derground Design
Topic 4:
Hard Rock Tunnelling|
Methods
;n. 1 e‘ 40 T- nnelling "r'o.d C'ass(ZOl?.) r. EmkEberhcr'd

| It is instructive to consider the fundamental objective of the excavation
- process - which is to remove rock material (either to create an opening or

- to obtain material for its inherent value). In order to remove part of a

- rock mass, it is necessary to induce additional fracturing and
~ fragmentation of the rock.

This irﬂ'roduces three cr‘iﬂcdl dspécts of

The peak strength of the rock
. Aod. - ! .

must - be -e:3
musy De-€exc

=) The in situ block size .
" distribution must be changed
: . fo the required fragment size
o distribution.

quwhq’rmeansshould the
" required energy be:introduced

2 0

3 | -
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~ Tunnel Excavation in Ro

‘ Rock beyond excavation

Interface between
excavation and
support ohjectives ==

Stress

periphery remains intact: peak
strengih not reached
s e

Rk withis excavarion
taken indo

h +oneil " L
e Tensile strength

1/

10”‘ "»‘he ompress Ve,fsfr‘]eng

£ ) TR
OoT ToCK Is about

thiand |

' the energy beneath the stress-strdin
- curve is roughly its s o

quare.

"Therefore, breaking
“* fension requires only:

the rock

1/100™ of the

in’

Samain post-peak region energy-as that in: compre sion.

| Block size

--excavation changes the natural
—————— block size distribution to the

| therefore is to consider how best
to move from one curve to the

,,,,,, fragment size distribution. The goal ..

50|

Passing (%)

The excaval

—_—

Process

ion

other in the excavation process.

Energy and Excavation

Process

,,,,,, One objective in the excavation process may be to optimize the use of

. _energy, i.e. the amount of energy required to remove a unit volume of | |
two fundamental ways of

=) Blasting: Energy is input in large

Large magninsde. shon duration

quqn?i"ieS- over- very- sjhor . F_nu'n:t) pulses associated with blasting
1y . . i b . H . i N npul I
durations (cyclical - drill then : ! l l—-/
blast, drill then blast, efc.). Lou o
) . ! : ) . ! b = Blasting sy
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, eycle time .
: P Lo b o (of some hours) Sl magaitde.
,,,,,,, - &) Machine Excavation: Energy is. A
. inpuT in Sma"el" quaniTieS ! . mechanized ﬂu.i:'"
continuously. b Time
e
<
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Drill & Blast

The technique of rock breakage using explosives
involves drilling blastholes by percussion or rotary-
percussive means, loading the boreholes with
explosives and then detonating the explosive in each
hole in sequence according to the blast design.

The explosion generates a
stress wave and significant

gas pressure. Following the || Stress wave - Explosive charge
0 ce effect vithin __
local fracturing at the radial é St

blasthole wall and the e
spalling of the free face,
the subsequent gas
pressure then provides the
necessary energy to
disaggregate the broken
rock.

Gie
S Pressure effect

Time

Hudson & Harrison (1997)
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Conventional Drill & Blast Cycle

e 3
p )

@@

T&Kl *

Bolt | g Do gL Vet
) ¢

¢ |
%

N T -

L
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Drill & Blast -

Drilling Rates

5
Geological Paramelers Machine Paramaters ]
Rock & Rock Mass Drilling Rig ]
hanic s = 4]
mechanical tunf\t‘lllng / Percussive ‘é ]
rock propedies, perormance drill hammier, \E ]
rock mass drilling velocity power transfer, \J 3 ':
conditions drilling bit 45 1
1 ili a2
Drillability z B
£ 1
wear of drilling tools % 1 _:
drilling bit wear o ]
Worki fp 0 T T T T T T T
ol Ing‘ rO&CIQSSH 0 20 40 60 80 100 120 140
excavation system & logistics, P .
operation & maintenance of the lunnelling rig Uniaxial Compressive Strength (MPa)
5
pre-failure | post-failure . ’"?
| =471\ 8
faiure pomt
ves |- R S
E 3 D ] . o
uncentned ® A o %
2 i 5 T . £
@ a 2 D o <
@ o ¢ gt £
= Specific Energy _g\ . _— =
w_=J‘mtr T 1] 3
{a} o
<
3
g o T T T T .IS
strain ¢ 0 100 200 300 400 500
f Specific Energy (kJ/md)
... 7-0f-40 Tunnelling 6rad Class (2012) Dr. Erik Eberhardt

