predict in advance
whether the grouting material is being injected as designed. In this study, we aimed to
assess the injection performance based on injection variables such as the water/cement
mixture ratio, injection pressure, and injection flow using UDEC (Universal Distinct
Element Code) numerical program. Additionally, numerical results were validated by
the lab experiment. The results of this study are expected to help optimize variables
such as injection material properties, injection time, and pump pressure in the grouting
design in the field.

Keywords: Rock grouting, Micro-cement, Numerical simulation, UDEC, Grouting
injection test
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513 9H=A) A4 S0l QAL ek, T2R9 R FUAV Aol BEe Ak o] 29151 952 A] 2, W
o] 9 A B S 2 4 ik b AR RS B olele Toke8 R AR S

]
U=A] SRS Egoto] APde] 7K 287t ik & Aol 7HiE a4 6]
versal Distinct Element Code)= 283t 12198 F02] /A HIE vijehe], U=, U2 22 T8
OE 9352 B olalet B AUl eSSl Aol Axfet vl wsto] Ao RElo] 4125 AE5H3Ir
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A1) S B A FEE 0.0 Z712 Q16 B8 7Rs e AAFETe] 1A 1 glck. ool e X|5Hgt
go] poblo] wet 2|5k E220] At G F7FSHL Qlk AL BOHEE ohd 9 A0 vbe) B
2 Slaf tht AIskE ko] B8] olRolx| 1 glomt, Aol B F Eg 27kt ik Sfel
A5FEH B8-S 91510] Z10] 40 m oI5 B5HAS W) thAIEE etk Yoon et al., 2021). THIE GRS
2% o] £t ol gt AAe] i Aste} el el At

Hol Q)= utof| x| Z2hS AA5k= 7%, EDZ (Excavation damage zone)
%

o} gre: Z71AQl <afo] WP 4+ Slck. ot e 9l FEE Q15 ohite] Al At et e Ak 9
Fol 9l7] uhe] Astell A 2B AUE o) g Tl B3 2ol BEAo|cKim etal., 2010)
bR BRI RS YRR AE Ei ofoln} e Tek9ES A F4Jste] BAgshe ol 1
eh9E10] R gh TIeke P Teke o] glor] £ etute] 29, ek sl AR o] ofste] gt
S QS 5] 18] AT e ek R elAlel FI91E0] | MPa olstel g W et

& AF8-51a! Ith(Lee and Lim, 2007; Nam et al., 2018). 7]£2] 12k9H 32 K4 B o] QiR o 7 ¢
A 87 R EE 0 2 SRR on, 1 7S] RAEHO R A ERe 34101 Kim and Lee, 2022).
k9 ol wTjE R 48E] Sfaii ehies, J, 54, FUET) 29

() - ’—l O>
QeI e ool QS MIXI Tl AaRlArEe] A2 mjelsh o] FasttkLee et al, 2022)
ot ek 7914 FashA TelEie 2010 2 O] F5A, 7R, o] ik Feel
A Ao 4010] Agol Em o, A=t ;@d 7 Ao A 4 glck. 4 e %4
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NEQAH-S 7RO 2 S 2|54 T2 7] F-Ttasca AFS] 22HY G4 2 73191 UDEC (Universal Distinct
Element Code)2 2-85t0] oI5t 12fed trdde] FdAlaeold sl 4-astaltt. 12 sAlofl A ARgqt 4
2|52 Barton-Bandis (BB) He|RdS E-8o10] RS d5I90t:. BBRE2 7|E A4 mdof|q &
-8==Mohr-Coulomb (MC) 2] Helx} B w5}l off, A efdte]] 21-8-617]of o] 2elsital Hare] 17 Qlrt
(Barton and Choubey, 1977; Choi and Chung, 2004). Barton et al. (1974)2} Bandis et al. (1983)©] A|A|$t BBE
do] T8 4 24+ A AZZ] AF(RC), ABA=AEICS), Aeo] thq npeztolrt,

J2k9g FAARI AHIE A= Bingham -F-AJ0] st} Bingham -FA4l= Hl4+E(Non-Newtonian
fluid) FAIZ FAGE &0l met HErF 449 78 -FA|(Newtonian fluid)et 2] ATh-g2lo] FE4E
Rt & uf 4412] -50] DAY AIRIHA] (1)) (Kim and Choi, 2018; Lee et al., 2022).
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2 Aol s i Rtell o Tl Fefe] S 7Fdste] ot ek FUAle] A A= AL
T (Fig. 1). 552 Lee etal. (2017)014] <=8t 2|siA] o ILell5 34318101 350 m 3501 2 m 2] ZJAt
73 FH 7o) Rt 250 9 B4 B 3,000 keg/m?, AAAG- 10 GPa, ATA 3 GPaz A7
SFtH(Table 1). AR 9] gz 07 sty on, del= ot 259] do] Wk g Zo] 50 m 7h=
0.5 mm®] 20| A E AT AHIE T12ke- F¢i0] 7Rt 71E efubde] sl A e al
sto] Ae] 7FAL 0.5 mm=E A5t THJeon et al., 2010; Saeidi et al., 2013a; Lee et al., 2017). A&] A=
= 212o1A] 9480 ™, JRC (Joint roughness coefficient) 0-2°] slidol= T d 8| = HAFSHITE T2R8 9

o

Ao FU e 24 FAAR E AR 2] =72 (injected distance) = 7 FoFAT.

