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Abstract

The present thesis is about the numerical investigation of the tunnel excavation face
stability and the face supporting methods dur@nventionaltunneling with an
emphasis on deep tunndlshere the overburden is greater than 2 to 3 times the
tunnel diameter so as the arch effect is fully developed over the tunnel crown)

A potentialinstability and collapse of the tunnel face can cause seuafalourable

implications such as damages toriel supporting and excavations machines and also

injuries to staff working neathe tunnel face area. Additionally, icaseof shallow

tunnels, tunnel failure may influence the urban environment by causing damages to
buildings, public transportation sgsh etc.. So, i téds of ut most i mpor
both the deformationddehaviorof tunnel face and the effectiveness of the supporting

measures in order to provide a safe working environment for employees and gain
maximum profit from tunnel construction.

The purpose of this study is to:

o Examine the effect of the successive excavation to face stability.

o0 Examine the effect of the protection of excavation face with the w§aderepole
umbrella, fiberglass nails or both to face stability. The reasonfarepolesand
fiberglass are under research is thsually,they are the applied methods for face
supporting.

o Determine the limit of application of forenamed measures in ordefesign
economicallythe excavation face support.

This investigationwas conducted via threelimensional finite element analyses. The
analyses were performed with varying rookass properties, depth overburden,
horizontal stresses factor K and face reinforcemengfoles fiberglass nails). Other
parametersvhich were examined arthe number of the excavation phases and the
distance between them. All the analyses were performed using Abaqus Simulia
software. During the processing of resutsyphasisvas placed on facextrusion
vertical deformations (crowrdisplacement plastic zone and tensionsin both
forepolesand fiberglass.

It is worth noting that the equatiavhich describes the face extrusion phenomenon is
Georgiou and Kalos (2019) equation basedPoauntzopoulos (2012) research for
swallow tunnels. Th&eorgiou and Kalos (2019) equatismapplied to deep tunnels
and derives the normalized extrusigrbased on a normalized rock and depth factor
S k. Also, therock behavior is described bthe Generalized HodlBrown failure
criterion

®.Y.7.E B.T.3.K K 7 52019



13 | Abstract

The main results dhis study, among otheraresummarized below

0o The successive phases of tunnel excavation greatly reduce the horizontal
deformation, in othewordsthe faceextrution

o The increase of the distance between the excavation ph#eets neitherthe
stablity of theexcavation face ndhehorizontal and vertical deformations.

o Theforepolesmainly contribute to vertical deformations.

o The arrangements of fiberglaaserequired to be denser near the tunnel walls.

Based on the analyses resglijdelinesare given for the limits of applications of face
supporting method#doreover it is necessaryo furtherexamine some parameters via
parametrical analysis. Those parameters may be the tunnel depth, different fiberglass
arrangements, differefdrepolesspacing, more excavation phases e.t.c.

Key words: tunnelparametrical analysig, baqus, conventional tunneling, NATM,
face stability, rockmass, extrusion, excavation phases, plastic zone, crown
displacement.
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Appearance of rock mass Description of rock mass Suggested
value of D

Excellent quality controlled blasting or excavation by

Tunnel Bormg Machine results in minimal disturbance D=0

to the confined rock mass surrounding a tunnel.

Mechanical or hand excavation in peor quality rock

maszes (no blasting) results in minimal disturbance to D=0
the surrounding rock mass.

Where squeezing problems result in significant floor D=05
heave, disturbance can be severe unless a temporary N N ‘ert
invert, as shown in the photograph, is placed. -ie e
Very poor quality blasting in a hard rock tfunnel results

i severe local damage, extending 2 or 3 m, in the D=0%
surrounding rock mass.

Small scale blasting in civil engineerning slopes results D=07
in modest rock mass damapge, particularty if controlled | Goed blasting
blasting iz used as shown on the left hand =ide of the

phetograph. However, stress relief results in zome D=10
disturbance. Poor blasting
Very large open pit mine slopes suffer significant D=10
disturbance due to heavy production blasting and also | Production
due to stress relief from overburden removal. blasting
In some softer rocks excavation can be camed out by D=07
ripping and dozing and the degree of damage to the | Mechanical
slopes 1s less. excavation

