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TBM Tunnel Collapses in Difficult Mountain Areas
— Possible Avoidance and Prognosis

 Long and deep tunnels increase the hydro- and geological
risk.

1 Some illustrative cases with hydro- & geological hazards.

U Deceleration of advance rate is usually higher for
open-gripper TBM than for double-shield TBM with push-off-

liner capability: nevertheless choice of machine may be
critical.

U Probe-drilling, seismic, and pre-injection can be of benefit. A
case record.

L Demonstration of QTBM prognosis modelling for various
cases of mountain tunnels, including faults and high stress.



The standard 'Q-system’ adjectives (with drill-and blast logic)
need to be modified for TBM.

« Lack of joints » also means need for more thrust,
and more cutter change if abrasive hard rock, etc.
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Data from a TBM in granites, Malaysia.
(Sundaram and Rafek, 1998)
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A survey of 145 TBM tunnels

GREAT MAJORITY OPEN GRIPPER TBM

(WHERE ROCK CONDITIONS COULD BE DESCRIBED
MORE ACCURATELY)



145 case-RECORDS SHOWED THE FOLLOWING ‘BEST,
‘AVERAGE’, ‘BAD-GROUND’ PERFORMANCE....on alog PR —log
T —log AR graph (Barton, 2000).
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CONVENTIONAL TBM EQUATION: AR=PR XU uU=T1m

UTILIZATION =U gradually declines with increased tunnel length.....if all time,
even down-time, is included. Gradient (-)m is deceleration.
These trends are very important for mountain tunnels!
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Double-shield machines with liner-element automation, formed very few of
these 145 case records . Rock quality can be described only approximately
when seen with difficulty during e.g.cutter change. SEE BLUE ARROW!
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Guadarrama Base Tunnel
2X28km.......... 14 km by each TBM

(Double-shield TBM efficiency gave....m =-0.08 to -0.12)

11



THE 'UNEXPECTED EVENTS’ (STANDSTILLS, BLOCKED CUTTER-
HEAD, EXTRA DELAYS FOR HEAVY SUPPORT)

STRONGLY RELATED WITH LOW Q-VALUES (more negative m)

l.e. mountain tunnel cases with blocked cutter-heads
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Gradient (-)m is ALL-IMPORTANT!

« AR =PR x U (where U= utilization for boring)
« AR=PRXxT™ (i.e. utilization is time-dependent)

(T is actual hours)

(large -m In fault zones, small -m when no
problems, maybe small -m with double-
shield, but pre-treatment / pre-injection
of major faults will be needed......

l.e. reduce -m)




Typical prognosis model expects greater thrust to give
greater PR...... occurs only if TBM sufficiently powerful!
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THE Q;g,y MODEL FOR TBM PROGNOSIS

(involves Q and machine/rock interaction)
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Note AR estimation for 24 hrs, 1 week, 1 month
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FAULT ZONES AND TBM
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WHY DO FAULT ZONES TAKE SO LONG WITH TBM ?7?7?

PRACTICAL REASONS ARE ILLUSTRATED (Robbins et al., 1988)
FOLLOWED BY ‘THEO-EMPIRICAL’ REASONS

Position 3

PROBE DRILLING.....and PRE-TREATMENT needed!
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CUTTERHEAD
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Fault zones
also create
great
problems for
double-shield
TBM —if
zone not pre-
treated......

following likely
discovery by
probe-drilling.

(Evinos-Mornos,
Grandori et al.
1996)
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This minor shear zone (water/gravel/sand) delayed
TBM tunnelling 283 days! (Dul Hasti, Kashmir)
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Later: in same tunnel.
sheared talcy/grafitic
phyllites that had no
stand-up time and
“over-bored”.

8 m diameter
12 m
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Figure 13. Perpendicular profiles showing assumed fault swarms. (From IC/02/
02/GL/1/Z/00640, 2/7/98, 26/10/98. See text for “SRP”, “BH” description.

The structural
geology and the
chosen tunnel

proved to be a
guarantee for TBM
disaster.

The tunnel was ‘too
deep’ for satisfactory
geological
Investigations ..???
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..... steel sets in fault crushed by
own grippers
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Figure 4. Void at 2742, and silt-laden water due to erosion of fault(s) in
chimney at 2750.

d Too much water for
stability in the fault zone.