Drill & Blast -

Drilling Rates

Amphibalite
Phyllite
Mica gneiss
Mica schist
Gnelss
Granite
Granitic gneiss
Greenstone
Limestone
Quartzite
Shale
Sandstone

10% 25% 50%

0 10 20 30 ‘ 40 50 860

Bad
Medium

75%  90%

Good drillability

70 80 90 100
Drilling rate index, DRI

UNIT-NTH (1995)
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~ Blasting Rounds - Burn Cut

The éorﬁecf design ofﬁ a %blc st starts wrth the first ho[e fo be §de§'ronafjed.§
In the case of a tunnel blast, the first requirement is to create a void into

" which rock broken by %Thé’blas? can expand. This is generally achieved by a |

"""" wedge or burn cut which is designed to create a clean void and to eject the
el arininallv rantained - in. +hic vnid ~loan +ho +unnol £ i I
rock originally contained-in this void clear or The fuhnel tace.

1
e * 4 « ' e e’
L | e eiix «Ce oDe
Initial uncharged ] : | 1008 el @1 sleE)e o [ T
borchole ] : ! ﬁ‘O"ﬂ .'O'. .oot .
L T e . .
"""" = 1 1
\ Layout of holes Milli i delay 0 Milli i delay 11
l’ v
\
1 [ ] - L

/
s
i/
I3
Nlg
g
Ed
2
2
L ]
=L
..
LYo
L] L
- .
L]
= .
-
&
L ]
.=

-

.
.69
L] =

. o4

L]
7 delay IV Milliscond delay VI delay IX
rrrrrrrrr 1
‘. e .‘ . b - [ '

: ~ Burn cut designs using . Q . 1

. . o1l i 1

: - millisecond delays. o,

: : . 1 1
,,,,,,,,,,,,,,,, Aill 1 delay X 1
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Blasting Rounds - ‘ ﬁ
: I;. ‘t‘. “‘. “ll .I‘ A --..-.:.’.- R
""" e Je . ol '-.'.':_'.‘..'
g Se - TR T I
LY . L ..t
AP & v ﬁ;ﬁ """
e °* e o Y et wo || oSS e T e e
,,,,, .
I Y R I Halfsecond delay 3 Half-second delay 4  Half-second delay 5 | |
4
108 e s e * o es .‘. Lo S
ae . 3
EL] e * Jan: -I: " o3 -t -
1 x.g:‘vl" -’ VVVVVVVVVVV
e 1] . 1* . .‘ - P
¥ . s .y
e 5* - ‘ . “ . . I N B . W e S
1 5
77777 * i 12 H '::z “‘2’.'2 T2 -
e | o4 5 Y Y ]
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~ Specialized Blasting Techniques

During blasting, the explosive damage may not only occur according
o the blasting round design, but there may also be extra rock |
damage behind the excavation boundary. To minimize damage to the
rock, a smooth-wall blast may be used to create the final 1
excavation surface. o o o o o

~

N

e

e

=

{ :,g,,
-9

-

T

S

2 X
’ ]
1 s
O

]

/ T

The smoofﬁ-wall blast begins‘by creating a rough opening using a iar‘ge bulk blast. | -
| This is followed by a smooth-wall blast along a series of closely spaced and lightly | |

7777777 | charged parallel holes, designed to create a fracture plane connecting the holes
| through by means of coalescing fractures.

