TUNNEL & UNDERGROUND SPACE Vol.28, No.1, 2018, pp.1-24
https://doi.org/10.7474/TUS.2018.28.1.001 ISSN: 1225-1275(Print) ISSN: 2287-1748(0Online)

TECHNICAL NOTES

A|doflA 2 =TBME| A= {let 7l 0

Y5 Y, Yk, AHH”

NECHBER O LARAIAEIE

oA

Review of Technical Issues for Shield TBM Tunneling in Difficult
Grounds

Hoyoung Jeong, Nan Zhang, and Seokwon Jeon*
Deptment of Energy Systems Engineering, Seoul National University

*Corresponding author: sjeon@snu.ac.kr

ABSTRACT
Received: February 8, 2018 The use of TBM (tunnel boring machine) gradually increases in worldwide tunneling projects.
Revised: February 23, 2018 TBM machine are often applied to more difficult and complex geological conditions in urban

area, and many problems and difficulties have been reported due to these geological
conditions. However, in Korea, there is a lack of research on difficult grounds so far. This
paper discussed general aspects of investigation method, and problems of TBM tunneling in
difficult grounds. Construction cases that passed through the difficult grounds in worldwide
were analyzed and the typical difficult grounds were classified into 11 cases. For each case, the
definition and general problems were summarized. Particularly, for mixed ground and boulder
ground, and fault zone, which are frequent geological conditions in urban area with shallow
depth, classification system, investigation methods and major considerations were discussed,
and proposed the direction of future research. This paper is a basic study for the development
of TBM construction technology in difficult ground, and it is expected that it will be useful for
related research and construction of TBM in difficult ground in the future.
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Table 1. Classification of difficult grounds for TBM tunneling

Category General description Encountered problems References
Mixed face ground Upper-soft (soil or weak rock) ¢ High cutter wear/damage Steingrimsson et al., (2002)
and lower-hard (rock) ground * Low cutting efficiency/ Zhao et al., (2007)
advance rate Téth et al., (2013)
* Ground loss Shirlaw (2016)
Cobbly-bouldery ground Cobbles and boulders in * Improper cutter rotation and Barzegari et al., (2014)
cohesionless sand or gravel stalling Filba et al., (2016)
matrix * Uneven and excessive cutter Gong et al., (2016)
wear Lietal., (2017)

* Much lower than expected
advance rates

* Water inrush

* Screw conveyor damage

Fault zones Weakness ground conditions, * Instability of the excavation Bilgin and Ates (2016)
besides referring to weak and face/roof Bayati and Hamidi (2017)
weathered rocks of all types, * Excessive overbreak of the

could be caused by jointingand  tunnel contour
shear zones or faults present in  * Cutterhead jamming/damage

the rock mass * Large water inflow
Clay soil Either full face or mixed face * Cutterhead clogging Thewes (2004),
* Adhesion problems Thewes and Hollmann (2015)
Squeezing ground Time dependent large * Shield blockage/jamming Barla (2001),
deformation which occurs problems Bilgin and Algan (2012), Bilgin et al., (2016)

around the tunnel associated
with creep caused by exceeding
a limiting shear stress

Swelling ground Advances into the tunnel chiefly * Cutter jamming Bilgin et al., (2016)
on account of expansion. The ~ * Affects the production cycle
capacity to swell seems to be due to sticky property of
limited to those rocks that muck
contain minerals with a high
swelling capacity
High in-situ stress In areas of high in situ stress, * Instability of the tunnel face Barla and Pelizza (2000)
rock bursts, spalling and * Large rock burst Gong et al., (2013)
collapse are common. * Unstable large blocks causing ~ McFeat-Smith (2016)
abnormal cutterhead damage
High water pressure Common in subsea/river tunnel, * Water/soil ejected through Sandell (2017)
deep buried tunnel screw conveyor
* High water inflow
Karstic cavities Mostly filled with clay, * Break-in of groundwater Zhang et al., (2016)
sometimes with some amount of  under high pressure during
water underground excavation

* Subsidence at urban areas
* Destruction of tunnel lining
* Degradation of grout curtains