K 7 52019



39 |[7UGYaUHa Do o8~

8 9a

Ce

a3z UoabBdés2yd Udd maddddw UygdoaUe by} Ycae
UUy  e(fbBkeagd Marinos, 2000)
Rock Clazs Group Texture
type Coarse | Mediom | Fine | Very fine
Conglomerates Sandstones Siltstones Claystones
* 17=4 T2 4=7
. Breceias Greywackes Shales
. Clastic * (18 =3) (6=2)
o Marls
= (7T=2
é Crystalline Sparitic Micritic Dolomites
= Carbonates Limestone Limestones Limestones 9=3)
= (12= 3) (10x2) 9=2)
Non- Gypsum Anhydrite
Clastic Evaporites g2 122
Organic (Ehal,l\{
B T2
o Marble Hornfels Quartzites
= Non Foliated 93 (19=4) 20=3
E Metazandstone
g (19= 3
= . ] o .
= Migmatite Amphibolites Greiss
5 Slightly foliated {zﬁ 3) 'gs =6 28=5
=
Foliated*® Schists Phyllites Slates
123 (7x3) T4
Granite Diorite
32£3 25%5
Light Granodiorite
(29+3)
Plutonic
(ig_:b:? Duolerite
Dark Norite (16 =3)
20=3
@ D=3
B Hypabyszal Porphyries Diabase Peridotite
% - (20=79) (15= ) (25 5)
Rhyolite Dacite
. 25+3) (25£3)
Lava Andesite Basalt
Volcanic 25=3 (25+3)
Pvroclastic Agglomerate Breccia Tuff
} (1893 (19=35) (13=3)

aUUY

* Conglomerates and breccias may present a wide range of m; values depending on the nature of the cementing material
and the degree of cementation, so they may range from values similar to sandstone, to values used for fine grained
sediments (even under 10).

#* These values are for imtact rock specimens tested normal to bedding or foliation. The wvalve of mi will be

significantly different if failure cccurs along a weakness plane.
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| Rock | Rock Condition Rock Load Factor | Remarks
Class Hp £
| L Hard and intact Zero Light lining required only if)|
{ spalling or popping occurs |
Ll Hard stratified or 0-0.5B Light support mainly for
schistose protection against spaling. Load
may change erratically from
‘ point to point
Ill. | Massive moderately | 0-0.25B No side pressure ‘
Jointed
IV Moderately blocky and | 0.25B-0.35 (B+H,) | No side pressure
{ seamy
[V. Very blocky and seamy | (0.35-1.10) (B+H,) | Little or no side pressure
| VL. | Completely crushed 1.10 (B+H,) Considerable  side  pressure. |
Softening effects of seepage '
toward bottom of tunnel require |
either continuous support for |
lower ends of ribs or circular ribs }
VIL Squeezing rock - | (1.10-2.10) (B+H, Heavy side pressure, invert struts
moderate depth required.  Circular ribs are
recommended
VIII. | Squeezing rock -great | (2.10-4.50¥B+H,) -do-
depth
IX. Swelling rock Upto 250 ft. (80m), | Circular ribs are required. In
irespective of the | extreme cases, use of yielding ’
value of (B+H,) support recommended |

2322pU0aa Udd ROP,pELk(1964)
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L 3 i
P L=40cm — Y length of core pieces>10cm —
__________ = x
L=30cm total length of the core °
\ """"" 40+30+30+30+40
RQD= 500 %x100=85%

