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Abstract

The Discrete Element Method (DEM) is one of the useful numerical methods to
analyze the behavior of the ground formation by computing the motion and interaction
using particles. The DEM has not been applied in civil engineering but also a wide
range of industrial fields, such as chemical engineering, pharmacy, material science,
food engineering, etc. In this study, to review a performance of the spoke-type earth
pressure balance (EPB) shield TBM (Tunnel Boring Machine), the commercial
software based on the DEM technology was used. An analysis of the TBM during
excavation was conducted according to two pre-defined excavation conditions with
the different rotation speed of a cutterhead. During the analysis, the resistant torque at
the face of the cutterhead, the compressive force at the cutterhead and shield surface,
the muck discharge at the screw auger were measured and compared. Upon the two
kinds of excavation conditions, the applicability of the DEM analysis was reviewed as
a modelling method for the TBM.
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7i8 2 4H(Discrete Element Method, DEM)-2 TH=9] 2R2- QIFE9] -5 9 AT JokS Alktsto] A4S AF-ES

ﬁﬁ*q’é}h Sefolsp o 2, A1) sfslgst, ofl, ER el AlRriel, AHERe} S Clefe A e Aol 44 glck

TollA=DEM 7ol 2718t At ot 18- s 48 AL EofE ARgoto] AL TER] B4 HETBM =2t

é%—a Y617 $1k o] s Sasilck TBMO] i sl Aejsl=0] 1047} the 271 2] el 441

A} St ARYsh=E 1t A=l 2-85h= A% B, AEfsl=rat dEwof 2H8ehs Y5, 235 27
ol HlE = EANS] = AESIAH. sii4la E3 DEM A2 o185 TBM 7gH] & o] 2835 &Skt
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71AI8t Al SloliAl= ARtz whet 2|4 0] TBM< A7ttt sAlol, 4785 TBMS] 22t 4]
h= Zio] Sas5kh TBMO] 22 452 AISshe HE2 vl thefobH, dilEael i og+= 4
oyt @4 2% 2kz 248 F3 oI5 5ol St 20009 FHE o] %2 HrE o] FATH A de
]34 (numerical analysis)< 59l 22} 5= dl&sk= =

(Dlscrete Element Method, DEM)-2 AR-610] 28RS WAL 2252 dlS6k= W2 T4 Q1 4|5
Ict.

AR 38 I F-E2] TBM =2} A5 5= 91t a2 Adl Addou f3ollA a3t 231 At= &
S 53 ¥k (hard rock) TBM3} A H A+1-E(Bilgin et al., 2012; Burger, 2006; Gehring, 2009; Rostami
d Ozdemir, 1993; Tarkoy, 2009; Yagiz and Karahan, 2015; Yazdani-Chamzini and Yakhchali, 2012)°] T
23 2o & et B3t 45 52 915 DEM 7 W el 71HhS & -A[alA] A thiid ik g o= o
A7t o] ATE Tl =3 HF ATHGong et al., 2005, 2006; Labra et al., 2017; Liu et al., 2015; Lv et al.,
2017; Moon and Oh, 2012).

EF2)(Earth Pressure Balanced, EPB) 2 =TBM-2 #EJ5]| =(cutterhead) $-H ]| 2= A (chamber)l] =2}
EAF = HEE o] 85le] 220 (tunnel face) 9] $H840-& F-AI5HHA 275k 22 Ut TRt 2 =TBM 2]
74 Elo]= @32 23 % (spoke) 7t I (face plate) O & -], 2325532 HRd o H]s| & o 'FAYs}

HSE7} 28 22 EARS] W E7}F o= S 2L QITKKICT, 2015).

