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Abstract

The Earth Pressure Balance (EPB) shield Tunnel Boring Machine (TBM) is widely
used for underground tunnel construction for its advantages, such as eliminating the
need for additional facilities compared to the slurry shield TBM, which requires Slurry
Treatment Plant (STP). During EPB shield TBM excavation, a soil conditioning
technique is employed to enhance the physical properties of the excavated soil by
injecting additives, thus broadening the range of applicable ground conditions to EPB
shield TBMs. This study explored the use of xanthan gum, a type of biopolymer, as
an alternative to the commonly used polymer additive. Biopolymers, derived from
biological sources, are fully biodegradable. In contrast to traditional polymers such as
polyacrylic acid, which contain environmentally harmful components, xanthan gum is
gaining attention as an eco-friendly material due to its minimal toxicity and environ-
mental impact. Test conditions with similar workability were established through
slump tests, and the rheological characteristics were assessed using a laboratory pres-
surized vane shear test apparatus. The experiments demonstrated that, despite exhibi-
ting similar workability, the peak strength in the flow curve decreased with increasing
the content of xanthan gum. Consequently, a correlation between the xanthan gum
content and peak strength was established. Replacing the traditional polymers with
xanthan gum could enable stable EPB shield TBM operation by reducing equipment
load, in addition to offering environmental benefits.
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EQF2)(Earth Pressure Balance) 2= TBM (Tunnel Boring Machine)< 71A|8} B1'd 22} 51 5 o]4=2](Slurry) &
T TBMe] Hlolo] 2] 2] A& BRsH] fot/drl7t Thdstal gt A-Zo] Aof X|2of B'd Algol 'de] A
|51 ok EA AE TBM O = H'E 2 A| 7 A S B-85to] S2HE 2735 7Mdsk= 29 1t A (soil condi-
tioning) 73 2-8oHH, o] & Fofl EYA] FE TBMS A-8T 4= Q= A5t ’ Q1S SFgad 4= Qlrt. & dAtoflif=
2 AYMES 9 AR = AR ERHE A 4= s Bhe] &2 ™ (biopolymer) 2] HE<1 7Hed
(xanthan gum)2] 2-8/d-& HESII. Hio| @ Ee|mgh A=eH4 7| o= AH S = 2R ARt 7Fsst
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EF2)(Earth Pressure Balance) &= TBM (Tunnel Boring Machine) 2.2 B]'d =2t A] 2ol H7 A1 E T
Sh= 2 YA (soil conditioning) 71¥-& Fofl =2 E 2] &4 -FE2tE st sid AHIE A8+ A
L 7ute] W92 S5k 4= QI Merritt et al., 2003). F3F 2 AT Y-S Baf| wpelS GA]5k1, ZRE Q]
ARG ot FpAle 4 9 A8 upi g 4y, 12|l A55 ZAdolo] Uf L5241 vl ot A e e M &
creket = 7]t 4 It Quebaud et al., 1998; Jancsecz et al., 1999; Peila et al., 2007; Zhou and Yang,
2020; Avunduk et al., 2021). E44] = TBMOA 7|2 AT G E 22HE 0] A5-S ofsfishe 22 wi¢-
20510, ol ZAE0] 5514 E42 1jolgto 24 o]0l 4 1ok Hu and Rostami, 2020). T}
20 F5 5t EA4S meloli=-R-82t SOl sh= 2 EQ] fIAUEE Wrlohe SHE A S &8
<k QItH(Langmaack, 2000). 124 &7 I Aol Adzle] sk ef Al e of ot @2l 7Hs/do] &=
CHKwak et al., 2022). ©]2]3H TS Hekst7] fal = @lof A= -5l (Rheometer) S &0l HAH G H 5]
M EAS A5FA © 2 Brlolal Qlth(Karmakar and Kushwaha, 2007; Zumsteg et al., 2009; Messerklinger
et al., 2011; Galli and Thewes, 2019).