=200cm

- e
T T TR
W W
IS 19 3
(K+] 10 3
3 3

Intact rock

L
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Rock Construction | Steel Sets Rock Bolt Shotcrete l
Quality Method
Weight of | Spacing Spacing  of | Add ) Total Thickness (cm) | Additional
| Steel Sets Panemn Bolt | Requr Supports
Crown Sides
Exceilent Bonng Light None 1o | None o | Rare None to | None | None
RQD > %0 Machine occasional Occasional Occasional
Dnling & | Light None 10 | None to | Rare None 1o | None | None
Blasting O I | Oc | Oczcasional
Good Bonng Light O I | O J Oc J Local None | Nooe
RQD 75 to | Machine w 1S5 to|w 1.5 1o meshand sraps | Application
90 1.8m 1.8m S0 7.5¢m
Dniling & | Lght 15wi8m |iSwis8m | Occasional Local None | None
Blasting mesh or straps spphcation
S 10 7.5cm
Farr Bonng Light to|15wi8m |12w0!18m | Meshandstraps | 5w I0cm None | Rock boits
RQD 50 1o | Machme Medium 2s required
75
Dnilling & Light to 12t01.5m | 091w 1.5m | Meshand straps | 10cmor 10cm | Rogk bolts
Blasting Medium as required more or
more
Poor Bonng Medium 06tol2m | 0910 1.5m Anchorage may | 1010 1Sem 10 10 | Rockbolt
RQD 25 to | Machine circular be hard o0 1Sem | as required
S0 obtan (12 0
Considerable 18m
mesh and straps center 10
required center)
| Dniling & | Medwm |02t012m |06t012m | asabove IS em or| ISem |[asabore |
| Blasung 10 Heavy more | or |
| circular | more |
Very Poor | Borng Medium 0.6m 06t012m | Anchorage may | 15¢m or Medium
RQD <25 Machine o Heavy be impossibie | more on sets as
Circular 100 percent | whole required
mesh and straps | section
required
Dnilng & | Heavy 0.6m 0.9m as above 15em or Medum to
Blastung arcular more on heavy sets
whole | as required
secnon i |
Very Poor | Both “Very 0.6m 06t09m | Anchorage may | 1Sem  or | Heavy sets
Squeezing methods Heavy be impossible | more on - as required
and circular 100 per cent | whole |
Swelling mesh and straps | secnon |
| Ground required |
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A. CLASSIFICATION - PARAMETER 5 AND THEIR RATING 5
Paramester Range of values
Py For this low range -
Strength Faint IDa_d =10 MPa 4-10 MP3 2-4 MPa 1-2MPa uniazal compressive
of strength index test is preferrad
1| intset rosk | Unizxial comp. >250 MPa 100 - 250 MPa 50-100 MFa 25 -50 WPa =1
material | strength MFPa
Rating 15 12 T 4 0
Drill core Quality RGD 0% - 100% 6% - 0% 50% - 75% 755 - 50% <25%
2 Rating 20 17 13 1 3
Spacing of discontinuities =im 06-2.m 200 - 600 mm §0 - 200 mm < 60 mm
3 Rating 20 15 10 8 5
ery roupgh —surfscas |Slightly  rowgh  sue-[Slightly  rough  sur-[Slickensided surfaces |Soft gouge >3 mm
Mot continuous faces faces or thick
Condition of —discontinuities |Mo separation Separation < 1 mm Separation < 1 mm Gouge < § mm thick ar
n [See E) Unweathered wall Sli?lhﬂ;.l weathered Hithyweaﬁered or Separation - 5 mm
rock wialls walls Separation 1-5mm | Centinuous
Continupus.
Rating 30 25 20 10 0
Inflow p=r 10 m None <10 10-25 25-125 =125
tunnel length {I'm})
Ground |(Joint water press)/’
5| water |{Msjor principal ) 0 =01 0.4,-0.2 0.2-05 =05
General conditions Completely dry Damp Wet Dripging Flowing
Rating 15 10 T 4 0
E. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (Se=F)
Strike —and dip orientations ery favourable Favourable Fair Unfavourable \ery Unfavourable
Tunnels & mines 0 -2 -5 -10 -12
Ratings Foundatians 0 -2 -7 -15 -25
Slopes 0 -5 -25 -50
C.ROCK MASS CLASSES DETERMINED FROM TOTAL RATING S
Rating 100 « &1 B0 « 61 60 « 41 40«21 =2
Class number | [} 1] ") v
Description Wery good rock Good rack Fair rock Poor rock \lery poor rock
D. MEANING OF ROCK CLASSES
Class number | I} L} N W
Averapge stand-up time 20 yrs for 15 m span | 1 year for 10 m span | 1 week for 5m span | 10 hrs for 2.5 m span | 30 min for 1 m span
Cohesion of rock mass (kPa) =400 300 - 400 200 - 300 100 - 200 =100
Friction angle of rock mass (deg) =45 35-45 25-35 15-25 <15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions
Discontinuity length {persistence) =1m 1-3m 3-10m i0-20m =20m
Rating g 4 2 1 1]
‘Separation (apertura) None = 0.1 mm 01-1.0mm 1-6mm > 5 mm
Rating ] 5 4 1 1]
Roughness ary rough Rough Shighthy rough Smaoath Slickensided
Rating ] 5 3 1 1]
Infilling (gouge) Nonge Hard filling <& mm Hard filling = 5 mm Soft filling < 5 mm Soft filling * 5 mm
Rating ] 4 2 P 1]
Weathering Unweathered Slightly weathered |Moderately weathered| Highly westhered Decomposed
Ratings i 5 3 1 [1]
F. EFFECT OF DISCONTINUITY STRIKE AND DIF ORIENTATION IN TUNMNELLING**
Sirike perpendicular to tunnel axs Strike parallel to tunnel axis
Drrive with dip - Dip 45 - 90¢ Drive with dip - Dip 20 - 45° Dip 45 - 90= Dip 20 - 45
‘“ery favourable Fawvourable “ery favourable Fair
Drrive against dip - Dip 48-80° Drive against dip - Dip 20-457 Dip 0-20 - Irrespective of strike”
Fair Unfavourable Fair