Blocky ground /highly Requires additional supports, * Over-break and additional Delisio et al., (2013)

fractured (jointed) rocks the potential grouting and removal of rock Bilgin et al., (2016)
significant problems for the * Instability of the tunnel face Paltrinieri et al., (2016)
crew security led to damage of the cutterhead

Gassy ground Grounds containing different * Threaten personnel health Zarei et al., (2011)
gases (noxious, flammable, and * Harmful to the equipment Bilgin et al., (2016)
explosive) used
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Fig. 1. General description of three types of mixed grounds (Zhao and Gong, 2015)
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=2 (Bouldery-cobbly ground)

i
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02 493 4 9Ik. Table 2= WiHA 02 A8l QS0 A7)0 e BAe] ER7lee tehict

Table 2. Soil classification according to particle size (ASTM, 2011)

Size range Classification
(mm)
=256 Boulder
64-256 Cobble
264 Pebble
1/16-2 Sand
1/256 - 1/16 Silt
<1/256 Clay
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Soil Particle Size Distribution and Scope of Shield Application
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Fig. 2. TBM selection chart according to ground particle size (Kim, 2017)
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2t TBME 'E o] A DAl A 7Fsoha Sgalsie] 7k 2ot mlshAU-9-2lotke = Al Alloh= Z o] vig2]slt).
T3 olFlo] E7 K 73, TEE Al <Etol] Theh ZpAIRE 8 AL @) B o] Alg T tellA] TETio] EA7T mjeto]
= A9 1158483 T, AlE T e e S0l it AE melslr] sto] HAsk= AlE ERfE] F
HA1E|Y QItk(Barla and Pelizza, 2000). AP Z[9ERARA] B2 757 ] B= w5t o] 97|19 AR Alg ERaE vl 1t

= 22 oF7] wizel, S tie] SR tiRt AR AR5 Al Foll 252 0 & RUEH sl= Zlo] vl F-a5kt. a9
=S S 4 Qe AR H 2 IR Wl S7E B B 32 5 71ARIAES] 5229 His) TBM O] AlE] 1A
olgt 52 & 4 Uti(Bayati and Khademi Hamidi, 2017).

e 22> Aofti(weak zone) oA 9] S B Folk= HRR 71E0] T ERHH(RMR, Q, GSI)= ©|-85H= Ao dutAo]
T, Paltrinieri et al.(2016)x= 3 AAH 0 &2 45 B'd Z2A|E 25 e] npafrjel Aoh|2 ERd 4 S REe] E/3-S Table 317}
o) ARKHEE QLo Fig. 3-2 Paltrinieri et al.(2016)°]] 2Ja) At mhafel] ¢hite] B5 A7) dAS Bofzert, = apafrf gt
= (1) Aol T HHhighly-fractured rock mass), (2) Ao THfE| F3HA A highly fractured weathered rock
mass), (3) FZM T Tl E A% ik cohesive fault rocks and heterogeneous rock mass), (4) B2 T mhafA]

(non-cohesive fault rocks)= ZeFol= | 7F2| Fef = EFstoith
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Table 3. Summary of engineering parameters of weak or fault zones (after Paltrinieri et al. 2016)

Parameter Range of values for weak or fault zones
Compressive strength 1-40 MPa
Rock quality designation <25-75%
Ratio between weathered matrix and unweathered blocks > 75% matrix

Small blocks: 10 <.J, < 30 joints/m’

Volumetric joint count, J, Very small blocks: J, > 30 joints/m’

Dearman weathering classification category > Category 4
RMR <35-60
Norwegian Geotechnical Institute “Q” rating <2
Extended GSI <30

Rock mass

Faulting/folding processes
Mechanical degradation (mechanical degradation and chemical weathering)

Cataclastic rocks

. o Non-cohesive (or
Hrg::,l_:.' ’;‘f :::;'?:red Cohe;::;; Sf -t slightly cohesive)
- fault rocks

- Catqclasis/Tectonisation degree  +

Joint surface alteration
with/without filling

No joint surface alteration

CLASS 1 CLASS 11 CLASS 111 CLASS 1V
10<J,<35 10<], <35 No blockiness Crushed
30<GSI <60 20 <GSI <40 5<GSI <40 5<GSI<30
ucCs,, ucCs,,, UCSy ucCsy

