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Abstract

As the number of underground structures has increased in recent decades, it has become
crucial to predict geological hazards ahead of a tunnel face during tunnel construction.
Consequently, this study developed a finite element (FE) numerical model to simulate
electrical resistivity surveys in tunnel boring machine (TBM) operations for predicting
mixed ground conditions in front of tunnel faces. The accuracy of the developed model
was verified by comparing the numerical results not only with an analytical solution
but also with experimental results. Using the developed model, a series of parametric
studies were carried out to estimate the effect of geological conditions and sensor
geometric configurations on electrical resistivity measurements. The results of these
studies showed that both the interface slope and the difference in electrical resistivity
between two different ground formations affect the patterns and variations in electrical
resistivity observed during TBM excavation. Furthermore, it was revealed that selec-
ting appropriate sensor spacing and optimizing the location of the electrode array were
essential for enhancing the efficiency and accuracy of predictions related to mixed
ground conditions. In conclusion, the developed model can serve as a powerful and
reliable tool for predicting mixed ground conditions during TBM tunneling.
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W Alehaz 7o) Hasde] S7etol met, TBM B'E Als 2 B =31 Addeofl=Sel] thet A7t &5t
A AP AL Qe 2 Al E TBM B2 22 T 53Ake 9ot 4= Ef‘}@%ﬁ&wﬁnne element) TXT
RS I ESHITE AL eAfshA Rl olgsfiel Al e = iE S A7) vIA 2xghtel Hl
/s A5t o5 AA| B d o] At A2, S5 vllE 231 5 A7) v =hALel it
= °ﬂ THE w7 siS -aistltt. 1 2, SRR U A APk, SRR
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BAT EAS] ofet mAA] QIS T oo whet B, A[sHd7t 5 AlshtEE 2] ZiEol SISkl QL
THBroere, 2016; Nam et al., 2020). dirt2]of|xe] izl Bd =2 32 2= NATM (New Austrian
Tunneling Method) 52} TBM (Tunnel Boring Machine) 5] 1t} o], 271 A| A3 2 215 iHAg=Fo] &
A Wk Flaolele] Bd Bl )l 220 P B & Rl e =(Shield) TBM 5 2] E-8-=7}
=94 0 7 F7FoH= F=Ao]th Tatiya, 2005; Maidl et al., 2013; Jeong et al., 2018).

12U, TBM 32 51 AREEAL g Kol mhg 218 22/ o] EA skl 2 glelo] deflstn e =
5 ol 5t 91 2S£ 4 Qlek ol2fet 2l aTof tiRt |7 nlged 739, 2P B H HE U
A5 -G 2-8 AR EHASE1O (Kwon et al., 2023) B2 9] 22 PHAIS A A5HA17]14, 48 87| D
A7 ARS] Z7HAZ 4= QL0 B &(Chung et al., 2019; Kim et al., 2020; Bai et al., 2021), TBM =71 A] 2}
& Ao Ak o &2 WAook,

T 712] oAfe] B o] R 451 TBM 290 A3k njzl= A4 gla3 gdlo =
ZF A H A2 AR O] Mgt Hotk 7P 7hEsE ] tffliZol] o ARl dlSste] Als R
& npsfioF SFhToth et al., 2013). E3E TBM 24 &
sgbAlvte] ARg Hsks] Helet olo] A 29 A S Saleichd 2048 27 A 5 ot
(Kim et al., 2018; Kang et al., 2019).
olof| w2}, TBMol| A-87Fset thafet Aof|S: 7Rl thet A7t &rdeiA] 2181l QLo ™ (Li et al., 2010;
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Chen et al., 2011; Delisio et al., 2013), TSP (Tunnel seismic prediction), GPR (Ground penetrating radar), &}
717} & AN Electromagnetic exploration), BEAM (Bore-tunneling Electrical Ahead Monitoring)¥} 22 o2 7}
2] Aol & gAp|fE0] 1 thEA Q] ot Dickmann and Sander, 1996; Grodner, 2001; McDowell et al.,
2002; Kaus and Boening, 2008).

S Rt Aol S 7R S 7] HIAR AR lolH 42|72 ThHskal vl-go] A Fsiths SHeA, o5
TBMO|| A8t = A7 X452 0 2 Z18)%] 11 It Choi, 2005; Ryu et al., 2008; Park et al., 2018; Lee et al.,
2020). 2L, =7} o2l Do A= TBMO|| ABSI=E =02 S8, 4] WaA12H 52
ol-g5to] 217] HIA} HALE 485 A Rl o], 217] HIAR HAPHCO TBM 3ol tiRt 2184 % a8
AJo] St =] 2thKaus and Boening, 2008; Joo et al., 2014; Park et al., 2017). ZLoll=, Bl'd 2% 5 27] v]4
& HARE RARRE-fr3EQ Ax(finite element) Tﬂﬁﬁﬁ WS Zdste] M= @t Bd S7gRI7E 7] WA
EhALe]| v 2= FFS metol= A7 43 =] 2Ath(Schaeffer and Mooney, 2016; Mifkovic et al., 2021).

