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Abstract

Formation of filter cake with little slurry penetration into the tunnel face ground is an
essential factor to successfully apply the slurry shield tunnel boring machine (TBM)
for tunnelling work. However, when the bentonite slurry is in contact with seawater,
it is not easy to guarantee the filter cake formation due to decrease of the swelling
volume and viscosity of the slurry. In this study, in order to evaluate the effect of the
seawater on the applicability of the slurry shield TBM method, the slurry injection
tests were carried out with the variation of seawater percentage contained in the slurry
samples as well as the variation of soil types. And then, the effect of these two factors
on the slurry clogging phenomena was theoretically and experimentally figure out. As
aresult, it was found that the value of the slurry clogging criteria (SCC) indicating the
applicability of the slurry shield TBM significantly decreases up to 67% as the
percentage of seawater increases from 0% up to 20%. In addition, it was found to be
necessary to take into account both the characteristics of slurry and soil types together
when judging the applicability of the slurry shield TBM method by assessing the slurry
penetration characteristics that will occur during tunnelling work.
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Table 1. Slurry evaluation items and criteria (Kim et al., 2017)

. Marsh funnel . . . Gel strength
Density ar's upne Water loss | Filter cake | Yield point g’;
fems | oy | VEOOSY Ly | mm) | absinoo sy | O (Jbs/190 )
(sec/lit) 10 sec 10 min
Criterions <1.15 >35 <25 2~4 2.5~17.5 7.5~9.5 2.5~15 | 2.5~22.5
Factor Muck transportation Maintaining pressure at Muck . Corr051'on Muck transportation
the face transportation| prevention
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U R,
Flow in

R, = bond radius
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Parabolic velocity profile

Fig. 2. Flow of small particles through a tube (Reddi and Bonala, 1997)
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Table 22} 2Tt
Table 2. Slurry clogging criteria
SCC (em™) Penetration type Description
Upper than 0.1 A Suitable for slurry shield TBM operation
N itable for sl hield TBM i
0.02<SCC < 0.1 B ot §L.utab e fors urry. shie d operation
(additional treatment is required to apply)
Lower than 0.02 C

Not suitable for slurry shield TBM because of excessive slurry penetration

e e
= ToMeIAI9] £l 745011 4.8519]

flow out

Fig. 3. One-dimensional flow of slurry (Ryu et al., 2019)
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Fig. 4. Estimation of lumped parameter (8) using slurry sample SL2 and soil sample S1
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Fig. 5. Schematic diagram of experimental setup (Ryu et al., 2019)
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Fig. 6. Particle size distribution curves of soil samples along with the criteria proposed by Krause (1987)
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Table 3. Physical properties of soil samples

= o VA SR MRS 2

ShAck. AlR] 712

=7

S1 S2 S3
Saturated unit weight, ¥ s 20.45 20.63 20.77
Porosity, n 0.322 0.314 0.303
Permeability, k (cm/sec) 1.125 1.367 1.771
Mean of Inr, m -1.180 -0.745 -0.026
Standard deviation of Inr, b 1.568 1.426 1.570

Ao FAE S2lehe

= o5 0 47FA1(0%, 5%, 10%, 20%)= ZAJ5191 3
Alst7] S5 HiELo|E kit W= ZH 60 kg/m’, 1.034 g/em’ 2 Z/J5HCE Kim et al. (2017)2 OH—r_J
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=2 nN‘
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Table 4. Swelling volume of Na-bentonite with variation of seawater percentage

Percentage of seawater (%) 0 5 10 20 30 70 100
Swelling volume (ml/2 g) 20.0 14.0 11.5 10.5 10 6.5 4.5

Table 5. Viscosity of slurry with variation of seawater percentage

Type of slurry SL1 SL2 SL3 SL4
Percentage of seawater (%) 0 5 10 20
Marsh funnel viscosity, t (sec) 36.0 32.0 29.5 28
Apparent viscosity, / app (CP) 10.77 7.51 5.28 3.87

HIEL]ES] HE = ASTM D58900| whet &= A3l Ao IEHo|ES 0.1 g#] ¥al BT 33
w7E2] oF 10127t 715kl F7do] S =s thA] 0.1 g2 e A0 R F2 g5 E2 F 24410 Al
o AH 0] Te5S 0.5 ml <E7H] S45Hh 11 A E U] E O] g te= 5l-0] Hl20] 10%0] °|2=
wj7kR] G40 Askal 11 F 2 AEo| F51E| Q). £72] 9] Apparent viscosity+= DIN 412791 w2t 14

% Marsh funnel-& AF86}14 Marsh funnel viscosity S =75 &, Almahdawi et al. (2014)°] AQFeF 2] (17)=
gr-gsto] Aottt

[app == 0.0118¢% +1.6175¢t — 32.168 17)
714, p apyi= apparent viscosity (cP), t+= Marsh funnel viscosity (sec)©|Tt.