9 " .11 0f 40 ~Tunnelling Grad Class (2012) - Dr. Erik Eberhard

asting Acc:

aC

Delays: used to
orchestrate
rotational firing.

""" = i Safety fuse: Gives miner time to Iiht
......| Primacord: ignition velocity is |....:....| all fuses and still have time to seek
. | approx. 6,400 m/s. - safety before the blast occurs.
T 120£40  Tunnelling Grad Class (2012)  Dr. Erik Eberhardt




Bl

,F‘r',a,qi'nén%ra tion

or.surf
or.surf

ce excavation can be

situ material. In

tation. Broken rock by v :
mining, both the ore

ace for

milling or disposal. Some

\es then

be re-used in"t

e tunne

an to surf waste
material ground to backfill mined voids. In tunnelling, -
- everything has to be removed and dumped in fills - or if the materi
right, may be removed and used for road ballast or concrete aggre:
4 meti d-in itself).

Blasting - Summary
CONTROLLABLE VARIABLES
" | DRILLING CHARGING BLASTING
- Diameter drill hole - Type of explosives - Firing system
" |- Drilled length - Energy of explosives -Finngmterval | | e
|- Drill pattern - Charging method - Water (partly) Typical |
- Incorrect drilling - Design of charging production
- Charged length round fires
- Firing pattern in less than 7
: - : ‘ : d seconds
! NON-CONTROLLABLE VARIABLES
GEOLOGY OTHER [ e e e e o |
| - Rock parameters - Incline/Decline
|- Rock mass joint - Water (parily)
"""" RESULT
- Fragmentation :
- Throw
- Muck pile shape 1
,,,,,,,, - Loadability
- Vibrations %)
- Advance per round P
- Contour =3
- Flyrock :Z’ :
EEREEERE - Non-detonating holes B
: e - Poor blast result pd
: 9 L--14.0f 400 - Tunnelling 6rad Class (2012) - - Dr. Erik Eberhardt
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~ Mechanical Excavatio

nBock

-| Partial-face machines: use a
.| cutting head on the end of a

' | track mounted).

ere are

movable boom (that itself may be

‘| Full-face machines: use a rotating head
| armed with cutters, which fills the tunnel
| cross-section completely, and thus almost

always excavates circular tunnels.

T 160f40  Tunnelling 6
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~ Mechanical Excave

Partial-face machines
are cheaper, smaller
‘| and much more flexible
""" in operation.

- muck
oyt

e

O .- T S T s T
17.0f 40 ... - Tunnelling Grad Class (2012)

Mechanical Excavation in Rock

| Full-face machines - when used for relatively - BT
straight and long tunnels (>2 km) - permit high - n L

rates of advance in a smooth, automated B

"""" construction operation.

Mo M ia'h ."
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~ Mechanical Excavation

‘The| advance rate at which the excavation proceeds is a function of the

cutting rate and utilization factor (which is the amount of time that the

‘machine is cutting rock). Factors contributing to low utilization rates are
{difficulties with ground support and steering, the need to frequently
‘replace cutters, blocked scoops, broken conveyors, etc. r ‘

The cutters may jam if the | SRS |
TBM is pushed forwards |- ]
3 with too much force. Then

,,,,,,,, ,,,,,,,, Broken cnr

rrrrr | 19.0f 40 . . Tunnelling 6rad Class (2012) ... Dr. Erik Eberhard

3
—— E
S b k-
 Factors that may control !
TBM performance include: 3
- TB 4,f,,P,e:ne‘r'a'lj'ion3 R 1’23 3
. (meters/machine hour) = |
* TBM Downtime (minutes) '"::::
< TBM Utilization (machine - -
" hours/shift hours) I |
N I?Is: ITT hours) : : '
« Tool Wear (tool changes per =
- shift) b P :
: :) : kS
" ) E 1500
BE]
g $1,000,000 ———t
§ $100,000 —_ = - %
: / ¢
5 $10,000 -4 §100,000 daily labor rate
|3 - 10,000 daily labor rate
= + $1,000 daily labor rate 5
1,000 } i .
] 10 20 30 40 % &0 70 80 S0 100 - 1
Machine Caused Delay, days § ' [
3

