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Abstract: There are many examples of TBM tunnels through mountains, or in mountainous terrain, which have suffered the
ultimate fate of abandonment, due to insufficient pre-investigation. Depth-of-drilling limitations are inevitable when depths
approach or even exceed 1 or 2 km. Uncertainties about the geology, hydro-geology, rock stresses and rock strengths go
hand-in-hand with deep or ultra-deep tunnels. Unfortunately, unexpected conditions tend to have a much bigger impact on
TBM projects than on drill-and-blast projects. There are two obvious reasons. Firstly the circular excavation maximizes the
tangential stress, making the relation to rock strength a higher source of potential risk. Secondly, the TBM may have been
progressing fast enough to make probe-drilling seem to be unnecessary. If the stress-to-strength ratio becomes too high, or if
faulted rock with high water pressure is unexpectedly encountered, the “unexpected events” may have a remarkable delaying
effect on TBM. A simple equation explains this phenomenon, via the adverse local Q-value that links directly to utilization.
One may witness dramatic reductions in utilization, meaning ultra-steep deceleration-of-the-TBM gradients in a log-log plot
of advance rate versus time. Some delays can be avoided or reduced with new TBM designs, where belief in the need for
probe-drilling and sometimes also pre-injection, have been fully appreciated. Drill-and-blast tunneling, inevitably involving
numerous “probe-holes” prior to each advance, should be used instead, if investigations have been too limited. TBM should
be used where there is lower cover and where more is known about the rock and structural conditions. The advantages of the
superior speed of TBM may then be fully realized. Choosing TBM because a tunnel is very long increases risk due to the
law of deceleration with increased length, especially if there is limited pre-investigation because of tunnel depth.

Key words: tunnel boring machine (TBM); rock strength; deep tunnels; tangential stress; pre-injection; Q-values;
utilization; risk

“learning curves” and some good or extremely good

1 Introduction progress through favourable rock masses, also
meaning favourable hydro-geologies.

The writer has been fortunate to get involved in Another  factor ~seemingly not universally
the last stages of several TBM projects where the appreciated is that brittle rock starts to fail around
choice of TBM has clearly been incorrect, and the tunnels when the TBM-concentrated tangential stress
machine remains in the mountain forever. He has reaches about 0.4-0.5 of the uniaxial compressive
also been involved in projects where drill-and-blast strength (UCS). This has been independently
from the other end has been advised at an early stage, confirmed in mining and in deep transport tunnels,
but ignored until very late, with adverse and will be briefly reviewed later. It occurs in
consequences on completion dates, due to too late drill-and-blast tunnels, but here the damage zone is
abandonment of the TBM, and fatal consequences for actually a favourable aspect, removing the highest
some workers. stresses from the immediate tunnel periphery.

Such extremes are unnecessary if more engineers In recent years with the application of higher and
were aware of the inevitable deceleration that higher grout pre-injection pressures, there has come a
accompanies TBM tunneling, notwithstanding wider appreciation of the benefits of pre-injection on

tunneling progress, despite the time needed to
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E-mail: nickrbarton@hotmail.com well organized). This has resulted in some important

perform a pre-injection cycle (20-30 hours when
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improvements in TBM designs, with a greater focus
on pre-injection capabilities using many more holes
giving access to the rock through the front shield.

2 Apparent reversed logic for TBM

TBM tunnelling and drill-and-blast tunnelling
show some initially confusing reversals of logic, with
best quality rock giving best advance rates in the case
of drill-and-blast, since support needs may be
minimal. TBM may be penetrating at their slowest
rates in similar massive conditions, if UCS and
quartz (q%) are high, due to rock-breakage
difficulties, cutter wear, and therefore the need for
too-frequent cutter change, the latter affecting the
advance rate AR.

This “reversed” trend for TBM in best quality and
highest velocity (Vp) rock is demonstrated by the
PR-Vp data from two Japanese tunnels (Mitani et al.,
1987) driven in granites, sandstones, slates and
porphyry. At the low velocity high PR end of this
data set, there will not be a need for frequent cutter
change, but conversely there will be delays for much
heavier support. Fig.1 gives the relationship of PR
and V.
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Fig. 1 The improved rock mass quality associated with higher
Vp and higher productivity with drill-and-blast tunnelling, has
the opposite effect on TBM tunnelling, where PR is concerned.
Of course the actual advance rate AR may benefit considerably
from high ¥}, as support needs are minimised (Mitani et al.,
1987).