E?:z“ﬂ. HAETBM2 A AAIH 0 2 7P gho] A= Q)= TBM E57 5-29) shEA], B9 4 ETBM2] &
245 AISS flote] 71E0] AUl Aoy @ 231 A= 45 58 F9-E(Avunduk and Copur, 2018;
Copur et al., 2014; Maidl and Comulada, 2011) 5 ozl Bokx|gte] BAR | 753 DEM 7|H-& #-8-510]
A5S &5t A7-50] 85 It Maynar and Rodriguez, 2005; Wu et al., 2013; Wu and Liu, 2014).
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DEM 7|1 Fdl 389 #19] 7504+ 32 PFC (Particle Flow Code)2l= 2|51 -8 AT E ]
o7} AR5 1 =H|(Maynar and Rodriguez, 2005; Wu et al., 2013; Wu and Liu, 2014), ©] AZE9Jo}+=19944
of| i o2 AAZIA & A MA| 2] TRt AFY] EofollA] ol ARE| 1 Qli= 3-8 AT EQojo]th PFC+
T o) W2 Bkt A4S A $Eal vl A st Helgo] 7Hs51 | wiizel sfAlo] ufle- M= A
Aeoitl= -8 211 QAR TRFSHCAE (Computer Aided Engineering) 4~ E f]j0]@}0] &5 5[4 (coupling)
o] otk THlo] it o2’ A2 TBM Y} o] ZA|Hta} gH| o] 750 RF F-Q ]t oko] 79, X|Hhe] HY
= 21E{SHHA] Ao ZFeiRl= @2 A AEsto] siAdstr 17 of# 7] wiwel TBM 7489 A2 THdA 2
= mjefg ]| gltt= SHAIE 71Tk

TBM =21ty A 29| s} o] &2 glsf| AE|s|EoflA 'IAetE 218 w4 9 nl=o] I 7ts4de HE
517] flafl, & AtellM= fetas shA = T5iiko] Ao shgo] 7Fstt DEM 715 izpefst oA mm
51 285t 53], & dollA= ol & I A=A DEM 7[HEe & =2} ZX|9kS RALSEA TBM 74
12 734 (rigid body) 2 EAISH] TBM AE =0 72| = 23t ET2 A E} T35 TBM 22 2]
of HiE A AHRS HALSIe] Foi7 HIE oA 22 5 A Het HIERRS HESH= ek AXsHH.

lo

ul

4
I~

2, 72|54 2
1 4ol T2
et

1 Q17014 TBM B 2] sl 916 245 EDEM (2017)& DEMO 7[¥et ltelol 1.8 a4 4
Efol&A, Ad@7gols Adshks A A5l ot FAIE sAIshs {ete & ARSEITt. EDEMOIA A8
£ QA 2 Y (contact model & 71 DEM S04 AFREI= QlA49} a45710] 1% male mgst o
ot 1% O] A go] stk £ AT Alofel QAR S Tefstol YA WES Ageks
Hertz-Mindlin ®22)(Cundall and Strack, 1979; Sakaguchi et al., 1993; Tsuji et al., 1992) 7|22 H= QA Z 11
et
Hertz-Mindlin 3% 2322 H|43 B4 2 3)(non-linear elastic model)©|™, 2Fol1l G421 HEH ALk
©] 7Fs3IELE DEM dllAollA] A4 ARSItk Hertz (1882)7F %2 A|<TRE Rel2 FH(sphere) ¥4 22 T
o= ool Az Aol o] HEol| mE A E 2 AR sk=t] A ]l e 2 Qi sERt ASeE o]
£0] me o] Hxte} AR AR AE RN THgt Slo] ApLE F15Ao] glo] A8 drks Wl
Hiok7] Wl of|(Peng, 2014), 0|5 thfRt A2 S5l FA12] FeS 257 =ItH(Cundall and Strack, 1979;
Di Maio and Di Renzo, 2005; Di Renzo and Di Maio, 2004, 2005; Sakaguchi et al., 1993; Tsuji et al., 1992).
+ Aol A A Hertz-Mindlin 3= Relof A WA Wigke] &S £77 )Tt 2] Z/3(K,,)-> Hertz (1882) 9]

Aol ofsl 242t ohg A ()3 (2) = 2l

Journal of Korean Tunnelling and Underground Space Association 1031



Chulho Lee - Soo-Ho Chang - Soon-Wook Choi - Byungkwan Park - Tae-Ho Kang - Jung Kil Sim

F=—K, 5" (1)

n

K, =2« FE « \JR +§ Q)

n

o]71A, §,-& WA o] A M9, K, -2 Z] ZH(normal stiffness), & -2 57} HEA]E(equivalent radius),
B2 57} e A equivalent elastic modulus)S LFEFATE. Mindlin (1949)°] 213l AlA1E 4 Hake] w4
= o A

() RS 4] (3)3} o] Holgith
F = — K4, 3)
K,=8+ G « /R + 3, @)

o714, §,= 744 o] A ¥19), K, =34 734 (tangential stiffness), ¢ =57} A4 (equivalent shear
modulus)E WEFHACY.

A Hheko] ZhalR £ A vkl 7HA1=( £ 7HA]H|(damping ratio) 2} HHF Al (restitution coefficient)
O] AFHA] AA7K(Tsuji et al., 1992)°]] 712310, TH& A1 (5)~(7) 2 2-& 54 eI E A Ech (Ucgul et al., 2014).