PP ESSSIIIPIIASASS
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Mechanics of Rock Cutting

In tunnelling terms, a TBM applies both thrust (F,) and torque (F,) during

the [cutting process. In selecting the proper cutting tool, the engineer
wishes to know how the tools should be configured on a machine cutting
head, how to minimize the need to replace cutters, how to avoid
damaging the cutter -mounts; and-how to minimize vibration.

Dirag pick Disc cutter
o — -

Appliad tarcas Fock strangth Appliad torces Rock strongth
., F,«F, <TOMPa F,»F, 70-275MPa
~
oy
o\ Button cutler Jet-assisted cutter
—
~
< - ~
o
B}
C
< |
(=]
X F
3 7
<
2
'g Appled lorcas Rock strength Applied lorcas Rock strength
xI

F,=F, 275-415MFPa not applicable all strengths

B

21 .of 40 Tunnelling 6rad Class (2012)
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Mechanics of Rock Cutting

Cutting involves a complex mixture of tensile,
shear and compressive modes of failure. With
thrust, the cutting disc penetrates the rock and
generates extensive crack propagation to the
free surface. Further strain relief occurs as the
disc edge rolls out of its cut, inducing further
tensile cracking and slabbing at the rock surface.

[ Spacing (8) -I

Previous Cut

cutter edge
indentation ¥
cutter adge
¥ inderitation

Tpieal e ip

1snuy) Buiseauou)

J

NTNU-Anleggsdrift (1998)

Amphibolitic gneiss
SJ =30
Sy =22

|

W0

L]
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Mechanics of Rock Cutting - Cutter Wear

‘The brihaw impact o¥ disc wear on cbsfs can be so sévére that ‘cu m}-
costs are often considered as a separate item in bid preparation. In

'\"Zf‘dl,‘j"l"5’ ‘hours are required for a 's'ihglia Cufter"Chfd'ri‘g'e","dﬁd"if's'eVéf‘d B

itters are changed at one time, each may require 30-40 minutes. Even

‘ er duwju‘l'ilud) Lui‘li bc c“PéC"’Ed vwﬂ‘l =ul ge ;Wu':fa iﬁﬂuﬁ) whlchmake

o cutﬂer ‘change activities more difficult and time-consuming. AR
o ‘ Lo L P L P L P -
| Limestone, marl, conglomerates, phyllites, marbles Bitwear | uneven .
2500 wear
vorptow | |-l e doi ‘ e
m‘: Nl L B /1| 4 |
15 ] LIy v @9~ = =
) B 1500 | |
§_ ] moderate
Td0d 4 NG L " R
|5 1 I AR 0 . e B
500
] wery high| |
Lererenn | | [ o R ] |
;ﬂ‘ 230f40 . Tunnelling Grad Class (2012) . Dr. Erik Eberhard

~ Mechanical Excavation - Cutter Heads
%De icx}s:jw eh The Tuﬁneji bor‘ahg %mac'hljnej is lnéldé the S‘ur‘jme , T'he% cu-TTérsi