* Bome conditions are mutually exclusive . —For example, if infilling is present, the roughness of the surface will be cvershadowed by the
influence of the gouge. —In such cases use A4 directhy.
** Modified after Wickham et al (1872).
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avwTePO TUAUA Katd 1.0 ;uompanksgavxu'pwoslg 100 - 150mm EAagppd
1.5 m. Eykardotao HiKOUs 3= o1 ave 1o oTnVv opoQN Kai | TTAaicia avd
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\ery poor

R Rock Quality Designation) Jn “nr'nt saf numbar)

ROD =0 - 25% Massive, no or few joints

Poor

25-50 One joint sat

Fair

50-75 One joint set plus random joints

Good

75-90 Two joint sets

Excallant

a0 - 100 Two joint sets plus random joints

Notes:

a narminal value of 1005 vsad o evaluste O

(i) QD indervals of §, ie 100, 85, 80, efs. Crushed rock, earthlike

ave sufficiently accursie Notes: (il For funnsl infersections, use (3.0 x Jn): (i) For padais uss (2.0 3 Jn

Three joint sets

(1) Where ROD is reporied or measured as < 10 (inchuding ), Three joint sets plus random joints

Fowr or more joint sets, heavily jointed, "sugar-cube®, etc.

e
SHEREEEEEEE

nf roughness number)

Jr
a) Rock-wall contact,
b) rock-wall contact before 10 cm shear |L| Mo rock-wall contact when sheared

Discontinuous joints Jr=4 I Zone contaiming clay minerals thick enough to prevent rock- Jr=10

Rough or imegular, undulating 3 | wall contact
Smooth, undulating 2

Slickensided, undulating

J|_wsll contact

I Sandy, gravelly or crushed zone thick enough to prevent rock 10

Rough or imegular, planar

1.5
1.5

Smooth, planar 1.0 |1 i et 1.0 i the mean spacing of the rafevant jainf sef is greater than 3 m

Slickensided, planar 0.5 Wil ir = 0.6 can be used for planar, sickensided joints having neations,

Ja iEJ nf allaration numba-r]

|Node : §) Descriplions refer fo smal scaie features, provided he fineations are onsnted for minimum sirength
and infermediate scais fesdures, i ihat order

JOINT WALL CHARACTER Condition

Wall contact

joint walls

CLEAM JOINTE  |Fresh joint walls: no coating or filling, except from staining (rust)

Healed or welded joints: [filling of quartz, epidate, etc.

Ja=0.75

Slightly altered joint walls: non-softening mineral coatings, clay-free particles, etc.

COATING OR THIM |Friction materials: sand, silt, calcite, etc. (non-softening)

Gt | P |

4

el GG Tataiale gy, chlotie alc. Slc (sofening)
Some wall contact|

No wall contact

FILLING OF: Type Thin filiing (= § mm)

Thick filling

[Friction materials gand, silt calcite, etc. (non-softening) Ja=4

Ja=§

Hard cohesive materials compacted filling of clay, chiorite, talc, etc. 6

5-10

contact

Soft cohesive materials medium to low overconsolidated clay, chiornite, talc 8

12

Some of no wall | Conmact Detween

Swelling clay matarials filling material exhibits swelling proparties 8-12

13 - 20

Jw _[loint water reduction factar)