1 Sand/gravel ‘delta’
behind back-up

U Derailment of the train was
therefore frequent behind the
back-up
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1. Pinglin
(2. XUESHAN)

(Talwan)
1991-2004
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The intended scheme — note lower pilot TBM
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Start from Eastern portal (Y = destroyed in fault)
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Fractured rock
caving in materials
shotcrete backfill

V consolidation grouting Numerous
BY by-passes needed
S ; to free
/ — i cutter-head(s)
AT
¢=2m central pilot S =

\afree the trapping shield

« TBM used to mine
bench for long
stretches




At least 12 by-passes needed for the “pilot tunnel’
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Plan view
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General 10-20 m
per day
progress.

(26 km, two
TBM, double-
shield, 7 m
diameter)

4 years for
completion

Two years

delay here!
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Seli experiences with TBM at location “Event 19" — a 20
months “standstill” due to 4 MPa mud-pressure, in a 760 m
deep section of a fault zone, following 4.2 km in 14 months

steady progress.

Multiple attempts at by-pass, and multiple probe-drilling. The TBM
deformed and displaced by squeezing mass, 600 mm backwards, and

400 mm laterally.

All local support destroyed. The re-routed TBM drive eventually
traversed the fault in a different location, using resin pre-injection.
TTI December, 20009.

Kesheli Somu 4= Outlet drive
Shendera

Inlet drive s} Event 19
Gilgel Gibe River

Omo Hiver

R

] ] ] ] ] ] ] ] ] ] ] ] I I ] ] ] ] I
0 1 2 3 4 5 g i 3 G 1 N 12 13 14 15 18 17 18 18 20 21 2 23 24 2 M I

Omo volcanics (Ofigocene - Miocene) Jima volcanics (Oligocene - Miocene)
Basalt of Omo formation with trachyte layers [l Fhyolite and rhyolute - Breccia with rare [} lonimbrites
fand volcanic brecia, Tuff, Palaeosoil) intercalafions of Tuff Dykes

Trachyte of Omo formation - Trachyte and Trachy-Rhyalite " Faults {confirmead, uncertain)




THERE ARE VERY GOOD ‘THEO - EMPIRICAL’ REASONS WHY
FAULT ZONES ARE SO DIFFICULT FOR TBM

We need three basic equations to start with

1. AR =PR x U (all TBM must follow this)

2. U=TmM (due to the decelerating advance rate with time)

3. T =L /AR (obviously time for length L must be proportional to 1/AR)
Therefore we have the following:

4. T=L/(PRxT™ (from #1, #2 and #3)

5. T=(L/PR)@/im

6. (thisis VERY important for TBM...... since m is strongly related to Q-
values .....in FAULT ZONES, e.g. in mountain tunnels)

7. Itis important because very negative (-)m values make (1/ (1+m) TOO BIG
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Gradient of declining advance (m)

-1.0
-0.9 o
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-0.3
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If the fault zone is wide (large L) and PR is low (due to collapses etc.)
then L/PR gets too big to tolerate a TOO BIG component (1/1+m).

It is easy (too easy) to calculate an almost ‘infinite’ time for a fault zone
using this ‘theo-empirical’ equation. (Three permanently buried, or fault-
destroyed TBM: Pont Ventoux, Dul Hasti, Pinglin...there are many more!)

BUT...Q CAN BE IMPROVED BY PRE-GROUTING !

Exceptionally Extremely Very . Very Ext. Exc.
poor poor poor Poor Fair | Good |450d| good |good
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Comparing TBM with drill-and-blast

« Central qualities are required — if the TBM Is to be much
faster than D+B

* Are long tunnels faster with TBM?
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THE TBM-SOLUTION IS BEST ‘IN THE MIDDLE’
...but at a disadvantage at both ends

200 Average rates of advance for TBM

decline more strongly with increased
tunnel length or time of measurement
than they do in D+B tunneling.