—9. \/g.¢. JEm v, 5)

Fl=—2. J%?-w- JEm v, (6)

H
e A ) el eI, o} 5. Q) el S W e
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2.2 EARAJEE 2

DEMOfA] 29] /=2 aljA] o] A1 Aol Gake v|xiet. Ut EARR|GES] 52 Sl =yt
EA] 25t el gkl Egate] a2 B, ohA ol &Y 3 (single sphere) ] E A} A ofu2}
F29](random) 2 Ve b= 3/30] E2L 7RX] & 25t el of] g E|ojof gt SRRt s Al tiid g o] =
I B A9, A Alte] FE5HA HlaL o] B RAIE 27 wiEll sliol Aeket At #d2
WA eafof gtk & Aol s £ A9t 27do] obd UWkAQ] EARGRS T=aHA| a1estal ALtAI
a4 o] HolE ffal mElF ol AREH L Qte] PAhS Tl 1 0 2 FAleto] mEleglstgit. ok, 215 =t

| Yojup= HBo] 9lzto] 2|88 A2 0 2 ZHA| BElesle] A H-8-8 o] 11, yhH ol 21291 ofgF
2] o= FEoll thgh B8 2 g ALkS Aotz Shgit. dAke] A71E 2| Rl obd At o = oA
lout, Aktel A Q5= Algto] ThesiA] Z7Iec) Wit R siAAIZE -8 915 dAte]
, = Aol A e} 2 sl ol A= ATF @ (screw auger)E &0l YR HiEC] ¢S o]
S7t s whiEell URF 37160 thgh @] 2”1 7o) SRtE|ofof gt

A2 Q1A BEli} HE BAS Table 10]] AE]stot). siAloll ARRE A= & £Ha
o 2.0 2 2)7J0] 22 <Soil 1° YAH= Fato] AA| 2 Ha == G, *Soil 2 YAH=H1=2H
Qfef AR Ae. ZHRS 2 (gravel)o] ERHE x]HEO & o] RojHrtl 7Fs oW, AFdo] i
32 EDEM©]| 1 941¢} 5474 -2 5ol AFAA 02 H-3-5131 1= GEMM (Generic EDEM
Material Model) B|°]E]H|0]~(EDEM, 2017)5 -85}t
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Table 1. Soil properties and constant interaction parameters used for analysis (EDEM, 2017)

Property Soil 1 Soil 2
Particle shape L— X /
Single sphere Single sphere
Bulk density (kg/m®) 2,500 2,500
Poisson’s ratio 0.4 0.4
Shear modulus (MPa) 10 10
Particle size (mm) 200 500
Number of particles 180,000 26,000
Restitution coefficient 0.01 0.01
Coefficient of static friction 0.9 0.9
Coefficient of rolling friction 0.7 0.7
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DEM sf|AellA] IART Atk Ale= sl 9] £ 9 AHE A|Hlioh= vl F-2. 7t QIxolet. did Z|REe] A4
A& st siA] BaE 7O RRAZ|R] oA, SOl ShA] £ e 7HE o e HARE A}
of| s= 22 o] HPAITE 2= Zlo] 85It 2 A of| = A HElo] vhlo|uf St =2 o] 11w
=2] gfom, e Feofl ot E PR B A} YR} =l whiE T 50 @4 2wk whebA 2 A
oA AREE AAFO] ATA= oA Aatel] & FFe PIXIA] S 19 WellA 10 MPaz AT dAe]
AT 2-g Al JE Al U} AlolofA] EASH= o288 Aok= AleEA, HhAlS, A viE Al
(Coefficient of static friction) & 45 TF& Al4(Coefficient of rolling friction) = 3 %|o] Q1

EARRES TBM 9] 2741} sl A AIZES A12]otod 35 m x 35 m x 4 me] 37|12 AL E|QITHFig. 1(a)). &21°]
Aol e} 22 250 EYRRE AN AT SR 4 S, ] a3 TBM AR 2
73(D)9] 28(2D)= Al 2ste] sijA] g ol tiet Fake 2|45} st SI3ITH(Fig 1(b)).