——}

T, A2 o F 2Hho] 2AE B9 Hke At TBM 2710] QlojA] of ] st Ak zafish 4~ 3l
o] ke B Foka(Téth et al., 2013; Park et al., 2018), BAH o] Y]xok= H3tA|HES: BAFSH=Zlo] ufj-¢- o]
7] wiizo] o] thet A= FERE Aok wbA, 2 =2elA= TBM 2% 5 BARES 290t 39
LARRE-FeEQ A Aol RS /GGy, ol 24 9 AU A9 Aifet 2o AkE 27t Bl wgho =4
e RS A5t o5 Higho 2 AA| BlE A By} 7] v "iAtol m]x]i= ke HAIS T

=
EL T A Rl 7|Rke = Aot S = v A2 0] W]

% w2 eES B SRe )
A S S-S B QoA AN 27108 BN BARC] Al AR ChE 5 Ake] 7]
ul A Ajolg WA £, 2405 vjdzdo i A0 11 9 13 wiele] 9418 Wi st
2. H{F o|E

2.1 7| v AL

7] ¥ 2%} (Electrical resistivity) 0|3t 20| 7| S50 Aoh= A= Uehvle= 222 540,
7] 55 ArE U= 217] Aot J4-0 PAE Zh=tt. 23} 2|5He] 73, A7) v 22
=4 2¥249) 7] Ax et IHEl 93RS et 28} A|9ke] A7k v (o, ) A ()T 2ol @

(Santamarina et al., 2001).

7‘5
O iz = (1—n)as+naw+(1—n)?)\555 )

A7, o= & QAR W A, n 2 5E, 0, =TI AR, roe & QAR D53, =52 7t
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S5, 0,55 QR ER 7] AEE, Te)3 5,k F 9] v R as etk

W0 F P Ao, = 0). HES] A9, B AR He o0 MEARE FAT 5 ¢4
#H(Choo and Burns, 2014), Bt A1 22 AFIE] 9 qJafe] n] @22 v 2tom], i A7}
S40] Ao Hlal| Tl A TR\, < o), ESHAREE] 7] M2 (p,,,, )& 7FT40) 1] HIAIp, )3t
T8-S o)g51o] 4] (2)8} o] 7reks] ke 4= gk

Pmiz — T’l’ (2)
ER, Aol dro] 79 7] BIA RS Al (3) Zo] HHETHArchie, 1942).
Prock = Puw n ¢ (3)

AT, & TS GHES] 27 B4, )T 0 G ARA QU0 1 3004 25HE0] S 71
o}, 4] (3)°] wek, 71 G0] 245 Habe Qo] 117] HlAgHe 7hagick ntehAl, ghto] R4S 2 112
S Q18] e 77 AL ujo], WEsh S ek ghuke] 49 e

23S 7 tH Archie, 1942).

7] WA} A €] B ES g 4ol HeliSol ol o] Zojict. stel B HSto] 45 B
(V% B35, e shte] A50530] o}Z 4415t 24t ol 2712 @A o), F4E A714)
K VE el =02 SHho 2 2|ke] 217] H]#|jto] 4Pt

Fig. 1914 4719 & A= A, B, M, Noj tf5}od, A9} B A8 A2(d A59)L, MINLS A9 AH=AH)
2 vpehdic), ol AF0TS e AR 2L A0S o1 85te] 4 @)k 2ol W) AL =&
St 4= QIthReynolds, 2011). 12w, AA| AHES B-721517] wjRof A% A7) B2]gke 2]4ke] Hw2lel A
7] HIAE YR AL, o5 ER7] 7] B2 p, ) ol=al et whbA], 215 vl & Bt A7 2R 7] 7]

2005).