Fig. 3. Example of classification of fault zones (Paltrinieri et al., 2016)
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&2 Qlek HA, AofRfRtolA o] B A2 & B2 Fih-rAR 1 ES Hole HASo] oS v o= it A7) A AJH
£ Wloh= AR = &9 R, YA |(grain size) E A X (plasticity), HeA E4(7 5, WA, Bl 50l &
A glow, FAPIA] ol2fRt QIS FHA o R BT 4 Sl T N0 i Al2Rlo] 2-85of @31 Qlrk T1 F- Unified Soil

A
ES
Classification System(ASTM, 2011) of|A= BEARS A1) 7] Ei EAT} olelH 1 SHAIE Al-gslo] ER3$lct

Soil Classification
- . : A
Criteria for Assigning Group Symbols and Group Names Using Laboratory Tests’ Group Group Name®
Symbol
COARSE-GRAINED Gravels Clean Gravels Cu=4and1=Cc=3° GW Well-graded gravel®
SOILS (More than 50 % (Less than 5 % fines® )
of coarse fraction retained Cu < 4 and/or GP Poorly graded gravel®™
on [Cc <1 or Ce > 3]
No. 4 sieve) Gravels with Fines Fines classify as ML or GM Silty gravel=F&
(More than 12 % fines®) MH
5 : EFG
More than 50 % El}r;es classify as CL or GC Clayey gravel
retained on No. 200 sleve o 50 Clean Sands Cu=6andi=Coc=a" SW Well-graded sand’
(50 % or more of coarse  (Less than 5 % fines’’)  Cu < 6 and/or SP Poorly graded sand’
fraction passes [Cc<1orCc>3]°
No. 4 sieve) Sands with Fines Fines classify as ML or SM Silty sand™&7
(More than 12 % fines”) MH
Fines classify as CL or sC Clayey sand”G”7
CH
FINE-GRAINED SOILS  Silts and Clays inorganic Pl > 7 and plots on or CcL Lean clay® .M
above “A” line”
Liquid limit Pl < 4 or plots below “A” ML Sitk-L™
less than 50 line*
organic LR it o780 98T 0.75 oL Organic clax"-"“-"
50 % of more Liquid limit - not dried rgan.c ST
passes the No. 200 sieve Silts and Clays inorganic Pl plots on or above “A” CH Fat clay® =™
line
Liquid limit Pl plots below “A” line MH Elastic siltT-™
50 or more
organic IR it Oven aed . 0,75 OH Organic clayX-¥P
Liquid limit — not dried o—rga—n'—'rx-rwu—rgamc Sl
HIGHLY ORGANIC SOILS Primarily organic matter, dark in color, and organic odor PT Peat

Fig. 4. Unified soil classification system (ASTM, 2011)

Terzaghi(1950)] 2Jaf] Al¢FH Tunnelman’s Ground Classification System(TGCS)olA & 401 EZ 0] Bg7} 71-55hH
ol weh Ed Al Al ARES] Azl thgt 7i2FAQl ell&o] 7hEstth o] R Heuer(1974)°ﬂ Ofal| 57, AIRT=] Lo H]
WA AR EAJOIAEE WA EAER] A8 4 }lom A5k o] EARR] AES oS5 4= itk S 7. sHA|
I AAPEA] EARS] oot A3d TBM 9] %;q e el ARSI e ‘Si% 2oz FARE .

IHH o] thgh R © 2= Rock Mass Rating(RMR), Geological Strength Index(GSI), Q-system= 9 F-FH O 2 &
2= 131(Bieniawski, 1976, Barton et al., 1974, Hoek and Brown, 1998), EAIR}= 2] TBM O] 271453 HkS- EAIS)o}
oIZ= 7HO] AFHRHAIE v © 2 TBM A5l 7HE0] A5402 AGE| 1 It Gong and Zhao, 2007, Hamidi et al.,
2010, Hassanpour et al., 2009, 2010, 2011, Delisio et al., 2013, Delisio and Zhao, 2014, Yagiz, 2006, 2008, Yagiz and

.