"4_"\"
| | |
[ 35m i

(@) (b)

Fig. 1. Dimension of the 3-D numerical ground model

35m

Penetration effect

Fig. 2. Initial state of ground particle before stabilization step

1034 Journal of Korean Tunnelling and Underground Space Association



Preliminary study on a spoke-type EPB shield TBM by discrete element method

= Aol M ARget AR o] 27 2ol = Qlsf 2[Rt Bdlo] thet 27] Pget e AR F 7 SR
Of At 27 o] gt o2 2,54l 2ol 7} S| w2l F-= o] Kol A8 3ke uf 2k dREel 2 Y
Aol 2 Al E= Aol Pojur] wiizolth(Fig. 2). webA S o] 71zl AdHielA JAkE2] Midge] 94
Fo8 $7o] H5 s} siide st e S 71X ol Foll= Fig. 33 o] A=A 270
212 et AR EEsbE AHEe] Hoke A it Tt s AlollE Fig. 33k o] o] A dH=A

.

N
O RN

Fig. 3. State of ground particle after stabilization step

2.3 £l=TBM 2!

2 Ao A ARG AT A ETBM O] Ele Z=tollA] A2 27 6.14 ma EETBM= 7|50 2 28
SItk(Fig. 4). 1A oo AETBMS AEG|E0] AT 757} 67]0] 1 780 75.5%<] AH| 24 A3
2 82712} Shell bit 127}, precut bit 287 522 =™ Center fish-tail bit2] 2742 1,500 mm ©|ct.

Copy cutter

Fig. 4. Schematics of a spoke-type shield TBM cutterhead (Li et al., 2017)
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oAt} o] B ol ol A 125t A T AETBME] FARS: 15t ol 2P H A =TBM 2do] §
&2 Fig. 59 2t} d=TBM O] 2 514 Ate] 22|15 9l 2A| 7Bl =9 2= 74, 9% 9_7% e
Ho] A F o= vpro] RSN 278 dld v 22 6.14 moH FH 0] Lol=1.5m, 0] Ho]
=8m=E AESIc. 237 @A A7HL20.9m, WAFA20.5m, 1T Aol= 12 mE 2 %‘—o}%‘\i A2 2}
T=28°% AES3rh Bt A9F @ 719t AZHE AR =R TR0 A7|= A5 0 A A RFS s}
o] 1.01 m= A8t AEH|ES] 2719} 7l tid ABSI=9t s ARSI 2 deli= TBM
22t o419 7FsAd HEC Webe 2 94t oMt -{et a4 oAl AE5HA] @8l DEM o] Rl 2 gt 4546}
wizell, TBM “gH] B 2p4| 0] }198-2 18] %] oF.0 B & TBM FH| F-20] Alm £/ siAollA 27 aes]
A gt thet, AR1o] /geolu ket BHlte] HEH 545 S5l Aol 71siAlE o] AktEER =
o2 At 7 A(steel) T EHAF ARl 7‘%%@%1—1 SFATHEDEM, 2017). o1 o] e =TBMof| 4

=4
Q=] 240 Taple 29} 2}

Chamber Shield

Y axis

Screw auger

Fig. 5. Numerical model for a spoke-type shield TBM

Table 2. Properties and constant interaction parameters of the shield TBM

Property TBM
Shape
Cylinder type

Bulk density (kg/m®) 2500
Poisson’s ratio 0.25

Shear modulus (MPa) 100
Restitution coefficient 0.01
Coefficient of static friction 1.2
Coefficient of rolling friction 1.2
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Sfl=9] 21 ol whet T2 0.174 m@t0.347 mo]t.
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4
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o]

(translational motion)¥} 3] €%(rotational motion). 0.2 EAH T} = A=} F =
= 35t A B'd 9] dolHal(x axis). 2 & oM AXIsh= A& BAKSH] flgtoltt.
[e]

ETBME] 24 A= A= 13- B 10 mm/rev O 2 7FF51IT) AlE BE.O Zn)
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lo W o
i
ol
o 3
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o>,
NI
Mo Mo ok