b

50 m

W

50 m

0.5 m

Fig. 1. Concept of rock grouting in numerical model

Table 1. Input parameters of rock model in numerical analysis

Density (kg/m’) Bulk modulus (GPa) Shear modulus (GPa)
3,000 10 3
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23 U= Y=Y
2 AolA Al ofl A-81t 12k FAA ] Az nlAlE R ol 4o 7hs et ol A= AHIER 4
S19I 712 it T1eb ol ek § 0] 34 5 AT BT A 4 Gl BUAIE vl
2,001 4.02] 891014 851 AEHKim and Lee, 2022). S35 49] S8 144 B4 712 et 22499
of| Z-got= vlitH]E arste] 2y HEAE o83t AL HE Foll SIS, A H2 Lee et al
(2022)0114 AAIGH i 1k " A AT 578 A e ST Table 2= AU A g ol et 5
JAE] I3l 18 EAdgtolt). S/AIHE HRHH] 1.0, 2.0, 4.00114] S=2]51A] AlEelo] ol B agt AAE B
PRAyE 25,
Table 2. Input properties of grout material in numerical analysis
Water/Cement ratio Properties
(W/C) () Yield strength (Pa) Viscosity (mPa - s) Density (kg/m’)

1.0 1.4552 9.06 1,426

2.0 0.1558 2.04 1,233

4.0 0.0779 1.42 1,136

2.4 2128 FUH,

7]|& AtollA et T1eR-H o] Qb2 Zuk o] wt 300~2,400 kPaZ7lA] Thet H 12 ARGE] 1 Gk
(Park and Park, 2003; Saeidi et al., 2013b; Nam et al., 2018). THA = Az]¢ht U A5k A7t 2ol a4
(o)

=
371 et 12hed FUAHDE o8t ARt = o= ke s FAAE FAD W, A= FdEE

Av4

Grouting injection
machine pressure

2,500 kPa

Groundwater
pressure

case A

Tunnel

Fig. 2. Injected pressure of grouting according to the depth in fully saturation
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A1) e ke o] AU Aok 910 =Rl Aaete] Afole] iRl Fig. 2004 22k HHE
Shi= Bl O] A 2| 3ol AJskr7t Qlotal 71gsh B Case A A1 150 m Z1o]of| A 2] A9 1,500 kPa©]
Tt 5Y5H] Case B A% 200 m Zlo]oA o] A4=QE2 2,000 kPa, Case C A% 240 m Zlo]of|A] o] A=Qre
2,400 kPa O & 713 4= Qlet. ol Teke-e) 52¢f W] 9F2-8-2,500 kPa = A7g5tokS , A5k 150 m, 200
m, 240 mo|AQ] T2}E7F A =1 e 212} 1,000 kPa, 500 kPa, 100 kPa2 A=, sl 2

A7) FE ) e Qlele] W gstol SXIshALS sl

ek 9] A] F:9] §eo] sl ow AAH] SRolA Befsle], Hom 4] 250w el
A0} 97T} e TekeRl To] wakg o) 7t ] ol webd Al duete] vl AE-S 9I5] &
et erow e o] 12k9H FAE FUshe slS Salsisict. ol $19] Hagen-Poiseuille A1
ol 5to] el 2ol T F-4Iqkel WSkE AbEslo] a4 male] wrelsirkA) (2). £ Aol g 4

AlsiA2 2eked FUAE o] de ltolM LRt o g Flske FEE A8RI Y FE
=

— o
ALk, e A Zh Tasto] T ek s ) ol A ehele AEsle] SAjsle Aalsh
Ak, 2ok | F9Ae] F AR nfet gree watsl] HRe] 7915 Aelo] whek 1eksdo] 7l o

S8ul@  8mul@
Ap = = 2
P TR* A? @

Hagen-Poiseuille 2014 p+=8A8%, L2 FAVFEER A, Q=74 RS WES oudit). Z2ke] &/
AHE BljHH] 1.0, 2.0, 4.0 Tt A/ = D75, £ | mL/min @ 2 V=S o, FA7 = 5
2 = [-&ste] FHEA o] 5 moflA], 0.5 m THARFc 12k9-| =) A7t
Hi= oF S ALSAILE St 0 2 §9F 2 mL/min, 5 mL/min®]] th$t 4= 413 ZH2} Aktsact. $1et &
o] TRt FAF S A O] = 0 = Shof 2} Ajgte]| TS Eelst.