=

EI

ol S
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Karahan, 2011). oJ2] 7}x] &4 o] AdA B4 B2 P AYERE LR = Q1S3 o851 27 -&(penetration rate)Zt TBM 2]
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A& ZAHBoring investigation)
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(@) In-situ boring (b) Rotosonic boring (c) Large diameter Auger

Fig. 5. Different boring methods in boring investigation
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A5=80] S1x1et N5 Aokt E-8E 4= Utk SHAITE 215 - APFAV =] B AR O] PukARl 2 e uf, vl-8art
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=7, A 5 e R, A% 5 AlS AR e TR 0 HESK= Zlo] /] Holth

—4

ﬁ

N

0f

TUNNEL & UNDERGROUND SPACE Vol. 28, No. 1, 2018



10 * Hoyoung Jeong, Nan Zhang, and Seokwon Jeon

Table 4. Guidelines for vertical and Inclined borehole spacing (modified from AASHTO, 1988)

Tunneling method Ground conditions Typical borehole Spacing (m)
Cut and cover All conditions 30-90
. Adverse conditions 15-60
Rock tunneling i
Favorable conditions 150 - 300
. Adverse conditions 15-30
Soft ground tunneling .
Favorable conditions 90 - 150
Adverse conditions 7-15
Mixed face tunneling
Favorable conditions 15-20

AF-E2FAHGeophysical investigation)

TRk Atz ek AL ZTH(of): 'R AL A7 TRIAL A718]AR
= 57517] flote] E-8Eth(Table 5). AT-E2{FA H2 23X 12|13l TBMEAAE Al 5
A9 2874 HolR= A 0 & F7P=AL Qi é’%ﬂ% Z}fi"é‘i-‘?‘ﬂ W H9] AREEAAE o

Ak A BAL ) 4

e
T
o
Y
EN
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i
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%0,
rr
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rir
.
Mo
ru
fu
offt
o

Sit wlaba 2|2l BAlE Bt AlR 2] =5 glo|elete] BT} ool Aok Tt AJEZALS Eaf oo 2}
F5o| AEE] o HAF AEE A SR %3}% % XHL S EAL A AT AT Ofal S 4 Gl g ol Hikt @
A ZAE Algsh=t] vk -85 A2 E‘r. S, Zl:r%ﬂli‘xﬂl AL A= A Q1 1R Holl iRt AR Algst

-2 70|t} Table 50]= ZAVSITAL 5= tiokst Z]HEe]

oA AN 21 4 B Sl A
[e]

7gHof| tfsto] Fd v A= R M S

%

Table 5. Geophysical investigation methods in different geological conditions (modified from AASHTO, 1988)

Geological conditions to be investigated

Suggested methods

Surface

Subsurface

Stratified rock and soil

Depth of bedrock

Ground water table

Location of fault and/or fractured rock zones
Planar Igneous intrusions
Isolated pods of sand, gravel or organic material

Permeable rock and soil units

Lateral changes in lithology

Seismic refraction

Seismic refraction
Electrical resistivity
Ground penetrating radar

Seismic refraction
Electrical resistivity
Ground penetrating radar

Electrical resistivity

Gravity, Magnetics, Seismic refraction
Electrical resistivity
Electrical resistivity

Seismic refraction,
electrical resistivity

Seismic wave propagation

Seismic wave propagation

Borehole camera

Seismic wave propagation

Seismic wave propagation
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™

5P 1412V Tt S-2SkA] Folth TBME'EEAofA oV 2] FR_t S5 A kS 2:90h= B9 A5 Edle= A8%= 3¢
7h E}BW /‘]%'—% AR A5t 2 FA S o] 85to] F7HA] A1 HHE = Zlo] Yrblol:

Eet 497t oid oV, Bl Ao tiRt 52 EelgARHolU TBMZXEo[8E HoiilE F5lo] olFolzl=Zo] &
HEdolct, 7P de] ARgERE= 7HH 9 2= GPR(ground penetration radar), TSP(tunnel seismic profiling), 27|84 FAL
BEAM®AKbore tunneling electrical ahead monitoring)”} tHiEZ0]11, =% Fof| - E = 2752 &2 0 2 Aro|Ex1
A= o] o] 2[Rt HIE iAokl ellEsh=t] o 8- th(Lee et al., 2016).

