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SYNOPSIS : Tunneling in difficult geological conditions is often - inevitable especially in urban
areas. Ground improvement and reinforcement techniques are often required to guarantee safe tunnel
excavations and/or to prevent damage to adjacent structures. The steel pipe-reinforced multi-step
grouting method has been recently applied to tunnel sites in Korea as an auxiliary technique. In this
study, the face stability with steel pipe-reinforced multi-step grouting was evaluated by
simultaneously considering two factors: one is the effective stress acting on the tunnel face
calculated by limit theorem and limit equilibriumn method; the other is the seepage force obtained by
means of numerical analysis. The study revealed that the influence of the steel pipe-reinforced
multi-step grouting on the support pressure in dry condition is not significant while there is
relatively a large amount of reduction in seepage forces by adopting the technique in saturated
condition. The effect of the anisotropy of permeability on the seepage force acting on the tunnel
face was also estimated by conducting the coupled analysis. It was found that a higher horizontal
permeability compared with the vertical one causes reduction in the seepage force acting on the
tunnel face.

Key words : face stability, seepage force, steel pipe-reinforced multi-step grouting, tunnel

1.4 2

gotg A 2ANA Hd AF A Hdd R4S Fusm Ay FRE
ol AgAT. FTNAE A% WIE AT FFARE AL & Ux B
o}

o Hr

(steel pip-reinforced multi-step grouting)e] <ol FE{H 1 Adt. o] FHL 7]
T THe=z °I%HP‘4 Ho|LZEXLE o] HHolZEE o Auk RAAA=ZR

o o

B 4

49l FHEL o] JolZE B 1eb9Ee £, e RYLFES Y FFL
49 EAE A HAE + Ueh & AFAAL ol @ Ferhe aekegez 1YY o

2 ol N 2 o g I
2

o 2 ofl Iy of

2 L} 9
AR BRI ARYS AT WHHS AASL, oYy ARk FFAlge ojWAdo] EHY
g3l AFYe uXe g FHFHow -Er-”i- stual gk 2B Fe] AL FHo] E(limit
theorem) % 3] o] &(upper bound theorem)} l} A3 3 Y (limit equilibrium method)S A &3t o™,

Asksl sold Y AF A el Hgshe AT FAANE Sl ARHAUAY. EF 2P

-273-



32 ge Hael Asol tal azd Au
s, 4% 4H Ass 25 2ANA

A £ Leca®t Dormieux(1990)7} At Abglx] o] & 9
1 =
sl 78 oo 2Et9-"e] Hd 239

J Ral
£ o] F(0D)°] HAF HY wge] Agatr WFY
Fel HAE EHE ANFLA B,

2. YEXOlEN 2t RTo| XY MY

E AN 4EX o8l o|F B whAolMe] A=Y 4HA Lecash Dormieux(1990)7h Al beh
zz Aol @ FAN T el @ 2R g4F 33 WAYBMDE FHste] ZBrhd 1295
B9 Hael d ARge WA A48 B4 29 AAURL 29 1604 2 vheh 2o
s- ATNE 4 2UHS 98 2B 2499 HY AV FAstL 2999 Ay &
e aehedol Axdttn At

2% 1 ASA o2 A% 3 WAUZE
4@ olgozuE HY o] Ay AE 2AL 4 ()% 2tk
fosh )

4714, Pe d%aze) 9 98 Yehin PE dEANYE UEdth 93((P)e Bl Asee
ol ABHE A% HE B F8at ATMosp)el A V(Psp)e LI b o] 3
Ax 4oz o)FolA sith

P =B +B+F @

7N, Pro} P,e 247 Bld 93 e A E(opd F Y & ESY FA g gL vt
o, Aoz REFd % 3, P S Zo] YEdE F 9t
P =ﬂ2cos2(0;+¢')
4 cos” ¢’

cosa
[ R (OT OSI )
C
' ’ 3 D
+[ sina RAIZQ,, N cosa.cosq)'cos(ﬁ +4') S RE2 YD v, (3)
R; 25m¢'szn(ﬁ +¢’) 2sin¢’ cos (a +¢’) 3

9714, RA, RB, RC, RD % RE= 4% o, £ 2 ¢'% #A" Folth (Leca & Dormieux, 1990).