A AT ol T2 &8 = 47 Hl= F(foam) T E2]H(polymer) 7} 1Tt EFNARC (2005)+= 7| #12} E
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g ol 3lo] H7HA9] 2-8ofl tigh 7l =2iela AX st o] & HE o8 W2 d47F RiH Rl 12t 2
97 Al 24 vlo] 2 B2 ]m(biopolymenyiz A5t B2olo} o] Fel WS FAT B8 41 & o
2} Aol ] B2 o]l HESRE gk sh} 49 AT S 9igh Ak 285 Al ARk, vlo] 08
ﬂ‘jﬂi 558 AE ARy} 7R chokel AESHA] EElo] o)s)] AAtEE 1 EAEA R 971 Kalginic acid),
H(gellan gum), 7-oF(guar gum), 7] EAKchitosan), ZFeHd(xanthan gum) 5 2] 5771 910™ A EOL
Ao = o7t 7hsst %ﬂ‘ﬂ FJRtet o] Hio] @ Z2]H= QIAlo]l Fafist Arhgols f71E
(biomass)= Y& A-geto] mhet ghaulEo] 719] irt. Rt sl 5 AVY wpoll A ol ofs) ¢ 7 OH
o} 2|&7 57t nlEiatd o] Al 224 Aolstt(Choi, 2012). 87 Z12FA91 A ofl Hsf| Z[HHe] g S3IA]
7IH Bl A ez ARksel Zopo Ak viol e E2nE &gk A7 sl JaE L St
(Wiszniewski and Cabalar, 2014; Chang et al., 2016; Kwon et al., 2020).
2 e ollA= A7 A 244 vho| @ Z2|HE 2-85to] ARt ER|HE T 7Hs RS AESH ] sl
o 2 AU 7R WIS AS gt ST AS S5l AR EE Hobsta AR SHE S 2

748 AL o] ALY 71} |1 AT AR Fol Aut Bejulel g0 2 AT

e B =

1 23} 22/0)

URHA O = B9 A TBMO R Bd =2t A Z2HE 0] £40& 7Ilste] 27 a8 B P da 7171
sl 7S FUshs 2 AT dS aiitt. 2 dels A7z St Z219, vlo] 22w o] dF

- AR H7HolH &, 371, & A (foaming agent).0. 2 7 E|o] Stk Bt & oBS Eat
Ieof A SJAfste] & -glS TS, 72 RIS Fol -8 5715 BAISH] AR 22 R
TFY Al 248 157 R A5 SR 7RSS, & AAF ARl ] 35 713 A Eo] B AlE Al
ZITH(Oh, 2021). 27 #2] -8-2 TBM “gH] F5HE HAA]7|1L 2311 ¢Hgelo] 7]ofsto] Algo] 5235 o
&5 3tk H7HAIRA & A8 A, & 5=757(Concentration of Foam, Cy), & ™7¢H](Foam Expansion Ratio,

FER), & FH](Foam Injection Ratio, FIR)2} Zo] 3714 F+AHEE T sflof 51, 2] (1)~2] (3)7 &t

%100 (%) = Lxloo (%) 6]

C,= 714 - 7
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rER— L= YtV )
Vi Vi
V V,+V,
FIR=—Lx100 (%)zlfvixmo (%) 3)
o714, V= & 9A Hul(m’), V, = &9 FHm)), V&= & 5840 Rum’), V= BH £ 5o

(), V, 5871 Bal(m), v, BA =] Sl E ekt

Zejuli 2, Zejn) 9008 w0l ol Beln] o4e 4-84 TR B4R ofsol Qo] Auton
A &RV 755 Hwang et al., 2023). |23 B4 0 2 Q15| EQPA] 2= TBM 4 W w53 ESF 4]
7Fs s stef B S WA 4= et E1E-2 8 485 5| TBM 78 = Hof| 22 BT R2ke =
g i A[sto] Ao HolE 29 4= itk A7 e Eevis S oA SE B G 2 e sk &
72 A8 Al E2]H 55715 Concentration of Polymer, C,), 2™ = H]|(Polymer Injection Ratio,
PIR)®} o] 27FA] 9] ¥i-E Alesfiof i, thaark ol 2 (4), A (5)2F 2t

m

_VL rBL' it

Vp VP
Cp—mx 100 (%)— I/]pX]_OO (%) (4)
1%
PIR= %x 100 (%) (5)

€es

A7), v, Eein] gele] Do), v, Sele] 5§ Hulm')S vehdick

RS 282%d(Gram-negative) 2] 2714 E&F nlAE<] FERUA ZH| A E - Xanthomonas campe-
strisyatoll rdlas U YBAIA G2 IEA 75 - AAlohs 1o Fol A AlZE o] ofd+
2, 5-1, 4- LS T2 0 7 5P T A(mannose) 2 252X glucuronic acid) 8] UER, e Y 24
d 5o 2 FAH =ghEo]th(Jansson et al., 1975; Melton et al., 1976). ZFEHEE-2 -2 pH} -2 HH Qo 4] QFY
HolH, Eof] & RaEthSworn, 2021). 5+ A0 25 =0 A WHo] 715511 -GAF 7H4A) (pseudoplas-
ticity)= TH, AFLE = Al f719F 42 Bl & LA At HEHES 522l A8 E J4dst] 2