Hunt(2017)= 53] 2EFE5-2 HAIGH= 7870l Qo] AIFE 55 AP o] 71 et AvtE eEedS B IStk Table 6).
Az HAP S Hl-83 E-8 SHofA ol 2= o] 2878 ST AP a2 *Ae B Sl

Table 6. Comparison of investigation methods (After Hunt, 2017)

Selection factors

Subsurface Investigation methods Cobble and boulder Cobble and Cobble and boulder .
frequency boulder size location Relative cost
Becker percussion borings 0 0 + Low
Rotosonic borings + + + Moderate
Large diam. bucket auger + + + High to very high
Large caisson boring + + + High
Borehole GPR 0 - 0 Low to moderate
Cross-hole seismic 0 0 + Moderate
Surface seismic refraction - - 0 Low
Surface electrical resistivity - - 0 Low
Test pits 0 0 0 Moderate to high

Notes: +=Method effective; 0 = Slightly effective; - = method ineffective

S42]ubo]| CHt DAL

o
=gt

2 ok EANEE EARRL O, 1|3 A& TR eto] EAE]o] Q1S 792 dSto] s=olslarat qith dARA] &
AR A ofehe HE> A Rt Hiet o] BelshA| izl vt glony, AR AdidSels= BeRHke A ofskr] 2fdl
Q3 QIxpE TEQIEAE H]@F RMRE g5k QJtiSteingrimsson et al., 2002, Dong et al., 2006, Toth et al., 2013,
Vergara and Saroglou., 2017). A|§FS FAJ5H= A2 ThE 2|50 TS0 H]7H10 oo weh2.52 B % ghd off
S 53 ARtolgt Aol= 97 HiF-2o ™, 7iEAIFo] B'E Tl AR]sl= Hlgol wht ¢fite] E-4-5 Atefsto] TBM O]
215 A5ok=tl B85kl ATt Steingrimsson et al.(2002)> 7iE 2|5-20] 2402 HE AHH 712 23183 2159 F
7ol whet 715 atste] T 7)) o] EAf 0] 9l AA9-0] EX-8-S APk S ARSI Toth et al.(2013)-> kT
EAPLeAE A5 o] 7]20] el Hokol9r). ?FH Vergara and saroglou(2017)-2 E3A|51o]| thslo] 2|50 HA]
Hl-&o] w} Hok RMR2 Aok S Altstal Ho RMRYF @741 (field penetration index, FPNFe] T HAE
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CSME RO Th4-0] ghite] EAElo] 91 7390] Shslel 24 450] B 17} 7551, Yagiz(2008)0] ofs] Hghwlol 22
of et e]1o] Hiake Wefe 4 Qs 210 2 Fhekelxjgh mlel gk AP tete o] ol shAIut ofds] mafehe] i
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=S B Al of2ho 2 doful=r o ) lof Aol AR 4= Gl iiRo | 9HFES 29 A| 7P A Alkesf &
=St Fole) ofet ATt Batao)x] ok 73w o 2 A1 sl SRS A W, ¢1=l o & mfjskA
[5he] WIS Soto] Aol g2t 22 = nlafo}: 3 L P gabAo)z] 52t 7390l TBM #E
Sl= R A A e 2Aet] SfEE AlIshe AFh(Jee and Ha, 2007). THFE-2 GRFA 0 & HAto]
L apaf7 -9 o2, SRt A 7 ARG EITE SHE R FAT G-go] vl - AasH| Eot. Eot AE o] npr - STt}
b oukEZ0] Z2) Aofl= the- BRI 5712 d7E(advanced rate)©| Aol = Zlo] Rk ol 2ot