If velocities reach as high as 5.5-6.5 km/s (i.e.
(0>100, and high UCS) in exceptionally massive rock,
this is also “difficult ground” for TBM, and in
exceptional cases, PR may dip below 0.5 m/h if the
TBM is under-powered. Older cases of PR=0.1 and
0.2 m/h are known, but rare (Barton, 2000). Worse
still, there may be a cutter life as poor as 2-3 m per

cutter for many kilometers in abrasive massive rock,
even reducing to 1 m per cutter in places. This was
recently experienced for some kilometres in granites
in Brazil.

3 The law of deceleration for TBM

As an indirect result of several seriously delayed
TBM projects, where the writer was eventually
engaged as an outside consultant, a wide-reaching
survey of case records was undertaken (Barton,
2000), in order to try to find a better basis for TBM
advance rate prognosis, that also included poor rock
conditions. It appeared that “poor conditions” (as
relating to faults) were usually treated as “special
cases” in the industry, with concentration mostly on
solving the penetration rate PR and cutter life aspects
of TBM prognosis.

While jointing effects may be approximately
accounted for, the inclusion of faulting delays is
usually avoided. The variable strengths of rock
masses (as opposed to UCS), compared to cutter
thrust levels, seem also to be absent in past and
recent competing models of prognosis.
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Fig. 2 The results of an analysis of 145 lengths of tunnel with
specific properties, involving about 1 000 km of open-gripper
TBM case records (Barton, 2000). (Note: PR = penetration
rate, AR = actual advance rate, U = utilization when boring,
and T = time in hours). The best performances, termed WR
(world record) are represented by the uppermost line showing
best shift, day, week, and month. At the other extreme, and
often explainable by low Q-values, are the so-called
“unexpected events”, where faulting, extreme water, or
combinations of faulting and water, or squeezing conditions, or
general lack of stand-up time, may block the machine for
months, or even involve a new contractor driving a
drill-and-blast by-pass of a permanently abandoned TBM.
Some examples of the most adverse “crosses” will be shown.
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The numerous (145) cases analysed, totalling
1 000 km of TBM tunnelling, shown in Fig. 2,
showed general “deceleration” trends when advance
rate was plotted for various time periods. The classic
“TBM-equation” linking advance rate to penetration
rate in fact needs to be modified to a time-dependent
form in order to capture the seldom acknowledged
reality, as indicated below:

The conventional equation: AR = PR x U (D)

(where U is fraction of time utilized for boring.)

The realistic equation: AR = PR x T" @)

(where m is a negative gradient of deceleration,
and T is actual total hours: e.g. 168 hours/week.)

Eq. (2) can accommodate the fact that there is
generally an inevitable slowing-up for simple reasons
of logistics: extended pipe-work, extended conveyor
or rails, California switches, plus wear-and-tear, and
extra maintenance time involving replacement of
certain TBM components. This stands in strong
contrast to the expected “learning curve” or initial
speed-up of PR and AR, usually experienced in the
first months of numerous TBM projects, as
contractors / operators get familiar with a new TBM.

The deceleration with time and tunnel length is a
“fact-of-life”, however much it may be disliked.
ARjean (When expressed in m/h) has to decline when
(1 hour: for PR), 1 day, 1 week, 1 month, and 1 year
are each evaluated in turn, for any given project.

4 Why fault zones may delay TBM

There are unfortunately very good “theo-
empirical” reasons why fault zones are so difficult
for TBM, with or without double-shields
(Theological-empirical means that lack of belief will
be paid for, in one way or another).

We need three basic equations to start with:

AR =PR x U
u=r1"
T=L/AR

(Obviously the time T needed for length L must be
equal to L/AR, for all tunnels and all TBM.)

Therefore we have the following:
T=L/(PRxT")

T appears on both sides, therefore it must be
rewritten as:

T=(L/PR) "™ (3)

This is a very important equation for TBM, if one
accepts that (—m) is strongly related to Q-values in
fault zones, as shown by the empirical data in Fig. 3.
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Fig. 3 The unexpected events seen delaying TBM
performance in Fig. 2, can be directly linked to too low
Q-values, where steeper gradients of deceleration (—m) are
seen. Just as in drill-and-blast tunnels, it is this region of the
rock mass quality spectrum that may have greatest benefit
from pre-injection. Q-parameters can be improved.

Eq. (3) is important because very negative (—mn)
values make the component """ to0 large. If the
fault zone is wide (large L) and PR is low (due to
gripper problems and collapses etc.), then L/PR gets
too big to tolerate a big component "™ in Eq. (3).
It is easy (all too easy) to calculate an almost
“infinite” time for passing through a fault zone using
this “theo-empirical” equation. This also agrees with
reality, in numerous, little-reported cases. The writer
knows of several permanently buried, or fault-
destroyed TBM (Pont Ventoux, Dul Hasti, Pinglin)
and rockburst damaged or destroyed TBM (Olmos,
Jinping II). There are certainly many more, and the
causes can often be related to the logic and
experience which are embedded in Eq. (3).