'”mest\}be'changed'fr'om'fhe'insidet'\e'}cufﬁrgheq'd'.”'”;'”y """" """"
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Mechanical Excavation - Cutter Heads
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Mechanical Excavation - Cutter Heads
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: A —— T S S B S
TBM %Excavahon & Design
: b b : ¢ shaterate| |
‘The two main fdcfors that will stop D tretared rock /"
‘tunnel boring machines are either AR '
| the rock is too hard to cut or that | =%—
‘the rock is too soft fo sustain the
ir'ejac tionary force necessary to | covingin 3
~push the machine forward. TBM's | e w2
——————— will operate within ceﬂdin——mﬁge‘s : :
cf P Ck d 3 : i ;\—_s!m!.crn-ting """"
| where the machme can be tallored,,,,f.,,, —— :
1o a spe jeve i | | | AR, Tk s L]
‘maximum efﬁcnenc (the risk being ?P(*c,w..v *ﬁ),\x ey I
'if rock conditions diverge from e S /|
 those the TBM is designed for) . | Rk 5 |
L . L I : S * i ‘ .
"""" Instability problems at the tunnel Pt e (TR o F L
face, encountered during excavation of L T
: the 12.9km long Pinglin tunnel in s teime | N ARARSREGRR
_..i...i.| Taiwan. | “ free the lrapping shield
: — — — T — o=2m ceniral pllot
9 " 29 0f 40 . Tunnelling 6rad "!ass (2012) ... Dr. Erik Eberhard

Iable 1: (;elmal classlfcallou scheme f01 mm:.ellmn maclunes (AIlLEa IIA V\otkm,g (.;loup \o 11J
. Support Excavation Maclune
System . Reaction Force . -
: . Logtion e 7 Method Tool Category Type
S Partial Face Special Rock Tunnellimg
N None Exeavatng Various MNome or Grippers| Machmes - Mobale Miner '
Machimas (PFM) 2 Contn vuons Miner - Other ;
. . £ Unsluelded TBM 1 .
77777777 Cutting disk Grippers % | specl UnguelesdTBM | 0|
Full Face Rotat Custing disk/ = i .
ing Curring Head Cutting bits/ Thmst Jacks 3 Rmﬂ?ﬁ?‘;ﬁ%“‘
None (TBM) Cutting knives & teeth =
‘ Cuting disk Grippers and Doubile Shielded TBM
g Thrust Jacks (DS-TEM)
Rod header/
PFM Back hoe Thrust Jacks Cipen Slaeld
Marnzal
TEM Cutting bits/ Machameal Supy d
F— B Cuthing knives & taath Closad Shaeld
- Mechuscal Supported s
= PEM Road header/Back hos Open Sl ]
,,,,,,,, f THM Cutting bats/Cutting Compressed Aur Closed b
¢ " i knuvies & teeth 2 Shueld
= H Road header = .
- Al PEM Back howe: E Commpressed Aur Open
3 ) = Shield ~
= Marnzal 2 2 ()
" Cuttimg dask j‘ S Close Shany Slueld o
1 E TBM Cutting bits/ P & Shary Shaeld o
"""" &= = — Cutting knives & teeth E = 55 Hydroshield &“, IEERRE AR
iy - F Open Shury Shizld — o
PFM Road header/Back hos Special Open - Shury N
Shaelds. 3 =
held =
e e S PR e | &
: sure 3 Cutting disk e pe T &
r TEM Custing bits/ TR
: NOE | None or shury or Cutting knives & teeth Combined Shield Mlx el
S8 | Earth Press. Balance Shisld - Polish o
. flud )
N« - T T P . T . T T
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TBM Excavation & Design

Single & Double Shield TBM's - Single-shield TBM's are cheaper and are the
preferred machine for hard rock tunnelling. Double shielded TBMs are normally
used in unstable geology (as they offer more worker protection), or where a high
rate of advancement is required.

“"Double” shield
TBM

“Single” shield
TBM

31.0of 40 Tunnelling 6rad Class (2012) Dr.-Erik-Eberhardt

TBM Excavation & Design

Impacts of Geotechnical Conditions on TBM Operations

Major Geotechnical Conditions Consequences/Requirements

L ing loads, y y rock, At the face: cutterhead jams, disc impact loading, cutter disc and mount damage possi-

overbreak, cave-ins ble. additional loss on available torque for cutting, entry to the face may be required with
impact en equip lection, d cutters may be recommended for face ground
control.
In the tunnel: short stand-up time, delays for immediate and additional support (perhaps
grouting, hand-mining), special equipment {perhap hine modificati gripper
anchorage and steering difficulty, shut-down in extreme cases of face and crown instabil-
ity. Extent of zones (perhaps with verification by advance sensing/probe hole drilling)
may dictate shield required, and potential impact on lining type selection {as expanded
segmental linings may not be reasonable), grouting, and backpacking time and costs may
be high.