& XXXt Chang et al., 2015).
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Aol T2 ARgE= &= & ofa (polyacryhc acid polymer, PAA)A| E2]H =, THeA|
(monomer)”} 0|52 F3l {1 A= A4 ]’% - %(free radical polymerization) B UZol| 2]
Sl A/ ITH(Elliott et al., 2004). 2]} Het] —‘?—% E‘?ﬂ of| F2t=o] 4 At HoUAl 55 55
stod 3= Yof| BEoh= 582 712l Qlth(Khemakhem et al., 2019; Li et al., 2022). Z2|H e} ek o] 3}ah
1% 8|1+ Fig. 137 ZTh(Petri, 2015; Jung, 2018).

D-Glucose D-Glucose
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pyruvate
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N 5
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(a) Structure of polyacrylic acid (Jung, 2018) b) Structure of xanthan gum (Petri, 2015)

Fig. 1. Comparison of chemical composition structure between PAA polymer and xanthan gum

|

0 ) T TS FARE Dl ) T2 9o B WAL 24 7500

(plastic fluidization)©|t}. o3 4 ] AEfE A o= 70| ]'(rheology)O]UJ] TBMO] et #o|11 §8
A1 29 Yol -5 EAS A o2 ol A2 vt 8ottt 2 AolA= 22E L] {5514

ez A7 Ee e Hole] A=A, 2] A, FJJ—?LHJ Eﬂ]*(thixotmpic area)= TStz Qi

A AR 72 AL S S8l B8, ol sHZ Alds 5ol 7P ma o= Wi

= 31, EFNARC (2005)= B4 €5 TBMO] 24 2715 919F SHZ 412 10~20 em HePH 71 Hdet
Ao ANSIT. SH I Al H 242 ASTM C143 (2017)°f] ThEr:

il
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A& o] kg Hehg8S S45to] AE% -5 H(flow curve) S F3ll AHEAES B7H 4= Qlet Hilgl

756, 575 (peak strength) 2t FE-5-2(yield stress )= 414

AL H]19] 2174, feoloh 5 At YERolm] ahjle] Zsl A Tk 2ol F Asleka 7PFIT Karmakar
and Kushwaha, 2007). HQ1A%E AJ@oH 5w ALkl AT& =S 212} 4] (6), 4] () 78 4 9l

B 27, 6
A1) ©
D —
™\D, "3
. 47TD1,2 ™
= —w'ﬂﬂ,ﬂe
" 6002 DY)

oI71A, 7= S (Pa), 7,2 SHH EIFN - m), D, Q1 A7(m), #,= W2l Eolm)E 2nsk, 4
£ ASEE(1/s), D=3 Wam), w,,,. 2 W12 SHEERPM)E HERHTE

MRS Sol Ao e 22 EE v A4 5448 HolEth(Lee et al., 2022). Bl ks W64
W ASELETE B WAE 2t AoAdE ARE HIRE A 71 2Pl WRl &4 EY(Bingham
Plastic Model) 2 715101 2H7] HI=E AP 0w, v 4] (8) o] Aol 7Fsiil He-g v A&
A2 HE ek 4= QITh(Lee et al., 2022).

T:Ty+ﬂ’.}/(|Tl>Ty)

. 8
y=0(rl<7,) ®
A7|A, 7= FE-S=(Pa), p= BE7] FE(Pa-s), yi= ATEE(1/s)E HERHTE
ke ol A1710] Aol mkek Q17 Aololl 12} Zetlol 71 Hlo] A8 sEale e HaER

r

|
(thixotropy) F/Fol2t Rttt frs=Al2 AL ST o= 7300 ashe 1ol 22 A=A, shek
FAog mEH) ofn A2 shute] B2 /s, 3
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%

3.2 ALY 71 HIQITE AR 3|

H AT A+=Fig. 29} 2] Lee (2021)7F 7HESH AU 71t W Q1T A| AR E ARE-SHRITE ASTM D4648
(2016)°f w2t 21743} =01 9] H]7} 1:20]31 47]19] Elo| =rt A= K +5) 3 WIS 2-85H3, HIQkS
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SIHAA At of| mh2 kS-S 59 353413 AFES 4= Qlok AR IS Alsla 2ds)o] 4 wiofl