150

m/ week

100

50

0 0.01 0.1 1 10 100 1000
Q-VALUE

BUT DOUBLE-SHIELD TBM CAN CHANGE THIS....? (even in fault zones..?)
...seldom! 38



LONG TUNNELS WITH FAULTS....... BEWARE !
(assuming long tunnels are faster by TBM is guaranteed to increase risk!)

FF_HHL FFF

T2=25km
km km
3 | FF | F H | HH 12 | FF| F H |HH
- 10 -
2 8
L 6 L
1 + 4
- 2 -

0.0010.01 01 1 10 100 1000  0.0010.01 01 1 10 100 1000

Q - Value Q - Value

F =faulted FF =extremely faulted H =hard HH = extremely hard

(due to a ‘large scale’ Weibull theory.....more ‘flaws’ the larger the ‘sampde’)



STRATEGIC SEWAGE DISPOSAL SCHEME
FOR HONG KONG
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Pre-drilling equipment for TBM needs to be designed and

mounted, before starting the project!

3300

Fingers 2 Nos. Jacks for
I8 " Erctog ot Rity

/-s,n.n. Drills

r Back Laser Target

PSS

mebe Drills (Tamrock)

]L
)

03,350

pk

|

Rotation Motors (4 Nos.)

-Hydroulic Rams

miz=!

jColluinj Device

= Conra Parkl |

N

TBM Operation |
TTEM METRIC COMMENTS
Lutlecy;
Culler Diometer 432mm
Mox. Cutter Loading 250KN
No. of Discs 26

Lutterhead;
Theust (Max. recommended)

648 tonnes Al 4,330 psi (300 bar)
Thrust (Mox ovailoble) 698 tonnes AL 4,500 psi (300 bar)
Power TAGkW 4 woter cooled motors
Rotation Speed 13.2 rpm
Torque 55,010 kg-m
Hyd. Stort & Jog Motors 1
Boring Stroke: 152 meters

Machine Configurolion:

Two Horizontol Grippers

Sripper Aszemblies,
Force of Horizontol Grippers
Grip to Thrust Ratio

1,414 Tonne
28 '

Al 4500 psi (262 bor)

System Dlectric Power:

30kW

TOTAL LENGTH OF TBM +

BACKUP = 117.1m

the face. (Skanska photos)

Control Panel for
Probe Drill

The unfavourable position of the Tamrock drills, and measures used to collar closer to




» 887m REMAINED WHEN NB WAS ASKED TO ADVISE SKANSKA IN
1999, 2000

» THERE WAS A MAJOR REGIONAL (TOLO CHANNEL) FAULT ZONE AHEAD

» THIS HAD NOT BEEN DRILLED, AND SEISMIC INVESTIGATION HAD BEEN
HINDERED BY CONTAINER-PORT TRAFFIC

» A ‘PILOT HOLE WAS DRILLED (backwards from Stonecutter’s Island. The hole
went only 731m..... stopped by the Tolo Channel fault zone

lhorrzonted prbe dvillhsl.  220m ((999)

EH / \ BN oo
.....

7~ 7 e
=7 5ToNE cuTte
(5 AV D




Three attempts were made to (deviate) drill into the Tolo Channel Fault Zone.

.from the end of the 720m long horizontal hole.

These are the results.. ..
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SOME POSSIBLE ASSUMPTIONS OF THE
EFFECT OF PRE-GROUTING

(as applied in this TBM tunnel)

« Several of the Q-parameters may be improved by pre-
grouting due to sealing of successive joint sets.....

 Itis the only technique (besides drainage) for assisting
TBM through difficult (= impossible) fault zones.....
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EXAMPLE OF POSSIBLE CHANGES DUE TO
GROUTING

« RQD increases e.g. 30 to 50%

 J,reducese.g.9to6

« J,Increases e.g. 1 to 2 (due to sealing of most of set #1)
« J,reduces e.g. 2to 1 (due to sealing of most of set #1)
« J,Increasese.q.05t01

 SRF unchanged e.g.1.0to 1.0

Before pre-grouting:

« Q=30/9 x1/2%x0.5/1=0.8
After pre-grouting:

« Q=50/6x%x2/1x1/1=17

46



IMPROVING ROCK MASS PROPERTIES THROUGH PRE-GROUTING

Example of rock mass and tunnelling improvements that might be
achieved by pre-injection. In poorer quality rock masses there
could be greater improvements