>
2

TO = oIS 51G oM n A = A=Y XIS Lo B s Aok £ & 485130t of
S5 2% 2742 271#]0]t}. Condition 12 AEJS|=2] 3744557} 2 rppm©]™ Condition 2+= 1 rpm ©]
AFF Q9] 3] &5 9] -9, Condition 19]4] 10 rpm, Condition 2°114] 15 rpm 2.2 -85t} o]
o] dETBM O] 22} ofjAlof| ARG 2t o] W3] 253} 31 25 275 Table 31| 32513tk
2|5kS Z&FobH =ETBMO] Axlete] whet dztet S8 o ool AdH EFo = Qls] A B s =of el =of vt
2 (reaction force)©] 2851, A E|=2] 2]3-2-F0f Wt 21502 (torque)©] WFEPATE E23L 232 of k2 jF
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2F-8-0] 9] © 2 2]} E H(resistant torque)” } FEPATE Y == w2 2% 13Fo] QF=2(compressive force)
© 2HE Ak, 82 31250l Aadoh= A E(resistant torque) 2F-E] A 4= Qlet. o|uf X
of| ofal) FAsl= A ETBM O] 31 (EH)2 AT L) B EoflA] WAGH= 215k EF9} AE|s| = Hof 4 T4y
Sl 25 EF0] @0 & Altsigint

Table 3. Motion condition of TBM parts during its excavation

Excavation conditions
Component Motion Condition 1 Condition 2
Direction Velocity Direction Velocity
Translational X axis -10 mm/rev X axis -10 mm/rev
Cutterhead - - -
Rotational X axis 2 rpm X axis 1 rpm
. Translational X axis -10 mm/rev X axis -10 mm/rev
Shield -
Rotational - - - -
Translational X axis -10 mm/rev X axis -10 mm/rev
Screw auger - - -
Rotational Screw axis 10 rpm Screw axis 15 rpm
= ol g
4,504 2 Y 24

Iy

Fig. 7- AESI=H(Z 3} A=) eht 212 271 7alo] whe} wAlg Ajolct, T2lolH ekt
o] 2R a]sﬂg R0l T 2 Q& elo] Agals Ao ekt ol AH|E FhoE AT

LA ol A& AR HEE7| R o2 wotett & At HHo| b= =22 Condition 137429
10,000 10,000
= 8,000 = 8000
= =4
g i l | Shjeld
£ 6,000 S 6,000 ol L )
[} n
0n n
2 4000 L 4000
Q. Q
£ Cutterhead £
S S
2,000 iy | L ‘ o 2,000 Cutterhead
000 005 010 015 020 025 030 035 000 002 004 006 008 010 012 044 016 0.18
Advance (m) Advance (m)
(a) Condition 1 (b) Condition 2

Fig. 7. Compressive forces acted on the cutterhead and the shield
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A58 A5 2R S 22 ol 2] who] #o] Aalme] w7 gl ofa] wlmH 21
552 wert sHAE AEFIE o] A9 AHEEe R 98 At A2 078 Bl HiEE7] T

AE =0l 285k tE o] H=of Hsl] A o & 2HA| LRt o= =2 Z7dof whet AEF|= )%
T O] 2ol 7k QIR HEof| 2Fgsh= 52 o] FASHA Lt 212 oA e & = ek T3, 22 2710
w2t Al 2] © 2 Condition 1914 B} 24 L}E]r‘)’x]‘:'} A S| =Hof 2-85l= =

Aol Rt & 7H2] 270|M= 2 2lelE HolA] gIth(Fig. 7).

Fig. 82 22 27o] wzt ﬂﬂ—?—g—o«il'?—ﬂ J:?QT‘:— A BEFE vEhdnh 23 B9 ARl 2717t
Condition 204 2] yehd Za & 4= Qlom Hikes F45 5o A4 2715 Blud 4= UthFig. 9).
Condition 1914 A E]3)|=rHof 9S24} & T = thA|2 2,112 kN/m W22 251992 ™ Condition 29| 41=
1,265 kKN/m W92 251t #5t E T2 AE| S| =EHol|A 24 $H 3L 24, Condition 1°1 B]3l Condition 2

14,000 —
—— Condition 1

—— Condition 2
12,000

10,000

8,000

6,000

Resistant torque (kNm)

4,000

. T T
000 005 010 015 020 025 030 035
Advance (m)

Fig. 8. Resistant torque generated at the cutterhead

700

[
[=3
S

3]
=]
S

\

n
o
S

Y
/

Frequency

[N
o
S

Condition 2 \ Condition 1
1,265 2}\

0 2,000 4,000 6,000 8,000
Resistant torque (kN-m)

N
o
S

o

Fig. 9. Frequency of resistant torque generated at the cutterhead
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o AHBIE0] SIS T H 0 2 LA 232 0 A FeF U o] 8] tlEel 2
2k E 2 Aol S 5 71 Sl 24 ol AssI=re] Qs o] AFgshs
Upeh} Stz 2204 =} Qs SARIL Shs 2S84 ol Aabeo 2 24lo] Yyspl 11
sl Eot WiEeo] Qs S0 2 SAEE As|S Tl Qe
o] Hlgego I} 7 Esl=0) sl wet 1 277 ekl AL @ 4 9l