A2 71 5 A= ARG 0w, 2719] A1 7] o] ETAAE Tl AH i 4t ET Hlo]ElE A

AlZko 2 slelgh 4= qlrk 5k ASTM D4648 (2016)0] whet A] 4 a7} 2~3-8 Afolof| o] Fo| 2] == H|

Q19 &L S AT F A FAITRS 78 3020 30 7HA 9] 15 Jﬂi 7 0“%5} A 81 =
% A St

pressure i
| \ ]
Cover
',"i:our-bladed vane
B .
35cm
2
.
.
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’ T scm
________ i .______._,,,,,,:::.'.'.'-‘.'.Tm—...-;;-_-_-:_.:............,,,,_.____.__"I__I".“
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4, AUl 71 HIQIHMEL A S S8t St 54 24

4.1 N ZY Y ST A S3H A 22 M
3 AN Q12 TFAH 0% Uefol 30%E Ete] Fig. 3] ANY =BG 2 Qg AFIER A
2 2Ast0] 271 2700l W2 S AT 714t HEE AP 5

(1995)°] A2He £4H) 4E TBM Zgo] 7Rt 21 %91 el 455t0], 24l AL Table 17} ek(Lee,
2021).
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Fig. 3. Grain-size distribution curve

Table 1. Properties of soil specimen

Soil specimen USCS Specific gravity Unit weight (t/m’)

Artificial sandy soil SM 2.68 1.8

29 AAGE 5ot o) WA B, Bejolel HEAE AFHO0, 2t H7HC] S Table 26}
2P Lec ctal., 2022; Sulaiman et al, 2022). & A0 715 WS 5ol & 4§t 3719] 2 Gk A
Zro = 2918 4 glo], BAEFHE WHIFER)2) 2110] 15 otek. Fejull BH 2710] 2 Bt Beju] £
o Gejar 2 T F 1o, Weko] 37 2710 49 BT Pejo] 2k Eejo] o] 4
FYete] Bato] i =2 kA Wi S19IeE. A bAIRH AR B A BE BAE Bgslel 280 F A S

Wyt s,

Table 2. Properties of additives

Additives Apparent color Specific gravity pH
Foam Bright brown 1.00~1.10 8.0~11.0
Polyacrylic acid Milk-white 1.00~1.10 7.0~9.0
Xanthan gum Light yellow - 6.5

£9] 2|A FUWS=2 EFNARC (2005)= 0.5~5%2] & 55A19(Cy), 5~302] & WAHH(FER), 30~60%2] &
FYHI(FIR) HAE AXIRE HE 9lom, 2]|2]9] AU ElE LE = A HE 10~20 cm®] SH I gho] HoE

A¥sk

. o1& 2151, Ad 719t M Al e s ] P A S HE AR E 9l HH ] 1 EEEE
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|3 AR S gHS ZHE S Table 37} Zo] A8 2712 4175191.00, 741210 B che} ZrkLee

et al., 2019).

] 18%, B EFAT 3%, & B 15, F FTUH] 50%E 1T T 10~20 em @] ST g1 2= E1
M G 248 712 Z(Case 1).0.2 ATt

» 7R 2SR EY FYvlE sk, E9H il 7] 20 fART SH I gES Hol7] 919
T QR e of teks gzt e o & mjolgitt.

- ek} Eele| o] Sere AlEslste] Slo) B/ 5 UshA A 8 heA Shelst Al 202 AR

Table 3. Case selection based on slump value

Case No. W FER Cr FIR PIR Polymer Xanthan Slump

(%) %) | (%) | (%) (&/10kg of soil) (/10kg of soil) (cm)
! 1.0 0 14.7
2 0.8 0.27 14.0
3 0.6 0.53 13.9
4 8 b : % 3 0.4 0.8 13.9
> 0.2 1.06 14.5
6 0 1.33 15.5
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ST A AR 10kg 2
Z715H 13.9-15.5 cm] AR SR 2L MSKE Uehiick, 748 Q18 AR 27304 ATkl Az
fAR A DEE 24 91 AR B

4.2 2| 71 HIQIHTH Aj AL} 24

AR Az ditt -5 E44a 7] ol Adl 719 HilAT AlgS R8skl Re AlRlE
74011*1 DH%%‘EO] oF 1.8 t/m’0] 3L R ELAI 7}0 591 AP“E x] 94 AT 20 mofA Q] AR GHEQRS AL
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Torque (N-m)
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Fig. 4. Torque results according to the combination of xanthan gum and polymer
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Fig. 5. Rheological properties according to the content of xanthan gum and polymer
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Fig. 6. Relationship of xanthan gum and peak strength
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