-274-



3" 164 o]FES B R B &4 89 XWd EASHE YpE wg YA 24EY, WA

2o thgst o) e 4 3tk

p _m? cos’ (@ +¢')[cosa R, R}
) cos’¢' | sing’ R} sinq)’cosz(a +¢')

c'cos¢'V, @)

A4 Q) WE 4 (DA tHdskd Bl e A HF 48R o889 &7t LA A drh

N, +N, &, 12 < (K, -1)0r=%sr. , g
0(.' GC (5)

A7NM, Kpe FEERASF, oce HT% 437 (unconfined compression strength)e] ™, N,¢ N, =
& Al (weighting coefficient) 24 W ¥ whzzte] e} vl AP BAE 74T

3. StAYHMO oft T XY MY

2 d7oAE HE 2EY ARy A AdqA & HolA AFe FeAo|2 ol
Y, & 329 H718)4(wedge analysis) ¥ F 7FA @ 2293 HAYE o] &3td AAgg a8t
Hoz ®HZHE Hde T AERYES AT AHY 1(slice method 1) F3A-E logarithmic
spiral2 7} &3, AHY 2(slice method 2)& F3 AL Aoz 75

3.1 HI1514 (Wedge Analysis)
2 MM BHde A¥UE S 7 20A 9 o] FUZ WA AAAHoz mdygsiglon,

B 2 e 7o A5 e 39 33 2o uehd + e, F3He HY el A
ngre 4 @ M 42T & g

/ N
SN
\\ //
\\‘ 1 //'_. :
a3 2 71 HANe 9% B WAIE 2% 3 H7)d) Heae 3

§ -C,'cos® +S.F..| /D
sm( ¢) cosB + ]/ g ®)

¢'
3.2 E'Y 1 (Slice Method 1)
AEY 18 29 4904 B npe} o] 3 H-& logarithmic spiral® 7} 8] g 949 AR

AR 0oz RE HAUAA AdE 4 (D} go] FANIL shtel AR FgE Yo
29 5elH 29 uhsh 2ok

-275-



r=re"* N

A71M, roe 671 ‘0 We] spiral®] ¥t el 0 #t<t(radian) 22 F AT

-
,\ | \\\;:.‘. \ . ///// \\
L \\\ \\o?"tm ’\/\/ \.‘\n I—I—.l
\‘,,;w-« ‘ '.V \ Us
\.",\ N . ii. N AN
: |2 \\ \\
\ o O\ A ‘W
D, P \ l N
% \< B\N =N+Un
¥ 4. 4389 1o g 3y dyE a9 5 Awy 194 29 o) A88E Y

nlngd WolA FLAGAErE AR LY ARsd AH o] ZAEste AGHTIL 929
Zo.

T, =c'l; + (Ni -Uy )tand)' =N; lan¢'+(c'—uhi tan¢')i (8)
o] o, un wis 2tz AW 9 AW FRde #A&ae £ FANHozEH FHAG.
o ARH(P)S 'O'H Bst BPoz FHE F Jdon o AL 234 HMolmz AR

EHE
Fe AnPL 57t HEHFOE Yo ek

G, = [IL{Z W +ul, ), + zuh,l,r tanq)'cosq)’—cz—’;f%(rf -r’ H/Deq ©)
I3

3.3 HE¥ 2 (Slice Method 2)

gwy 20 Mt 19 6elMsh 2ol tAme HHow sbYstel Hd Wyl Auske AN

shute] gHo) #Agste P& 2 7 B viok 2ok FEBFCR P9 FIHES nst AR
(P& 2g F gom ARGE AAY 1A 2ol 571 HEFF 2 o] doixA ok

;0

=2[N,. sin6 —%'l,» +(N,' —u,".l,.)tanq)’}cose ]/Deq (10)
Xl.
EK
De S Xr
- /\N.=N.'+Um

a9 6 AWy 20 % S WAUF 2@ 7 ABY 204 BH o A§5E Y

~-276-



B goldE 2RTS 290 wE Hae WY ARG 243 34 AL PWoD A
Asgch AkEN HAA BARE FEFF) AFAE nARAY AFF FARAAY FAL
e WHoZ AFRTh FVA B AY|HAMe A ARG AP AR PPoz, WY |
3 oAwy 20 9% ARG AR FAY Pgol AHAT. AHUAH R ALE AW AEHY
om, X 40 A48 BAAE E 194 29 uish 2k B4 F% 50mY 48 HYe gPow
ST, 28 the 2ehee] AFUIE AY dgwoz sgon, HY oy 2 Fuchd a5
9 Qe 254 AAnez 448g0