Fig 102297 1% o] Wi 29 S BN I AR et Al 297 91
5o Wl s EAte] RS B7lo] R Ee] et A51% 0 A BrolA] Ustehs QS-S £ 0 A
A 285 stolel, 2% 2 9] 512147} 2 Halll ek Condiion 2) B51 A1 W=sto] 271 A
2 BRIGHS Fal, 2515 0 A0 o) melo] A A8 A0 Prke 4 glrk. ol gJAREe] 27)e] )
S A4S SRIGHATAE Fol7] Z7o] 27 Condition 2614 WA HhEe] A=l 1S EaAE 2l

[¢)

r

l

350 —— Condition 1

—— Condition 2|
300

250

200

150

100 "l I uHml

Muck discharge rate (kg/s)

50

0 T T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Advance (m)

Fig. 10. Muck discharge rate versus TBM advance

70,000
g / Condition 2
o 60,000
o
A
E
S 50,000
0
o /44.4 kals
5 4000010 condition-1
S 10.02m
£ :
5 30000 - e
2 . 41.3 kals
g 10,005

20,000
5 L /
9 o
< 10,0004 /

ot

000 005 010 015 020 025 030 035 040 0.45
Advance (m)

Fig. 11. Accumulated muck discharge rate versus TBM advance

1040 Journal of Korean Tunnelling and Underground Space Association



Preliminary study on a spoke-type EPB shield TBM by discrete element method

St 4= 9l9ith A2 9 AE Edf &= = AT EARS] 92 Condition 17 Condition 20114 Z¥2} 41.3
kg/sec & 64.4 kg/sec HE2 HITE viETFC] 4 1= T (Fig. 11)ol4 &= UehR0], 7] viEsdo] 57}
SR F AR <ol A gt A 0 = U=t o] & F0ll 7 HA] 739 B A5 @ Ao A-GH Zdof| ot
A HiEo] ¢S] o Fold A F5 o Sk

S A S =] 2-8-5l= S o] B4 Aol A Aot
THo R [0 Ixpe] ot welo] o u s HiETo] A4S
EA% YA -FAIH. o5 F5

10]

o, el Rlof 2hgai o

A0, 7%E1 Sl=ro] 2180k A== e8|
s

9, AESI=R0] 2ol g
A

B sl=>
o] 2zt iﬂrx % RASH E‘r %Zbﬂ Asgof uket E1 sl=2t JEOﬂ 2-goh= ‘ﬂJEﬂ% Ao Alke 49l
Aom, 2395 @ 710] RS Fofl HiE volA Ak B9 AT HlE RS

AT -2 Hefsh chaat e,

O
)
4l
ot
5
39,
32
v
Mo o
rf
-

1. 2 ollHE BAFARES AR S8l 27d0] the F F7el dAkE ARSIl ol 7 &=
Zpo| 2 Qs A o= 22 AR A ALl 2 HFshe /o] BASH | whzell A1eke] Qb gt s it
“gol Hasitt. el 2715 2| RAHE 73, shiie] Hetes %—5%_‘ %OUr Al ﬁ\_ﬁlﬂ—t— AZEo]
450}71] oA H}EH_EL OH“*PJ 35 ¢

%
o
D
e}
iy
o,
o 4
W
)
m&"
O
ﬂJ
to
_\.L
ﬂJ ﬂJ
oll
o
D)
jus)
=
ri

ZatE|ofof g,

2. A=A Ao et 2le Aust 23, A= s Hle) s i o 2 gZelo]
2 g3l A0 2 ekt ol AR HRoAE AT2 07 ofa) 2|44 02 AR} HjEE] e
of| LER = Aol 2 qhehe]e s Holl 4 2435k 222 @ 7o] ol ko] HiZo] 5] o]0} |7 thA]
Hel=r o2 g7} G9lulT e-S Lhehils Aute gt

S, o] 4 b o] e A=) SRt A 0 9] s} ] A8l
Sollw Fol1 270 A= R QAT &L fAlshe Aoe ehirh £F As|=re] 9%

Journal of Korean Tunnelling and Underground Space Association 1041



Chulho Lee - Soo-Ho Chang - Soon-Wook Choi - Byungkwan Park - Tae-Ho Kang - Jung Kil Sim