+

11 1 1\
AM MB AN NB| I

Pu = 2T “)

o714, AME 2 ASM AJo]e] 712]2 Uepiict, s/l 2 MB, AN, NB= 22 slldsiis 12 Ajo]o] 7+
7.8 ofufgey, 112 Aol o] 144 414 wAle] whe} 4 wjdo] AAER ofelgh thret 12 o] wiet Al
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Fig. 1. Fundamental electrode array applied in electrical resistivity survey
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Fig. 2. Configuration of Wenner electrode array

2.2 27| B[ O =3

£ AolMe, N eIl Ho] AF5a Sl AdSo] EAIShe ARl 2H7] 7] v o] 235

2 Bgaigiet, 2103 del A4 Tl 487 2] 2] HA o2 A wee] 9121 uet
‘Reflection factor’ Q] & (2] (6))E ©|-8-5t 4] (7)1} Zo] A TH Van Nostrand and Cook, 1966).
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P —p
k: 14 ’ 6
p tp (6)
Pa 3ka’x —3a
— =1+ , T <<
14 (12—a2)(4x2—a2) 2
&:1_ kx(2z — 3a) —3a< <—a
0 2 —a)2z2—a)’ 2 v 2
Pa 1 s  kalzx+ak)] —a a
p/_1+k71+k+ (w2—a2) ) 2 <$<2 (7)
Pa  1—Kk] kx(2z+ 3a) } a 3a
= —< < —
p 1+k& ,1+ 2(x+a)2z+a) 2 . 2
Pa  1—k]| 3ka*x } 3a
= 1+ , —<x
P 1+k| (:UQ—aQ)(4ac2—a2) 2

o714, o 9% "= 27} Fig, 3014 9%t 9.2 2|uto] 7] B, o= H0| 744, o= S AT 2Ry
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Fig. 3. Front view of the geometry for a vertical fault with Wenner array

3.1 S3feH R U 2

2 AFfM = A2 A (finite element method) 718t 321 =25 wdl 7RSS Qfof A8 T2 13
‘COMSOL Multiphysics’& S-85F{th. 24 a2 4] (8)9] A[H] A ALS iR o= P, o] = 7k
WA A4S o] 83 Tl N0 2 e R,

~v - v V-J)=Q, ®
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A7IM, o= 7] Ak, Vol J = 22 A9xtet AR 2R e AH AR, 18al @
ofu, 2] (8)= ALK 1)E Altstr] fIsll 21-8=30et E1E, Bl vlo] 7 () 23 A (9) =7 E A

& 31t
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Fig. 4. Modeling for mixed ground condition ahead of TBM tunnel face

e 22 Y 37] 9 Z2)7HE Yo E(Polycarbonate, PC) EX2] A oll= 71717 A(no-flux) ] 744 =

=
= 283154 (10)).

o171A, ne R M ofuleitt. o] 2si(A (7))eh Al Aaks A2 Al 2abalat vlarste 7
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Table 1. Material properties for the FE numerical model and experiment

Type Electrical resistivity (£2 - m) Relative permittivity
« ground 345.7 7
0 ground 119.7 20
polycarbonate 1.15 x 10" 0.866
AR = 2hS s o] 2| 9l Alm S AU A S FUsH Akt =2 A AR

=
A(Point current) 2 =7 (Potential source) .2 REF 5] o444 0 2 HFE X|Hto]|
Aol A0S st A BHEEE | ASskaith(Fig. 5). Egh, AU 2]
9 A=0] Y125 A7 sto] Aol A2 skt 9FH, A]HEe] 7] Bk st 2 gpHlof| 2] P

Hb7] Wi of(McCarter, 1984; Fukue et al., 1999; Michot et al., 2001), & Aol A= Q] 2]of| k2 ghH] 0] Ho]

Omz
o
0O

o} Z1of) W2 7] 1] 4j30] olS Hasfotial Eat Aefo] & AR E AR T SA|shAle] 2 gskct
Polycarbonate soil chamber

'

@ Ground s «|= s f Ground
Electrode
N

(a) Perspective plan (b) Ground plan

500mm

Fig. 5. Geometry of the FE numerical model for the simplified model
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Ao Aot ol 2l W AU S74kS Blal A% ZYHE Fig. 637} Table 201 LR SIT}. T4, 4]
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Fig. 6. Comparative analysis of numerical model with experimental results and analytical solution for the simpli-
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Table 2. Estimation of error for the comparative analysis

Type RMSE (& - m) Mean error (%)
Analytical solution 2.79 0.87
Experimental measurement 14.95 5.89
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L
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(a) Outline of tunnel excavation model (b) Mesh geometry of tunnel exaction model

Fig. 7. Numerical modeling for the tunnel excavation model
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(R> 1), Ro| A48 AR 7] lAlat 57} 73] & E2tshA| el v, o A8te] 207] vjxjato]
GATO] A7) WA AR < 1), Ro] Hold4-E AAMeA 2] ulAate] B 2 Fo it
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Fig. 10. Results of parametric study for the difference in electrical resistivity between two ground formations
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Fig. 11. Numerical model for parametric study of electrode spacing
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