Groundwater inflow Low flow/low pressure - operating nuisance, slow-down, adequate ing capability
high tlow and/or high pressure - construction safety concems, progress slow or shut-
down, special procedures for support and watsrwat muck handling, may require advance
sensing/probe hole drilling.

Corrosive or high-salt water - treatment may be required before disposal, equipment dam-
age, concrete reactivity, problems during facility operation.

Equipment modifications {as water-proofing) may be required if inflow is unanticipated -
significant delays.

U.S; Army Corps of Engineers (1997)

@‘ 32 of 40 Tunnelling 6rad Class (2012) Dr. Erik Eberhardt

16



TBM Excava

Design

P - e -
Impacts of Geotechnical Conditions on TBM Operations

Major Geotechnical Conditions

Consequences/Requirements

| Squeezing ground

Hard, abrasive rock

~ Mixed-strength rock

_ Weak rock at invert

Overstress, spalls, bursts

" Ground gas/hazardous fluidsiwastes

Variable weathering, soil-like zones, faults

Shield stalling, must determine how exlensive and how fast squeeze can develop, delays
for immediate support, equipment madifications may be needed, if invert heave and train |
mucking - track repair and derail downtime.

Conslruction safety concerns, safe equip more expensive, need ir d ilation |
capacity, delays for advance sensing/probing and perhaps project shut-down, special
equipment modifications with great delays if unanticipated, muck management and dis-
posal probléems. ]
Delays for immediate support, perhaps progress shut-down, construction safety concerns,
special procedures may be required.

Reduced PRev and increased F, - TBM needs adequate installed capacities to achieve
reasonable advance rates, delays for high cutter wear and cutterhead damage (especially
it jointed/fractured), fatigue, and potential bearing problems ]
Impact disc loading may increase failure rates, concern for side wall gripping problems
with open shields, possible steering problems.

Slowed progress, i sidewall grippers not usable may need shield, immediate and addi-
tional support, potential for groundwater inflow, muck transport (handling and derails)
problems, steering difficulty, weathering particularly imp in argil ssrock. ]
Reduced utilization from poor traffickability, grade, and alignment - steering problems. |

. Army Corp: ers(1997)

cay

TBM insertion fhroug
|| vertical shaft.

“reactionary force for forward thrust
| by gripping onto sidewalls of tunnel.

P

§ TBM working platform for
installing support (e.g. rock
bolts, meshing, shotcrete).

 Tunnelling Grad Class (2012)  Dr. Erik Eberhardt
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Iechon &

Tht_ Yacam'au-;Quibor ;Tunnel |s a%prime eXampIe df

nelling blind - the geology was largely unfamiliar

and

‘unpred ctable. ith little prevuous exper'lence

it was unknown how the rock would react, especnolly :

"under' 'rhe high stresses of the Andes

ologx Weak, fecfonlcally sheared graphl'hc phylllfes were
encountered giving rise to serious squeezing problems, which without £

adequa‘l’e suppor"r would resulf in complefe closure of the funnel

1975 Excava'l'lon begms on the 24 km Tunnel for which 1'he i
use of a full-face TBM is specified (for rapid excavation).

1977: The weak phyllites fail to provide the TBM grippers
with enough of a foundation to push off of. Supporting
squeezmg ground was another defeufmg pr-oblem

| 1979: During a holiday shu?down squeezing rock condmons
were left unchecked, resulting in the converging ground
effec'hvely swallowmg one of ﬂ'le TBMs.

| 1980's: A decnswn is made to permn' the funnel to be
excavated by drill & blast. Recently completed, it took
jmore than 33 years to tunnel the full 24 km.

()

s il
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