A= 25wl AH S| =] o Al ATF @A lEEH T e Aol A E7HE A

21k Mg B0 2 BARRE 4 QI9Iek. S ATl BeIAI v
gt ik, 2] vlEge] 271 AR SE0IM £ER A0 R Ueht, 0

ol 5 714 A% mi ol 2704 A3 00| ofFt Yte] wjEo] LA ool AL H5E

W%%ﬁ%wwWﬂW&%w

%a%gﬁ%ﬂﬂﬁié¢%%ﬁﬂi1%LWﬂﬂaéﬂﬂﬁ%@%%ﬂﬂﬂﬂmﬂ
2 702 wehEr,

WASR 0AZ FAO

= ohe Mefsteih, G fEkak o) sl A 5 Fel, A A AL

AL 2

2 S RO SRS U] A7 e AT ARY )l “TBM (Tunnel Boring Machine) A7 - AJ&F =4
3} 71 ZNHTHAHS: 17SCIP-B129646-01)- 2412 HA]: TBM &4 - Alo] A|A8] 9l 7| =0] 2]2j5} 434
71% 7] dgho 2 2 E| it

References

1. Avunduk, E., Copur, H. (2018), “Empirical modeling for predicting excavation performance of EPB
TBM based on soil properties”, Tunnelling and Underground Space Technology, Vol. 71, January 2018,
pp. 340-353.

2. Bilgin, N., Copur, H., Balci, C. (2012), “Effect of replacing disc cutters with chisel tools on performance
of'a TBM in difficult ground conditions”, Tunnelling and Underground Space Technology, Vol. 27, No.
1, pp. 41-51.

3. Burger, W. (2006), “Hard rock cutterhead design”, Proceedings of the North American Tunneling 2006
Conference, Chicago, pp. 257-263.

4. Copur, H., Aydin, H., Bilgin, N., Balci, C., Tumac, D., Dayanc, C. (2014), ‘“Predicting performance of
EPB TBMs by using a stochastic model implemented into a deterministic model. Tunnelling and
Underground Space Technology”, Vol. 42, May 2014, pp. 1-14.

1042 Journal of Korean Tunnelling and Underground Space Association



Preliminary study on a spoke-type EPB shield TBM by discrete element method

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Cundall, P.A., Strack, O.D. (1979), “A discrete numerical model for granular assemblies”, Geotechnique,

Vol. 29, No. 1, pp. 47-65.

. Di Maio, F.P., Di Renzo, A. (2005), “Modelling particle contacts in distinct element simulations: linear

and non-linear approach”, Chemical Engineering Research and Design, Vol. 83, No. 11, pp. 1287-1297.
Di Renzo, A., Di Maio, F.P. (2004), “Comparison of contact-force models for the simulation of collisions
in DEM-based granular flow codes”, Chemical Engineering Science, Vol. 59, No. 3, pp. 525-541.

Di Renzo, A., Di Maio, F.P. (2005), “An improved integral non-linear model for the contact of particles in
distinct element simulations”, Chemical Engineering Science, Vol. 60, No. 5, pp. 1303-1312.

. EDEM (2017), EDEM User’s Manual, DEM solution, Edinburgh.
10.

Gehring, K. (2009), “The influence of TBM design and machine features on performance and tool wear in
rock. Der Einfluss von TBM-Konstruktion und Maschineneigenschaften auf Leistung und Werkzeugver-
brauch in Gestein”, Geomechanics and Tunnelling, Vol. 2, No. 2, pp.140-155.

Gong, Q.M., Jiao, Y.Y., Zhao, J. (2006), “‘Numerical modelling of the effects of joint spacing on rock
fragmentation by TBM cutters”, Tunnelling and Underground Space Technology, Vol. 21, No. 1, pp. 46-55.
Gong, Q.M., Zhao, J., Jiao, Y.Y. (2005), “Numerical modeling of the effects of joint orientation on rock
fragmentation by TBM cutters”, Tunnelling and Underground Space Technology, Vol. 20, No. 2, pp. 183-191.
Hertz, H. (1882), “Uber die Beriihrung fester elastischer Korper”, Journal fiir die reine und angewandte
Mathematik, Vol. 92, pp. 156-172.

KICT (2015), Development of optimized TBM cutterhead design method and high-performance disc
cutter, ISBN 979-11-954377-2-6, Korea Agency for Infrastructure Technology Advancement, pp. 7-9.
Labra, C., Rojek, J., Ofiate, E. (2017), “Discrete/finite element modelling of rock cutting with a TBM disc
cutter”, Rock Mechanics and Rock Engineering, Vol. 50, No. 3, pp. 621-638.