Before pre-grouting After pre-grouting
Q = 0.8 (very poor) Q = 16.7 (good)
Q.=04 Q.=8.3
V,=3.1 km/s V,=4.4 km/s
Eass = 7 GPa Eass = 20 GPa
B 1.6mc/c B 2.4m cl/c
S(fr) 10 cm none

a7



et A (drill-and-blast)
poor poor poor good| good i y .
= o contractor's experience
‘1100 . .
e with influence of Q-value
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700
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500
«  Benefit from pre-grouting is
300 .
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1. No pre-grouting improvements....more than 1 year needed.
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2. Total tunnelling time with pre-grout cycles (two estimates). ACTUAL TIME
2 months...FOR THE LAST 700m. TOTAL TIME FOR 3097m WAS 37 months.
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Deep mine-access tunnel in
Andes mountains, with long
boreholes for mineral
assessment.

Unusually deep boreholes

therefore available for Q-
histogram logging.
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Note five fault zones modelled

Mick Barton & Associates ﬂ ‘M

Schematic Geology |

Z5 26 ] 7
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Part of the prognosis of the TBM mine-access tunnel,
where a lot of deep coring was available
from mineral exploration holes.

Penetration Rate (m/h)
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0F DEEP TBM TUNNEL
FOR MINE ACCESS

Application of Qtsm
where faulted zones
Interrupt
fast progress
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An early sheared zone in same tunnel — many delays as
drilling equipment for probing/injection not yet mounted




Unexplored, faulted conditions, can give
prognoses like this....without pre-treatment.
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ULTRA DEEP TUNNELS
AND
ROCK BURST THREAT
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VERY DEEP TBM TUNNEL (PLANNED) THROUGH
ANDES MOUNTAINS IN PERU (max. 2.6 km cover
...slightly more than JINPING Il ..... and 28 km long)
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DO NOT UNDER-ESTIMATE 3 x (01— 03) = Omax

but also do not OVER-ESTIMATE o«

Depth of Failure, D¢/a

— als il
B (o)) (0]

-l
N

(6=0° k=2)
[ A GRC \\ i

. Stacey & de Jongh, 1977

Detournay & St John

< Ortlepp & Gay, 1984 P 4

3 e 2 7
2 | s / g ;
€ P;ylio:tal,wm 5l Linear bestfit
- X Kirsten & Klokow, 1979 * X 0.49 (+0.1) + 1.25x

V¥ Martin, 1989
m=0, s=0.11

Detournay & St John

/— © . 45°, k=2)
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Also from Q-system....... beware gs /Oc !!

Table 13 . SRF for massive rock with high stress (Barton and Grimstad,1994).

6 b) Competent rock, rock stress problems Ge /G Gy /Gc SRF

H |Low stress, near surface, open joints. > 200 < 0.01 2.5

J Medium stress, favourable stress condition. 200-10 | 0.01-0.3 1
High stress, very tight structure. Usually favourable

K lto stability, may be unfavourable for wall stability. 10-5 0.3-0.4 0.5-2

L | Moderate slabbing after > 1 hour in massive rock. 5-3 0.5-0.65| 5-50
Slabbing and rock burst after a few minutes in

M massive rock. 3-2 0.65-1 50-200
Heavy rock burst (strain-burst) and immediate

N dynamic deformations in massive rock. <2 > 1 200-400
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Rock-burst problems.....high SRF....low Q
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Vertical stress too
high in relation to
UCS or o.




FINALLY A BRIEF COMPARISON

OF OPEN-GRIPPER AND

DOUBLE-SHIELD TBM

(in two tunnels for high-speed railway)
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ZONE 9 LITHOLOGY Type 3 weakness zone ZONE LENGTH .
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A NARROW WEAKNESS ZONE
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Penetration Rate (m/h)
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CONCLUSIONS

. Whether single-shield or double-shield, must
probe-drill and pre-treat major fault zones.

. Do not assume engineering geologists are
superfluous if double-shield.

. Pre-injection helps to improve most of the six
Q-parameters....... (-m) less negative.

. Do not underestimate the tangential stress
concentration in relation to (0.4 x ) UCS