ot DEFEZO] Z21 yEtsto] M ARk = QJRFe] 7] 23, TBMO] A7l thH|et 9i2te] =271, 7138 A6t 74
Ot SEFE0] A H| 555 4 Ut WA D=0 7o Hdsto] DHFES-S 22 ok TBMe] tiste] H|SHol 4
2T ARREC 2= AESI=2] 7H-&(opening), T W (grizzly), BIE A|AR(AT T o]0, S, I A 5o] ok AL
2 9EFES] F7|of| e} AT-ES LA A/ 2k A2 IR o = 2 delA Q= AFRYelH, Hunt(2017)-2 23570
o}9] FFoll w518 4= Q= mRAlre] 2715 AR EERIolA = A3 WE 9 33% 18] eliEEllelxde A3 A
60%= ATt Fig. 6). 2H=2] A7|of| wet A3 71H|o]o|o] F7et 2715 A7k & 7395 212 ™, Slurry TBM 2| 7
Foll= U] A7e AAohe -9 Btk Qi
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Grizzly bars to block large rocks
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Ribbon screw
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No rock
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(a) Shaft screw (b) Ribbon screw

Fig. 6. Two types of screw conveyor in EPB shield TBM (Hunt, 2017)
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EQHEPgH O 2 O] HAYL SHFES A Al T27E QAR Zlo & mpetFL: Fig. 7> TBMS] 21730] tivlet oHkE2] 7]
223 g PO R o] Hetdof| wh ZARE At th(Hunt et al., 2014). - Aol 2R A7 A= TBM(H73
Sm 1 Shofite 2P e 2.0] /o] FHEA —‘%%‘ el =gy EUﬂ Sohs A 02 BTl ltt. R TBMZ HiH]

MTBM-TBM with no face
access and no disc cutters

rMTBM-TBM with face
/r‘ access

Risk of obstruction

= T
*/ “‘ll'

/Open face
| TBM - shleld

0% ~ 30% ~70% 100%
Relative boulder size

....

Fig. 7. Relationship between risk level and boulder size in different levels of accessibility to tunnel face (Hunt, 2017)

A[Hre] 7] Fuof] iste] 2HFS(BVR) Y AFZ(CVR) 0] AFAJSh= Fa] Hl:go] ofsto] 9HFE5-0] S4B ksk="d"o] A
ok v 21 2 H(Boone et al., 1998, Poot et al., 2000, Hunt, 2002), O] TS 22 Ao g 5Q7% H
Egs. (1), ()&} o] AkFeTE

Cobble Volume
FExcavation Volume

CVR (%)=

Boulder Volume
FExcavation Volume

BVR(%) = 2

Fig. 82 AIA| Z=o M =38 237l 2AEof|A 2] CVRIF BVR 2] 3} IS WP (Hunt, 2017). A2} 9HRE0] 244
ShE HIZ(CVRI BVR | 2hy2 1% 1ROl FE 40%7H4] H1F519 2™, CVRO] BVR E = 42 ghe H3IH: T3t Table 72
& Aol =ie] 2@& T 2ARE BVRYFCVR O gha HoiFal 9lom, CVRYFBVR 2] 92 IRIZIA| =2 0.1% A1+
70%71A] W2 H919] gk Hlot @A o] 2k=E 7|9EC == BVR ¥ CVR O] 2R 2E2 TBM O] Al et -2
et ou7t QA g2 Ao & IEERRE 5 Hlo[EjHjo] e} 5] 20| SR wHlEFoA o] AN A Eat 5 5
o] gelu =318, theetde diSstet] 71xAta s E8d 4 2 A= Helrk,
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CVR typically ~ 3 times BVR

40.0%

Example:
100 ft (30 m) tunnel length
5 ft (1.5 m) diameter,

1o/ RB\/R
oDVt

38.0%
36.0%
34.0%
32.0%

N\

30.0%
28.0%

Total boulders = 34 or 0.34/ft (0.3 m)

Max size 3-ft (+-m), Avg size 1.5 (0.5-m)

26.0%
24.0% /
22.0%
20.0%
18.0%
16.0%
14.0%
12.0%
10.0%
8.0%
6.0%
4.0%
2.0%

CVR + BVR
BVR

(639%) of cases had a BVR <1%)