2 Aol 1249 TR S/AME iR, T1eke s A0 YA, TR o= 436k
2k FUds= B7IsHt (Table 3). 21514 2] By FUU= 1,000 kPaol A =/AHIE Blig=] 9]
o o 5]

o o Rt
A mhE FU S 2SI 122 S/AHE 8] 1.0 4.00014 =] Bl 5l =R
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Table 3. Variables of the rock grouting for numerical analysis

Water/Cement ratio (W/C, -) Injected pressure (Ap, kPa) Injected flow rate (Q, mL/min)
1.0,2.0,4.0 100, 500, 1,000 1,2,5

3.1 S/AHE HigH|of| WS Ak

Tt de] ot ielof x| o] Z/ARIE uijgh]of whE 9452 B Feklrt. E/AIHIE uiekulo] i F3ks
4517 Sl FUU=E 100 kPaz 21751l =/AHIE HigH] 1.0, 2.0, 4.09] FU/ds 2HE SRlstHh.
F2|5 0] Ak= 9] 75, 10, 30, 50, 70, 100, 150,200, 3003 vHh = A2|2 2513t AE ke
& FUA = Aol A= 4 s aeit). ofof wht Ao A tehaA 2l A== A
Ao =9 A2 v A 0 &8 S7IRITKFig. 3). E/AIHE HigHH] 2,03} 4.000 4= T 3505 o d71A]
© AR FAARE A S7ISHA oM, 502 o] -7 ARP T4 2] 0] S7FO] sk B Ealtt

50
ow/c=1.0
40 H ow/c=2.0
E I AW/C=4.0
A
: S R A
u ............
L AT 0
T2 r e a7 -
g B
5 I VL I
= ﬁiﬂ
0 ﬁ oREER ©
SETER L po g
s o) @"@""@
.. L L L 1 L 1 1 1

0 50 100 150 200 250 300 350
Grouting Time [sec]

Fig. 3. Effect of Water/Cement ratio on injected distance

Fig. 4= E/AHIE vijg]o] k2 TJ=ke-g 329] Ayt B35 Ayl sligdeict, 39 502 Y mff E/AHE
H] 1.091141 4.5 m, 2.0°1141 9.9 m, 4.0°114] 11.9 m U= A= Hct 7 & 5027 A= 9S u, E/A]H

=2, 673117} Z7181ct.
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50 50
— 40 — 40
E £
1] Q
o Q
E 30 L=° 30

0
2 a
T 20 T 20
7] k7]
."E’. 9.9 11.9 .::_-'.
— - - 9.4
4.5
oL AN | .

1.0 2.0 4.0 1.0 2.0 4.0
w/c w/c
(a) t=50 sec (b) t =300 sec

Fig. 4. Injected distance according to the W/C at the time of (a) t = 50 sec and (b) t = 300 sec

o
(U%]
(e)
S

Nt
ol
1)
>,
e}
2
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>,
=
|
I

2Fe-8 FAe] TP A 2le E/AHE 8] 1.001141 9.4 m, 2.001141
m, 4.09114 28.7 mo|ct. 1R F9jo] kR ER= AI7HRI 3002 A HofA B/AHE vljgtH] 71 1.00]141 2.0

= 749-3.058] S7tekct A 3 50% 3t Al
) Zollxl o] 2/ A E Big}
0

08 %233 m Y6}

E/AHIE B3] 1.0742.08] Aol 4 F419F21 0] 100 kPa, 500 kPa, 1,000 kPa 2 35l mh2 9452
RIStk (Fig. 5). Fig. 31 2ol 7] FYA = IA 371901, 50% o ¢ F7Hgo] Atid o g Folt=
HA9 0 2 Z7ehe RS Holtt, a0l 100 kPad W Ht, 1,000 kPald W 502 o] & &2 ThIA|THE

3 0 Z

.0 T12F-EE 1,000 kPa2 FU5HH, Ae] Zo] 50 mE FUsk=d]
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N w H u
o o o o

Injected Distance [m]

[y
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50 A
O AP =100 kPa .
I A =
|| oap=s00kpa a0 |
4 8P = 1000 kPa E AL E}
I A ;‘ A
+ e = L L
R § 30 E]
e B B 3 L . o
- e R g g2 S o
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L AE}E _________ o T 10 & _@---® AP = 500 kPa
s Gt Qe O djec AP = 1000 kP
ronts S AAP= a
'. -0
A" 1 1 1 1 1 1 1 1 0 “ 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Grouting Time [sec] Grouting Time [sec]
(@ W/C=1.0 (b) W/C=2.0
Fig. 5. Effect of injected pressure on injected distance
Fig. 6= 2/AHE vl gHH] 1.0242.02] Fo] 2t AlRR1 3000049 F=UETE HolErh YU =]