RIA AR HALGA] o] 57 em 0] 2 A 28 247§, sz P e = ol 7 HAlRE S 9%
Z|@F AR AL A E AEstal 249 Az o) 2 81k e F = At vixete = HlE o E

252 Journal of Korean Tunnelling and Underground Space Association



Effect of seawater on the applicability of a slurry shield TBM

£ 2510 U Y 50 kPaE AAst] Y AHto g S8/ FYUEESE olal o] i 22 fEEHE S
S load cell T} data loggerS 55l 45t}

A 23 AnlE Aalshd thed) 2k AR ohE r BEE 7= 371] AJE(S1, S2, S3)0] s12]
Hl-gof whet 245 471%] £57-0] £2]2](SL1, SL2, SL3, SL4)2 503t A9 Auk=Fig, 73 2tk BE 790
A 28] 9] s HlE0] 0%0114 20% 2 S71e-5 F LRt AR -S1t Sk rErdel $715H 2™ SCC
2 22-5HSTk(Fig. 7, Table 6). 55] A& S29] 73-9+= SCCHEe| 4:519] penetration type©] 55 218l &
A7t Q= AlA] H8-S oJaf =71A 0l A7t TestBE sk gk
e 12 1 5
----------- . | sL2 2
=2 2] - sLs e 5
H b SL4 3°]
E SL1 % ) E 51 SL1
&1 SL2 = s . SL2
----- SL3 31 4 -----SL3
SL4 7 SL4
0 0 0+

0 100 200 300 0 100 200 300 0 100 200 300
Time (sec) Time (sec) Time (sec)

(a) Soil sample S1 (b) Soil sample S2 (c) Soil sample S3

Fig. 7. Fluid loss curves with variation of seawater percentage contained in slurry

Table 6. Results of slurry penetration

Soil sample S1 Soil sample S2 Soil sample S3
SL1 | SL2 | SL3 | SL4 | SL1 | SL2 | SL3 | SL4 | SL1 | SL2 | SL3 | SL4
Lumped parameter, 6 | 3.10 | 2.87 | 2.83 | 2.73 | 3.64 | 338 | 2.94 | 2.75 | 5.60 | 557 | 5.40 | 5.05
SCC (cm™) 0.498 | 0.365 | 0.345 | 0.298 | 0.157 | 0.117 | 0.068 | 0.052 | 0.052 | 0.051 | 0.045 | 0.035
Penetration type A A A A A A B B B B B B

FUN A 9= 71Eez ARt vebd AR-RE% 18 2 Fig. 839 2t B IR LolA] Eﬂ
2]

H = =
LA Az FUE B LeE RErde] A TSI sio] Hlgo] EarE RErie Alole
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Fig. 8. Fluid loss curves with variation of particle size distribution of soil samples

5 L] g E

2 =RoiE AR HE YR 2E 7= 37 AleE iR sio] Hlso]l e 4714 £219E 59
SH A A SASIIE T S-] BB Kim et al, 2017)9] 978 0.2 2036 ol 2 Algtelck
A9l AE slurry clogging criteria (SCC)E &-85t0] AFAR 2= Alste] sfl7F &2 €& TBM &
H A8AE AstA7H S 84 HrF ) e o] AEvte ® Frksh= Aol AP e Eklst
Art. A Y ATE Fobol B ohaat A
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2. Y AR A, BE ARA sl Hlgo] S7F5 slurry clogging criteria (SCC) 4ko] HAsk= 0=
LERTE A7)0, sll5=2] vl-&o] S7F5FAL penetration type©] 3% 28l A7t §li= Type A (%, filter
cake /9)°A 51 482 ol S=l2]oll F7H4Q1 A2j7t At Type B (£, AlRbA &28] & T2
Hole= A9 EAREE & 4 A3 ol 7 E S8l siert Rl E -5 SRl o WA avprt
HaElo] E2lE] A& TBM 34 2-8/do] aol= 24 gRIski: o= ai4=<] H]gol 20% oJ5}3l 7%
o= et @4 o 2 A, olig=9] Hl&0] 20%E ABlohs A= T A8 2APE seS A FES
=Sk

3. ol Hlgo] 22 SRl E AR T YER RO A=l Ut A4t Sefe| o] Eel 4l Ad o] FUsiARt
Z|6t Z7A40] wf2F SCCakell zfe)7 1.0 o]of wet penetration type©| THE 7| e = -9 MG Y.
o| 25 €] &2i2] E TBM 31| 2842 W7okt &2le] AAREE B7P |50 & ARgoh= Ao 2|
7} Aha& gl whebA sleo] g% J:%i’ﬁiﬁ}oq £o2] €= TBM 359 84S Bt re &2
2]o] 48Rt of e} 29ke] e T o aefstolof k& o 4 U

BAL| =

B AT IR TER A87)6 FANR0] 149} 24 SAEY 7eAe 918 alas 71erh
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