Cobble and Boulder Volume Ratio (% excavated volume)

W T

0.0% e
1 2 3 4 5

Case Numbers

6 7 8 9 10 11 12 1 14 1

19 20 21 22 23

Fig. 8. Frequency of CVR and BVR at TBM tunneling worldwide (Hunt, 2017)

Table 7. BVR and CVR values at different TBM sites

Site (country) TBM type CVR(%) BVR(%) CVR+BVR(%)
#1 (USA) Slurry 8.0 4.0 12.0

#2 (USA) EPB 4.0 2.0 6.0

#3 (Canada) EPB 2.0 0.5 2.5

#4 (New Zealand) EPB 0.1 0.01 0.11

#5 (New Zealand) EPB 0.1 0.02 0.12

#6 (Canada) EPB 4.0 1.0 5.0

#7 (USA) EPB 0.22 0.34 0.56

#8 (China) EPB - - Upto 74.0
#9 (Spain) EPB - - 30.0-70.0
#10 (Spain) EPB - 33.0

#11 (China) Slurry - - 10.0-25.0
#12 (China) Slurry - - 55.0-70.0

WA At SHRESO] T %, SRR ()2 oHRESS FolEHl T8kt ol T shuelt:. eHES=

u}%ﬂr

Akt ol 7HE Fa%t ?lx}% oH

Kieffer et al.(2008)-> SH=5-2 L Aty /\] FHS o g Mgz /51} ]
A0 7 [rIsl AL, Barzegari et al. (2014)— US5SSR AT ARIE

=9 BAalolct A7) Aol wet surEEg gkl XIHTOHAH %ﬂﬂﬂﬂ‘%
4 7} opel ALt 20 Fi2teto] Fol A Aol E2HES] skt ol g A

1}11]4 et HFEE EeAL e 71 o] Bla]] A o= e,

23 71Eo]| ot SEFEZ-0] At
A 7R 2 57 4= SItk(Fig. 9).
EoE &2 tAd AEE wet 28

FO X
B
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o) BIshe 7 Solc, ofeleh 49 B TBMEA ] bt Aol F25P Z71oka Aol walste] o o) o] a7lo] &
PFssbi Egel 3 10}54@ B O] Al ANIAE S8R0 A0 FARS Aehel 17t ofick
2lo] Zfalfdlol wet SuEe FAEAL ahEIA) ke Az Aol welsh] Shos, 54 Aol st 2|22 wol }
L5 S AT el i 0] Aok o] Quole], oot Ao sh 2kl 2287
2, T3 Aol oJs) BeFEo] mEhs 21 ZeE 4+ Qe ShA] kst ute} o] Hato] wliz 29} stefels Qe of
HIol] WJs 1L A 80 T5] Wol 1, B vk we FEqck

2
Low compacted deposits Medium compacted deposits Highly compacted deposits
Rotation of boulders with Boulder pushed towards the Since there is no space for free
cutterhead and their movement tunnel face due to the applied movement, Boulders break as
away from tunnel face. force of cutterhead result of cutterhead advance

Fig. 9. Interaction between disc cutter and ground in different levels of granular ground compaction (Barzegari et al., 2014)

Goss(zooz)— 1871 @A 9] HkE ArEzhARE 451 ol2fsh SEFES-S ko] flolA] Eagh AckA]Httie]
F|4 s SHFES] 7o thste] 1/600 ofet= AlRbstrt. Axgre] Hak= Qlou SEkES-S AJaA o= Halsh] Skt =
Aoz 13161101: S Za3t QIrIele Hrgoit. wheha] gkeo] SHlELo] EAS Mafolo] A ARt B 57| Q1% At -
Q87107 woir}ict

5k o|o} el A 1ok B AL TS ARSI 2RS B2 4 oIk EAAARIO R BHA S 2 4
G 74 % A1) A ek o] et 29 5)] tRolck nebd] 222 Golsbl b SIet ek d B, AR 24K 2
of Tiig A7 Bastck. Fig. 102 AhE 4ok Qo] 27 Bo] nhe Qbael Tekgelo] 48491S ehiick