Li, X., Yuan, D., Huang, Q. (2017), “Cutterhead and cutting tools configurations in coarse grain soils”,
The Open Construction and Building Technology Journal, Vol. 11, No. 1, pp. 182-199.

Liu, J., Cao, P., Du, C.H., Jiang, Z., Liu, J.S. (2015), “Effects of discontinuities on penetration of TBM
cutters”, Journal of Central South University, Vol. 22, No. 9, pp. 3624-3632.

Lv, Y., Li, H., Zhu, X., Liu, W. (2017), “Discrete element method simulation of random Voronoi grain-
based models”, Cluster Computing, Vol. 20, No. 1, pp. 335-345.

Maidl, U., Comulada, M. (2011), “Prediction of EPB shield performance in soils”, Proc. of the In Rapid
Excavation and Tunneling Conference, January 2011, pp. 1083-1091.

Maynar, M.J., Rodriguez, L.E. (2005), “Discrete numerical model for analysis of earth pressure balance
tunnel excavation”, Journal of Geotechnical and Geoenvironmental Engineering, Vol. 131, No. 10, pp.
1234-1242.

Mindlin, R.D. (1949), “Compliance of elastic bodies in contact”, Journal of Applied Mechanics, Vol. 16,
pp. 259-268.

Moon, T., Oh, J. (2012), “A study of optimal rock-cutting conditions for hard rock TBM using the discrete
element method”, Rock mechanics and rock engineering, Vol. 45, No. 5, pp. 837-849.

Ofiate E., Owen R. (2011), Particle-Based Methods. Computational Methods in Applied Sciences, Vol. 25,

Journal of Korean Tunnelling and Underground Space Association 1043



Chulho Lee - Soo-Ho Chang - Soon-Wook Choi - Byungkwan Park - Tae-Ho Kang - Jung Kil Sim

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Springer, Dordrecht, pp. 247-267.

Peng, B. (2014), Discrete element method (DEM) contact models applied to pavement simulation, Ph.D.
Thesis, Virginia Polytechnic Institute and State University, pp. 19-23.

Rostami, J., Ozdemir, L. (1993), “A new model for performance prediction of hard rock TBMs”, Proc. of
the Rapid Excavation and Tunneling Conference, Society for Mining, Metallurgy & Exploration, INC,
pp. 793-793.

Sakaguchi, H., Ozaki, E., Igarashi, T. (1993), “Plugging of the flow of granular materials during the
discharge from a silo”, International Journal of Modern Physics B, Vol. 7, No. 09n10, pp. 1949-1963.
Tarkoy, P.J. (2009), “Simple and practical TBM performance prediction. Einfache und praxistaugliche
Voraussage von TBM-Leistungen”, Geomechanics and Tunnelling, Vol. 2, No. 2, pp. 128-139.

Tsuji, Y., Tanaka, T., Ishida, T. (1992), “Lagrangian numerical simulation of plug flow of cohesionless
particles in a horizontal pipe”, Powder Technology, Vol. 71, No. 3, pp. 239-250.

Ucgul, M., Fielke, J.M., Saunders, C. (2014), “Three-dimensional discrete element modelling of tillage:
Determination of a suitable contact model and parameters for a cohesionless soil”, Biosystems Engineering,
Vol. 121, May 2014, pp. 105-117.

Wu, L., Guan, T., Lei, L. (2013), “Discrete element model for performance analysis of cutterhead excavation
system of EPB machine”, Tunnelling and Underground Space Technology, Vol. 37, August 2013, pp. 37-44.
Wu, L., Liu, C. (2014), “Modeling of shield machine tunneling experiment by discrete element method”,
Applied Mechanics and Materials, Vols. 556-562, pp. 1200-1204.

Yagiz, S., Karahan, H. (2015), “Application of various optimization techniques and comparison of their
performances for predicting TBM penetration rate in rock mass”, International Journal of Rock Mechanics
and Mining Sciences, Vol. 80, December 2015, pp. 308-315.

Yazdani-Chamzini, A., Yakhchali, S.H. (2012), “Tunnel Boring Machine (TBM) selection using fuzzy
multicriteria decision making methods”, Tunnelling and Underground Space Technology, Vol. 30, July
2012, pp. 194-204.

1044 Journal of Korean Tunnelling and Underground Space Association