So far this equation seems to be absent from other
literature, as the fundamental importance of
deceleration (—m) has not been acknowledged, at
least in public. TBM must follow a negative m-value,
even when breaking world records, like 16 km in one
year, or 2.5 km in one month, even 100 m in 24
hours, since even here, PR is sure to be greater than
the implied and remarkable AR of = 4.2 m/h.

5 Examples of fault-zone challenges

In the following, some examples of fault zone
problems will be illustrated by means of drawings
presented in the literature. Some personal
experiences are also illustrated with selected
photographs. We will start in the USA, visit Greece,
Taiwan and Italy, and end in Kashmir.

Fig. 4 illustrates a situation where world record
speeds and no probe-drilling were suddenly exchanged
with months of delay (Robbins, 1982). Note that
probe drilling would have been needed below the
invert, not above the arch. Full preparedness would
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Fig. 4 World-record breaking speed without probe-drilling
suddenly replaced by the unexpected delay that can be directly
linked to low Q-values (Robbins, 1982).

actually require four deviated probe holes in the 3, 6,
9 and 12 o’clock positions, in this and all other cases.

The Pinglin Tunnel (see Figs. 5, 6 and 7) is an
example of TBM tunnelling (actually three parallel
tunnels), where serious faults caused such large
cumulative delays, that drill-and-blast “rescue” from
the other (western) end was finally allowed for
completion, after some 13 years of struggle to drive
this 15km long twin-road tunnel. The pilot tunnel of
5 m span had to be by-passed at least 12 times to
release the cutter-head, and this was witnessed
several times.

One of the two large diameter TBMs at Pinglin
was crushed in the first difficult kilometres, by
collapse of a major fault zone, that had been
“successfully” passed by the cutter-head. The
majority of the northern tunnel therefore had to be
excavated by drill-and-blast, also with great difficulties
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Fig. 5 A faulted zone in flysch (“big sandstone blocks
swimming in non-cohesive clay material”), as described in
Grandori et al. (1995). Note the obviously unintended adverse
effects of withdrawing the TBM some meters (see Ch 2241 in
each sketch). The 30 km long water transfer tunnel was
completed in three years using two double-shield and two
open-gripper TBM, which is a sophisticated form of hybrid
tunneling, but without using the drill-and-blast ultra-hybrid
alternative.
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Fig. 6 Cutter-head trapped in fault (Shen et al., 1999). See Fig.
7 photo.

Fig. 7 Cutter-head of large TBM (11.9 m) and pilot TBM,
released on successive occasions. Photo: Dr. Chris Fong.

at times, including a 7 000 m® inrush of clay, rock
and water that buried a tunnel worker and excavation
equipment, moving the tunnel “face” backwards by
about 100 m. The resulting “void” 100 m ahead had
somehow to be negotiated. Unlike with headrace
tunnels conducting water, traffic cannot be expected
to negotiate a by-pass, especially not speeding trains.

6 The challenge of faults with water

Faults often consist of more fractured rock, and
there may be an increasing frequency of clay-coated
discontinuities as a “central” clay core is approached.
If this situation is worsened by the presence of
high-pressure water on one side of the clay core, a
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situation arises that is an especially severe test of the
TBM and contractor’s ingenuity and capabilities.

The 7 km headrace tunnel for the Pont Ventoux
HEP (see Figs. 8, 9, 10 and 11) in the mountains in
the north-west of Italy, was driven parallel to a
marked NW-SE trending valley, and also parallel to
swarms of faults hidden under slope screes. They
represented the ultimate repeated challenge. At one
location, the “fault zone performance” was 7 months
for only 20 m of advance, representing an average
AR= 20/(7%720) = 0.004 m/h. This is almost off the
bottom of the chart, in the “unpredicted events” area
of Fig. 2, where crosses (+) are plotted. During 2004
the tunnel was completed by drill-and-blast from the
other end of the tunnel, by-passing the abandoned
rusting TBM.
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Fig. 8 At the Pont Ventoux hydroelectric project, the initial
curved TBM-driven headrace tunnel became more and more
parallel to a swarm of undiscovered faults that were missed
during pre-investigations by insufficiently deep boreholes, and
of course by insufficiently deep seismic refraction profiling.
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Fig. 9 A fault of moderate width with clay core, but with high
water pressure on one side, proved to be an insurmountable
problem for the poorly equipped “inherited” TBM. Note the 5
months of superimposed geologist’s observations, during 25
m of “stop-go” lack of progress (Barton, 2006).