£ 1 Mo A8 244

] gt 18§ & £32E
CeNjmdy | 49000 | 1,960,000 | 20,600,000 | 14,700,000
X ol H] 0.35 0.25 0.167 0.167
Thol = ak 7 a=15.2
(‘;W'fn;; Y =193 | 2256 77.01 22.56
y'=95
EEE
N ) 0.0 98.1 - -
3
‘ngj 350 35.0 - -
E—:‘T: 7'1] —)': 1 O X 10"3 _ _ _
( m/sec) )

4.1 HEst XA F X2

X 104 ARk AxAFHr)o® AET 449 ol A% B 9o ARG IY 8 A
BQ ute 20 FATT 2o 47 BAo] HAHA ¥ ¢, Lecast Dormieux(1990)7} A<t
g GeA o] A4 Adx @A EAF Uk ¥ 8o Bl Hgp Zo] HHEW 13 Réﬁd‘?i 29
g Axgo]l Aoz F e Rolod, o olF WHel 3ALAA 2 A RV A

o]

.rw

“013} godn, £ Adxol &2 o 547} 43 e NHEGS Holi =, ]‘— /\L 2] o]
Eol FHEzhe) W] FFxRoR AT S WESs AR )80V HEoI
Ground 17.5
15 4 ‘
150 —_ $ L m:f;gﬁ%nﬁ'm
125 - —+—— Without any reinforcerment

. without reinforcement 7
10 | 10.0 —
4

; B 75 —

Tunnel center 0.0 —

Total Support Pressuse (kKN/m °)
Elevation (m)

‘Tunnel invert -2.5

Upper Bound Wedge Analysis Slice Method 1 Shice Method 2 . 150
Solution Displacement (mm)
2% 8 AxT AtolA g A HE a9 9 BHd 2 Y 10mel A MY

=-277-



Zovd 229" E84E HAFEr] AN ARG Avd did FFLAMAES A BHE 2F
o o = A 1omolA LA WME Y 99 AT ZAGY aeRoes B3E 45
g AdRA 947t §43] Fage & F Jon, £ ARENEH FaAdd 2359 OF »G

E
£ gd Aoz HAZFH 93 (progressive failure)s ZA AHAANZE + JSE& & F At

4.2 YR SEANS 3 X2y

B adFdAE AF A AsszAadd 29 10 2 B 29 #Zo] Z4zhe] AWt wet 9749
sl daA A3 s&HAS AAEAT. a5Bo] AR vls FdH ez FLASI
§ Fevz HY dold R 289" F9e EFF FAAUE HEdAeH, HE HFo= A5
352 &3t HE o Afee AFES IR FGAPFHY AFFo Ao ofsfiA] A
. '

_4

o

i

e b

2 A%Y 44 AL AsE s BS
H/D

2.0 30 40

1.0 |[Case 11 |Case 12 |Case 13

G/D | 20 |Case 21 |Case 22 |Case 23

3.0 [Case 31 |Case 32 |Case 33

80

Ground Surface

pyAverage scepage pressure|
mTotal support pressure

60

D : Tunnel Diameter (5 m)
G : Length of Grouting
ahead of the Tunaet

10D . Face

Average Seepage Pressure
or Total Suppport Pressure (kN/nt’)

SR & M N i g 2 F
Upper Bound Wedge Analysis  Slicc Method 1 Sice Method 2
Solution

I~

-

29 10 A4 £EANES 9% 349 Yy 3 1L BT AFEYH 93 AR (Case 22)

329 13¢ 289" Pel(F, G/Del Wihel mE HY wge] A BT FFFUYL Uehn
e, G/DHIZ 2001018 B Aol HBe BTE AEEQ BRE A WANA ¥ 2
S vk =% 19 4% FuThe 22996l % 2 % mE He Yol AR YT ¥
HE B Aoz TrAAY ATARE o FQWDS st 2 Helth TN ma Hish
2ol el Heshe AFUE FRPA oF 28% FEo|H, wo] AAH Aol oF 21% FE=
A Aaod a9l o Bd wgel F8ste ATAL A 2AANL F A8 ¢+ Ao

-278-



40
—&— Upper bound solution T
—O— Wedge analysis
50 - ——+—— Slice methad 1 ——©—— Lee et al.(2001) (without reinforcement)
gg : ~—— Slice method 2 b —&—— Upper bound solution (with reinforcement
£
g €
o Q\e“\o 5 30
=]
2 4\*\\‘- 3 o— 5 4
o
5 w0 %
5 — £
2]
g LA ————A
% g 5
: 3
<«
30 —
T ™ T T T .l 10 T T - T T T 1
1.0 20 3.0 2.0 3.0 4.0
Grouting Length Ratio, G/D Groundwater Level Ratio, /D