7ol et g A8
kPa¥ wfjo] 1 7]2]+=9.4 m, 500 kPa¥ ] 23
o4 500 kPa= 5HH S7151HS:
kPa= 104l S7}5153;

50

N w B
o o o

Injected Distance [m]

=
o

=/AHE Big=7 k2.0

4 QA7) ZAsH= 73RS Holrh B/AHE vig] 1,004 39 300% 5, 591943 100

3.8m, 1,000 kPa¥d © 34.3 me]| sfidckit. = 0] 100 kPa
= o] FUAZ= 9.4 moflA] 23.8 m=Z ©F 258 SR, 100 kPaollA4] 1,000
= o FUAT= 9.4 mollA] 34.3 mE 2F 3.68 S7FstiTt.

[0
o

S
o

34.3

-

w
o

23.8

N
o

Injected Distance [m]

9.4

[y
o

100 500 1,000 100 500

Injected Pressure [kPa] Injected Pressure [kPa]

(@) t=300sec, W/C=1.0 (b) t=300sec, W/C=2.0
Fig. 6. Injected distance at 300 sec with (a) W/C=1.0 and (b) W/C=2.0

1,000

=

Q1 530024 FUUH 100 kPa To] FUA=]+=28.7mo|H, 500 kPa

= BE) T
A o 50 mZ T29-H o] Fo] ==t 1,000 kPal] -, U 15020 Fi& Aol 50 mol =2
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2 ATollA= S/AHE ] 1.07 4.0 tiste] F-77 1, 2, 5 mL/minz=ZAoA 12499 2|siA2
Togsto] F=AAEE A SIS Fig. 7). AA| A[aA o= 12ke| e o d=iw]7] wlzoll 2 ol
Sfigsle o Wglo] T asith ekeEs At o R TSI wl, AHE FA7E A B gl
Hagen-Poiseuille 2}of| oJsf| F=4A2]7} S7Fetol whet o7 S71stt. whebA Qo g siade X148 o
TAAATO] A} v wE 910 5 m7HA] ZF0.5 m THA O 2 7 SEhollAf o] =19k AP ste] sl A of v

gatairt. ol IEkE F9A 2] 5 mol =R A7e] 300 ofakl E/AIE viigi = FU 4 2l ¢

3 E4 FAI7K50, 70, 100, 150, 200, 3003)0l|4] 2] Aupats T&s}9ic)

50 50
AQ=1mL/min L A Q= 1mL/min
_40 0Q = 2mL/min —40 - DQ:ZmL/min
E' 0Q=5mL/min ‘g 0Q=5mL/min
3 g
5 30 § 30 O
2 o
a o @)
T2 | 320 ‘
£ c N T N e
1 1 =
f S SR
0 3 - 0 & H 1 L 1 L 1 L 1 L
0 50 100 150 200 250 300 100 150 200 250 300
Grouting Time [sec] Grouting Time [sec]
@ Ww/C=1.0 (b) W/C=4.0

Fig. 7. Effect of flow rate on injected distance

-

Fig. 72 B/AIRIE og] 103} 408 02 7S 1] Sx|aj Asjolch, Mo R FUPL T
T Z27] 502 o A7 A= ARYE FUA—ZE A STV o, 50% o] ARFE AR o] ST A
stk ol Hjs) Ao 2 2118 uhe 291 5 5027} AR o FoE 911217} el 271}
7B B o9 B2 g2 AT Aol TR STt whet 12kl ZHsiAlE o] St
7] dhzoleh. S/AHE i) 1,034 4.0 Bl stlS w, AMIE O] /4 %=7FE 1.00] 4.000 HIs %] 484
71o] S2F 1 mL/min® A= 20%, 2 mL/min®l| A= 108.3%, 12]11 5 mL/min®l|41=239.1% <715}t

=/AHE BIRH] 10914 1 mL/min © & F45%ka o, FU-Fa AL 442 2013002 FUo] Fa =31
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= 5 mo]l =ESA] ZRt A o7 FA QI Wi S/ATHIE Bijghe] 4.0 A4 =7 7] Hieol] U462
oIt =/AHE Hﬂa‘ﬂ] 4.00ME = f3elM 91 773002 ool 5 m7HA] EEsigint. FU-ro

¢

—_

1 mL/min®|A] 2 mL/min 0.2 28] Z714-& u, 5 mo]l Z25H7] gt AR 166204 74%2 A QA7) ¢F
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