Dy excavations or minor inflow, i.e. < 5 imin locally

B, = 1 kglem® Jw =1

Medium inflow or pressure, cccasional outwash of joint fillings

1-25

0.66

Large inflow or high pressure in competent rock with unfilled joints

25-10 0.5

Lange inflow or high pressure, considerable outwash of joint fillings

25-10 0.3

Excaptionally high inflow or water pressure &t blasting, decaying with time =10

0.2-0.1

{ii) SEI'IJ Eab?em':cau::u bzﬁcr formation are nof considerad

Exceptionally high inflow or water pressure continuing without noticeabls dacay =10

0.1-0.05

INode: (i) The last four factors are crude estimates. increase Jw if drainage measues are insfaled

SRF (Siress Reduction Factor)

[Muttiple weakness zones with clay or chemically disintegrated rock, very loose surrounding rock (any depth) | SRF = 10

Single weakness zones containing clay or chemically disintegrated rock (depth of excavation < 50 m)

=

Single weakness zones containing clay or chemically disintegrated rock (depth of excavation = 50 m)

25

|Multiple shear zones in competent rock (clay-free), leose surrounding rock (any depth)

7.5

Single shear zones in compsatent rock (clay-free), loose surrounding rock (depth of excavation < 50 m) 5

Single shear zones in competent rock (clay-free), loose surrounding rock (depth of excavation = 50 m) 25

Loose, open joints, heavily jointed or "sugar-cube®, etc. (any depth)

5

g Weakness zomes
- inlersecting
excavalion

(i} Reduce thess SRF values by 25 - 50% if the relavant shear zones only influence, bud do nof irdersect he excavadion.

o, ! oy ayl o, SHF

nock stress

Com petent rock,

|Low stress, near surface, open joints =200 | =0.01 25

[Medium stress, favourable stress condition 200 - 10]0.01 - 0.3

1
|High stress, very tight structure. Usually favourable to stability, may be exceptforwalls | 10-5 J03-04] 0.5-2

[Moderate slabbing after > 1 hour in massive rock 5-3 J05-0688 5-50

Slabbing and rock burst after a few minutes in massive rock 3-2 | 065-1] 50-200

Heavy rock burst (strain burst) and immediate dynamic deformation in massive rock =2

=1 200 - 400

Notes: (i) For strongly anisolropic stress fiald (if measured): when 5 < /oy <10, reduce o 0 075 a.. When s 1/a3 > 10,
() Few case records avaiable where dapth of crown balow suifsce if less fan span width. Suggest SRF increase from 2.5 fo 5 for fow sfress casas
R SRF

raduce o o 050,

Sgueezing
rack

Flastic fliow of incompetent rock under  |Mild squeezing rock pressure

1-5 5-10

=5 10 - 20

Sweling

rack

the infivence of high prassure Heavy sgueszing rock pressure
Chemical Sufemng achwity depanaing on  Mild swelling rock pressure

5-10

lpresence of waler [Heavy swelling rock pressure

-T2

UgesUse ms aveUUsorez KylWlicale z4 Y8 Uaci 3



j3Yegldd AgaUvydUsUd zUUL eg wUds¥yd i
(Forepoles) oaUs |Joag}

FgsU td d "~ Uy U ¥ysy GeylOd oaUeb¥sUs g hyd (
U0eUcut 3 ~UUp1LeU0lUsd, UU cUj UaUdyastUsay Udd
g UU e6j)as6Qg3, aUdid U atdd aUs Use UUGS
Ggs0U0URQGUWHdie aUai UUyd UasUs d "eshUdqUU Udd
¢ eUdeslisgasgoalU " ag UsesasgdUalUs 95U Ud

"UyegloYdldWss. 00 Qa 3

B sBarton Lien Lundee U Uds UsGUovoe Usg c¢coafosg g’ a
(Excavation SupportRatio, ESR ¥y e Ustllsie Ud us¥Yoeystd Udd C
GgtUeelUUsd 995U UU Us¥Ylse) BSRgcabsWUWpo 8.0
Usg UUcssoaei ¥yj30o96g (GUesyd eUUUaaUars, el
cUpUdy satUseayY (GceBH Usbtiyde dp)gs tiggppadiUaUade
a3 Uos1l0, 2031 Feeltal Vy@glisY¥YeesUUs UU 3 eU0Uss3

0

a
B
9

g etUeyesazadd UU 6 8aU g eceaeoaes®alUdfs Uddg Usy
steili3sUsddp, gyl 8gg ~doassg Udd UsUeyUy
GgsU0UBSRG Ue