THFEZ0]A] 0] 78] mhR & 9A] ZQ 3t ol Z Sho|th Amoun et al.(2017)0]] W2 H2AFOIRAY Avlg R Bag
DHESO] HILSE-2 “extremely high abrasive”ZA] YFFAR1 749t H]oA L 45| =2 AU & 4= AUth(Fig. 11). A=
/\]EU]'EZ]—r(Cerchar Abrasiveness Index, CAI)°f| Th= 9HA 0] B2 = Azt et thE ]9 Lee et al.(2012) 2] A4 B
I = 0] CAL] BI9h=0.7~3.0 084, AHFa 0 2 4w = HAE DY AR CALS] ZHiZEZ 6%). CAIZH3.09]
73 AEUEE 200 MPa o0 57U & R oA YE 1l wf AE 2 nfro] digt tizo] W e skt webA A
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Fig. 10. Selection of grouting method referred to soil types (Alen Ringen, 2016)
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Fig. 11. Comparison of CAl values on cobble boulder samples and representative Korean rocks (Modified from Amoun et al., 2017)

E]0] S P71 A GaS SHIAZIZ] Slai A9 @, SRE HHAY B2 Ui 3S A P A
ARgSh= o] ek AE O] /4t wetstoial= AUbAQl A o] ohd ARIAV A MER 0] H AT A A2 T2
3l & 4= Uth(Fig. 12). Y7 ARlolA = GEEA QI t AT 7| of] H[s| HiEC] sl HlAm A8 AHdS-& 22tek=t aa4lo
23! H7E]31 Q191 (Tunnel Business Magazine, 2016), A%+ AE] o] H]s]] 1710 7|(BA 38l 71 wiwoll S5t Aol 4] 2L
2 ARR}O & T E39t Fang et al.(2017)2 AFA50lA 0] HA A 5-S FdA1717] S16te] TE Bl AEIE AR AR
£ HAIgHHEQlal, e HlA= A B O] R uER o] A= T2 AR o vl AFd5-0] 2ol a-gAo]irtal kit Rt
Diponio et al. (2007)°f| th=H SHEZ3 A5x4 HAIARE H|E AE|(S-2 2w Al) = A wAet & 454 o= 2
2k pRfeloitial B stlet. oEkE] ot nii A= =2 e 0] nh it ofu 2t AEIS| = 24|, 8|M, AT FTH|o]of
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Fig. 12. Different types of disc cutters
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Fig. 13. Relationship between the thrust, torque, and penetration rate of TBM (Fang et al., 2017)
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FSTE LT Aol Pt o g &2 0] HAto] W astH, ANt AFAAS -8 tofh= TBM O] 2710] S5
B2 FAH|REE7 7S 7o, Aste=2] fredell tiR|sl ] fsi A F712-] vlias ARt 2j4= tidio] E 85t} TR TBM 3H|7F
Arge] H Zgfolke ols Y= Fetsr] 2t 71l #2210l 87ERR, of2fet thefRt EARES] mhafioll <]
TBMO] 241-8-2 ASIA]7| 1L AL ARES 271471 949lo] B3 QIck(Bilgin et al., 2016).

AFAIRES] P2 (squeezing) 71E2 TSIA A WERAE 7FE QHP2Ql EAIH Sl shueltt. def eyt nisr} o
tollA =2t ofet s AR Bl T SR 2 AEE 55171 $1519] Hoek(2001)°] ARt {iio] -8
O BgE 4tk e pAIsAR] 242 551 DA 52 (po) T A e (o) ofl THE B2 0] RIGE(e) =7 H
Zpof| et =8 Briohe WHe ARtst At Fig. 14).
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GemlPo = rock mass strength / in situ stress

Fig. 14. Squeezing associated with different levels of strain (Hoek, 2001)
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Fig. 15. Progress difficulties of a TBM in tectonically crushed zone: (a) excavation instability; (b) decompression and blocking of the
TBM; (c) creep phenomenon (Habimana et al., 2002)

(B) Probe drilling

Fig. 16. (A) Forepole drilling and (B) probe drilling for use in fractured rock and fault zones
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