39 13 289 Aol mE HE IAFTY (W/D=30) 19 14 ZATd a2l A5l A 9%

5. dAAMo] 2# 4F XY

B FdAe Ay A3ty sE§i4S
3 4240lA A& g Bt g B H
FAc e Bde 13 43S 1.0mE 7+
A2 wid3H2n beam8 AR
T WM A 88 73 849 H ¥y FAx
HE 22 aA Hd M9 E z7|ss
S ZaA7Y 44 44 F3EY H

A 28 4 de AN (coupled analysis) g F
E3AG ojubAe] i X Rete viAE JFS AE
4ste] 200m74A 9 &8 Y5 FRHL oF 0.5m
25 39 £3YEE 015mY FAZ MdAsAh 219 15
< ZAE ok Bd TR A By 9)s)

2% 16 AANAE Bo e Hd %3 FFAA B UG A9 424004 2ol e
2 de B Aude =AU HY F3e Y2 A% A Auge WA FAs a7
ANHY de] Angos BFHE, AN o Eo] % U4 Auge AN A7 AY L AR o
@ %Y Auge AN Ao B 95T 9ee ¢ + Aok

ANHo R FAG FFAFKD FUF FFAFCGIET T Aoz dAA AT FHY F4A5
of We YUY FEALY Nkl ot AARNoR 44E HY Fge] Angde 39 17914
B9 vk 2oh WG FEASA FUG FFAF vlo) ARHoR 242 HY we AL 9
T ARG Faded, ot kit 245 HY B3 AdelN £F past dsHm AdHez
e H3gol Agse AT Aastyl ol

~-279-



55 4

g &
B 40— . vg,
a8 b 45
. . —©
gy
2.0 - :]
0l
.
h .
0.0 T . | |'" . ) 40 T T T T T T T T ]
80 60 40 20 0.0 20 4.0 6.0 8.0
Support Pressure at Tunnel Face (kN/m?) kepfky

a9 16 NEgel e HEFZYd ¥ (Case 20 29 17. FFAT olBGwko)ol wHE AR (Case 22)

5.d &

JEAIEH GAGYox 4UAY 24T 2 HY HYS BT AE AugE E
dgom 4w Ade Aos sgrANAE £ARHE st HY B At ARAS
QEANG. 8 QANAL Fohol Azl PUER HFE AnYF MERD FEAT ool
By BgolAe A5 2 HY e Angel WA: 93¢ FESAT B AT doj 2

L AES o) F¥ w a99oR A Yuge FaE AX Fnh 2y AW o a3
$902 Qs HY T PPgoz st AP A PAY + Aok

2 Aek5e sold HY AN HY Ho) et BTG B A 2A FFL 03
Atk ZBYY 2SHoz R4 A%, A B 2A%E B3 B9 B Fgae
2o 599 ARFAY W 4L oF 25%) o2t

3 Bow 299g9d @ wRe Bd Bad Agst ARLS TuAAd v A 244D
 9ee ¢ & Ak

4 AANAE Ba B ATAA AR HY FFAMY ARG FEIW BIHE AFAYL £
Y9y 2rAST FUT SEASEG JUHoR 4% B Ande ga¥S By

o W

) FA 9, bAFE(2001), “AEHo B2 W] A WAE FF B I, AW
53 =54, A17dE, A5%, pp.165~172.

2. Broms, B. B. and Bennermark, H.(1967), "Stability of Clay at Vertical Openings”, Journal of Soil
Mechanics and Foundations Division, ASCE, Vo193, No.SM1, pp.71~94.

3. Chambon, P. and Corté, J. F.(1994), "Shallow Tunnels in Cohesionless Soil: Stability of Tunnel
Face”, Journal of Geotechnical Engineering, ASCE, Vol. 120, No. 7, pp.1148~1165.

4. Leca, E. and Dormieux, L.(1990), "Upper and Lower Bound Solutions for the Face Stability of
Shallow Circular Tunnels in Frictional Material”, Geotechnique, London, England, Vol. 40, No. 4,
pp.581 ~606.

5. Schofield, A. N.(1980), "Cambridge Geotechnical Centrifuge Operations”, Geotechnique, Vol. 30, No.
3, pp. 227~288.

-280-