Ba3U210d AoaUaedid Usg ahoegESR.stGUry aadd Ual

Type or use of underground opening ESR
Temporary mine openings 3.5
Vertical shafts, rectangular and circular respectively 20-25
Water tunnels, permanent mine openings, adits, drifts 1.6
Storage caverns, road tunnels with little traffic, access tunnels, ete. 13
Power stations, road and railway tunnels with heavy traffic, civil defence shelters, etc. 1.0
Mudear power plants, railroad stations, sport arenas, ete. 0.8

o
(O}
Ce
C
(o)
w

B tUdedddgioece 8950alUs Ufle g 62609
Udd bj UcheUgUd oaUdid U aldd oaUs o050 Uss |
oaUs Ueg eyostlUesg eeoasagd Ueg Usg estUey salU
"UjeglsosYeadUall GVe3B

d

y U
9

Cc o

ag8290¢agi U
0]

9 9 ; 5
5 " Uy UeyUp¥3 tosUl

ZylGe eyU) e KoaGPYUs P00 Grimstandand
zyo2950U06 zyUj e @&RaUPLGZLENS) Barton1993

_ - " ¢ R Barton Lien andLunde,
ie) Uoe Ko’y d Pioot="— 1974

A RO R R RN S=2(ESR)O® “ doe : d 2007 i

. Y. 2. EBE.7T.3.K K 7 92019



49 |[7U0GYaUHa ;o o6 6sal

ROCK MASS QUALITY AND ROCK SUPPORT
G F E D |C| B A
Exceptionally| Extremely Very Very iE)memolyiExcep.
poor poor poor Poor | Fair | Good good! good | good
s 3Em—3 = o 20
== e R = A m = E:H
= 3 r——L ,I :
gpaCt I il |
%0 ©) ‘#"' bd / / i L )
! 97 —— ; $ A4 : | 2
! 1.2m 4 of o o
i = 0 >
£ ‘ " /
c| 20 i 8 6 S DA ) 8
- : / 5‘
o) RRS Il RRS Il RRS | {; ‘ 3
o|% 10 4 Bads St o
= 30 | ]
= 5 i 4'/' : ] rwn
§ gpPrieym ot 1T b
8l , . ~bm Ly =
/ | B S
2 3T y i +—HH
3 ), |
gé/ >
7 I z-
1 1 1
0.001 0.004 0.01 0.04 0.1 04 4 10
Rock lity @ %
ock mass qual = X—X —
ey U
Support categories RRS - spacing related to Q-value
@ Unsupported or spot bolting <I:> Si30/6 @16 - @20 (span 10m)
@ Spot bolting SB D40/6+2 @16-20 (span 20m)
@ Systematic bolting fibre reinforced sprayed concrete, 5-6 cm, B+Sfr $135/6 @16-20 (span 5m)
@ Fibre rei'nforced sprayed concrete and bolting, 6-9 cm, Sfr (E500)+B D45/6+2 B16-20 (span 10m)
® Fibre reinforced sprayed concrete and bolting, 9-12 cm, Sfr (E700)+B D55/6+4 B2 (span 20m)
® Fibre reinforced sprayed concrete and bolting, 12-15 cm + reinforced
ribs of sprayed concrete and bolting Sfr (E700)+RRS | +B D40/6+4 D16-20 (span 5 m)
@ Fibre reinforced sprayed concrete >15cm + reinforced ribs of sprayed D55/64+4 @20 (span 10 m)
concrete and bolting Sfr (E1000)+RRS 11+B D70/6+6 @20 (span 20 m)

® Cast concrete lining CCA or Sfr (E1000)+RRS 111+B

©® Special evaluation

Si3/ 6 = Single layer of 6 rebars,
30 cm thickness of sprayed concrete

Bolts spacing Is mainly based on @20 mm D = Double layer of rebars
E = Energy absorbtion in fibre reinforced sprayed concrete @16 = Rebardiameter 8 16 mm
ESR = Excavation Support Ratio c/c = RSS spacing, centre - centre

Areas with dashed lines have no empirical data
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15
E | Strain greater than 10%

g 14f Extreme squeezing problems

« 13}

L 12}

£

& 1}

T 10

2

e o

2 o

@ 7L D Strain between 5 and 10%

§ 6l Very severe squeezing problems

o 5

© Strain between 2.5 and 5%

o .

c 4} Severe squeezing problems

2

3t c Strain between 1 and 2.5%

w [ Minor squeezing problems Strain less than 1%

-é . B Few suppT problems

{D 0 1 L L L ]

0.1 0.2 0.3 0.4 0.5 0.6
G_./p, = rock mass strength / in situ stress

Z G e e[ FgleyUsld Udd Gioseastdd Uxs UsscyeyYUrs
UssaUgeysdd UsUeseced Udd Dby UcheUgUHpek&} ad Us @&
Marinos, 2000)
a3 Uoal3d U3 sayd aeliiqom Uy sddU¥BBe3soat 3 "~ jebade YL
UsUaediidqd Uxs eyUy¥vys g etlUeyasdd UsYasoU U0 U(q

g e} UoHokkg Marinos, 2000).

used. Tunnel support recommendations
based upon rock mass classifications
provide an adequate basis for design.

Strain e % Geotechnical issues Support types
A | Less than 1 Few stability problems and very simple | Very simple tunnelling conditions,
tunnel support design methods can be | with rockbolts and shotcrete

typically used for support.

face stability issues and, while two-
dimensional finite analyses are generally
carried out, some estimates of the
effects of forepoling and face
reinforcement are required.

B|1to25 Convergence confinement methods are | Minor squeezing problems which
used 1o predict the formation of a | are generally dealt with by
‘plastic’ zone in the rock mass | rockbolis and shotcrete;
surrounding a tunnel and of the | sometimes with light steel sets or
interaction between the progressive | lattice girders are added for
development of this zone and different | additional security.
types of support.

C |25t05 Two-dimensional finite element analysis, | Severe  squeezing  problems
incorporating support elements and | requiring rapid installation of
excavation sequence, are normally used | support and careful control of
for this type of problem. Face stability is | construction quality. Heavy steel
generally not a major problem. sets embedded in shotcrete are

generally required.

D|5t10 The design of the tunnel is dominated by | Very severe squeezing and face

stability problems. Forepoling and
face reinforcement with steel sets
embedded in shotcrete are usually
necessary.

E | More than 10

Severe face instability as well as
squeezing of the tunnel make this an
extremely difficult three-dimensional
problem for which no effective design
methods are currently available. Most
solutions are based on experience.

Extreme squeezing problems.
Forepoling and face reinforcement
are usually applied and yielding
support may be required in
extreme cases.
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® Strength values considered reliable
o Strength values estimated

15 1 Support pressure p;/ in situ stress p,

0.0 0.1 0.2 0.3 04 0.5 0.6

Percent strain € = (tunnel deformation/ tunnel radius) x 100

Rock mass strength 6, / in situ stress p,
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Rotating The machine is operated from the control room Excavated earth removed
cutter head by conveyor belt
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Hydraulic rams push against newly-placed
& concrete segments to drive machine forwards

Pressure is maintained Rotating arm adds pre-cast concrete Pre-cast concrete segments
in the cutting chamber tunnel segments to form a ring delivered to rotating arm
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Hard Rock TBM Soft Ground TBM

Slurry/Mishield TBM EPB
(opening ratio 10-30%) (opening ratio 30-40 %)
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* RMR = Rock Mass Rating, geomechanics classification RMR*
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(Tunnel Behaviour Chart) ( . 2Qp)a3 e d,

NINAKAZ TEXNIKOTEQAOMTKHE YNEPKEIMENA
IYMMEPI®OPAS (TBC) Mikpé néxog (H<<) | Meyéo naxog (H>>)

8. Mapivoc (2007) ANTOXH APPHKTOY BPAXOY (0.)

AOMH BPAXOMAZAZX (ME BAZH TO GSI Dass O>> e e
———————ur——— ]

APPHKTH

ApprikTa Bpaxmdn Tepaxn i
GoTpwTog Bpayog pe Alyeg
QOUVEXEIEG OF PEYaAN andoTaon

TEMAXQAHZ/ AATATAPAKTH-
ZTPQMATQAHE

Adiarapakm Bpoxdpala pe noAd
KaAd aMnAokAeiSwpa nou
ANOTEAEITI ANG KUBIKG TERAXN
opilopeva and TpeI; opBoywvia
TEPVOPEVES OIKOYEVEIEG DOUVEXEHDV

MOAY TEMAXQAHZ

Mepikae diarapaypévn Bpaxopala
E NOAUNAEUPO YwVIwdn TeEpdXN
(blocks) nou oxnpariloyvTar and
TEOOEPIG f) NEPIGTOTEPEG OIKOYEVEIES
QOUVEXEWY

AIATAPArMENH-ETPRMATRQAHE/ ||
| nTYXQMENH

L | Mhvuywpgvi pe yoviobn repayn nou
T oxnpoTilovral and AAANAOTEUVOHEVES
= | oikoyéveres aouvexeiiy. Eupoviy
“—— | oTptong i oxioTTATOG

| ANOAIOPTANQMENH

Toxupd keppatiopivn Bpoxopala pe
nTwxd aAMnAOKAEIBWHA Kal pE

-] TouTdxpOVN NOPOUTIa YWVIDdWY
71 KO aNOaTPOYYUAWEEVWY TEAXIV

OYAMMHIﬁ / A!ATMH!:VENH
DUANDSNG 1) OXIBTONOINKEVN KOl
Texrovikug SlaTunpévn ooBevig
Bpoydpala. H @UAMwon snikpatel
&vavT onoiadiNoTE GAATG OIKOYEVEIDG
QOUVEXEIWY ELNOBIGoVTAC TV
dnuioupyia ywvIRBWY TELaXMY

o
(n KAlpoxa of auTd vo axovilio Sev ouyxpiverar ‘r
BE QUTT TWY SAGW Lovidiu) ,

Karnyopieg TexvikoyewAoyikig Zupnepipopag AvunooTipixrng AlaTopng

St (Stable): EugTofiic SiaTopr pe Tonikes Ldvo BopuTixec ooToxieg

Wg (Wedge failure): Zonvoedeis OMOBAOEK, f MTWOEN TEROXMY Adyw BapuTnrag
Ch (Chimney failure): Acroyia TUnou «xauvadoge
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3.4.3Leca& Dormieux (1990)
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3.4.4 Sternath & Bauman (1997)
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Sternath & Bauman (1997) (Baumanetal, 1997)
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3.5.1 Broms & Bennenmark (1967)
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3.52Kimura & Mair (1981)
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353Chambon & Cort® (1994)
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3.54 Mashimo & Suzuki (1998)
Bs Mashimo & Suzuki (1998) 7y UosUUve; cadlU:
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3.55Kamata & Mashimo (2003)
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3.6.1 Atkinson & Mair (1981)

- -

B sAtkinson & Mair ( 1981) ~j UoeUUs 8adqtGUs UsUeai GUsd
OayYild e9so03ed ~ U0y U00H0OQUUG. YyeyagylU RUs d U
GeUUsofcDhYd®g oUaecsUss bYded ~Yaxy U f Ud aUy
dejy UooUd) oaUs Us Gga3UUaUGUe UgGUYdUsUd ¢

2000 UgcsUse @o oaveUUsoey KyolWldsle z4 U8 Ueasi 3



j3Yegldd AgaUvydUsUd zUUL eg wUds¥yd 96
(Forepoles) o9aUs |Joag}

by Us Uxs ~ U U ¥s3
by

“"3eyagyU dq U UsUsieUsd
Uds ~Uj UayU~x G .

¥
d

Co

@TaNe>Ne BaTaHo

B GgsUUaUGUedg WeebwicWllils @ Y iUk cleesgU UsgUo § Y
322'ag oUUUUG oAkinEbB & Maird 4 981) GUU “~aUalsU Udd
FgeilGit 33U ¢U UgUfR o250 Ucs .aUsb¥abldgd ¢olgydgs
ceeasad Uesg Usg elGUeyssaleg UsgecsUUsd A.

C[
101 3l e

P

P/D values

Fcee22 3Fg3 UUa U0 Ue dg(Atkipan & Wdil)1981)Y ¢

3.6.2 Anagnostou& Kovari (1994,1996)

B o Anagnostou& Kovari ( 1994, 1996) 6Jdqlioesee 691 3UUg U
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Bs (g3 UNdaNO,FyadUmg ca6oas63UUs U FewdU 3seeasod
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Anagnostou& Kovari ( 1996), (KEelsUs3sfhd, 2018).

3.6.3 Yoo (2002)
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