Fig. 10 The inherited TBM had no probe drilling capability.
The cutter-head was repeatedly blocked by falling rock blocks
from the rapidly eroding fault “plane”. The black void
measures 10 to 15 m, and its source is sketched in Fig. 9.

Fig. 11 An example of the amount of water frequently
encountered when fault zones were intersected at Pont
Ventoux HEP. Behind the back-up, silt and sand deltas
continually formed, causing frequent derailment of muck cars.

The tunnel regularly flooded and the train
frequently derailed due to a “delta” of sand and silt.
The “delta” could form in the stiller water behind the
constrictions of the long back-up rig, in fact in
exactly the best place to derail the train where muck
cars were slowly approaching the end of the back-up.
These are not easy factors to predict, but are seen in
(—m), together with many other “unpredicted events”.

Water was also an important factor in the first
major delay (280 days) caused by a seemingly minor
shear zone, that was first exposed in the invert of the
Dul Hasti HEP in Indian Kashmir. This is sketched in
Fig. 12. The alternating massive quartzite (PR as low
as 0.2 m/h), heavily jointed quartzite “aquifers” and
talcy graphitic phyllites, caused a whole series of
alternating challenges to TBM tunnelling, with 800
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m to 1 200 m of cover. This included over-boring in
material resembling dry bars of soap, where the
tunnel diameter increased from 8 m to 12 m locally.
Eventually, the TBM was crushed in a fault zone.

RD (m} 1160 1170 1180 180 1200 1210 120
—_— 1

Fig. 12 Geologist’s sketch of possible reason for 4 000 m®
inrush of partly rounded quartzite pebbles (at about 900 m
depth) plus sustained 60 m’/minute high pressure inflow of
water, at the Dul Hasti HEP headrace tunnel in Indian
Kashmir (Deva et al., 1994). A second contractor using the
“inherited” TBM (some years) later had problems with
over-boring in talcy phyllites. Eventually drill-and-blast was
used from the other end of the tunnel, in another example of
“forced” hybrid, with TBM first, drill-and-blast second. Ten
years were lost.

7 Deceiving V, of faults at depth

Two diverging boreholes can be seen in the top
diagram of Fig. 9. These were used for cross-hole
seismic tomography. Interestingly, because of the
700-800 m depth of cover, the obviously known
diagonally intersected fault was “hardly visible”
some 10’s of meters ahead of the tunnel face. This
was presumably because of stress/compaction effects
on V,,, as discussed in Barton (2006) and illustrated in
Figs. 13 and 14.
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Fig. 13 The P-wave velocity increases as a result of depth or
stress increase, for any given Q-value of rock mass quality.
This means that a fault that is “illuminated” by seismic at
many hundreds of meters depth will have a surprisingly
“high” velocity. It is the contrast in velocity to the
surrounding “country rock” that is important (see Fig. 14)
(Barton, 2006).
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Fig. 14 Rock mass quality Q.-value “isolines” showing
approximate variation of P-wave velocity with depth. The
“high velocity” fault encountered at great depth may be / will
be a huge threat to tunneling, especially to TBM, because
when it is exposed or at least unloaded at the face or side of
the tunnel, its true character becomes evident (e.g. an
equivalent surface ¥, = 2 km/s), including possible
permeability on one side. The at-depth Q. value is low (if it
could be observed), even if the undisturbed ¥, value is
relatively “high”.

This fault compaction phenomenon has been
experienced in tunnels in Japan, as shown in Fig. 15,
where a tunnel collapse was registered, despite the
possibility of “preparation” for a reduced velocity,
some distance ahead of the tunnel face.

The tunnel face at measurement (439 m)
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Fig. 15 In-tunnel seismic warns of a reduced velocity ahead
(4.1 km/s reducing to 3.7 km/s). Despite the warning, tunnel
collapse occurred already at the 4.1 km/s location (Hayashi
and Saito, 2001).

There are many examples of double-shield TBM
getting stuck in fault zones, and such delays are often
“removed” from the generally excellent TBM
performance reported, as if they were special cases.
This is understandable, but “T” is still running in
reality. Unfortunately “$” and “€” and “Yen” are
running also, possibly due to the wrong choices (in
retrospect) that were made some years earlier.

8 Double-shield or open-gripper

In the sections concerning fault challenges to TBM
just presented, we have not discussed the obvious
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general advantages of double-shield TBM. These
machines have the possibility to push off the last ring
of PC-elements, if conditions for gripper thrust are
lost in faulted, clay-bearing, or over-breaking rock.
Of course this ability may ‘“save-the-day” if the
quality of the fault zone is not too low.

A useful case record in this connection is the joint
performance of four 9 m diameter TBM, boring 14
km each to create the Guadarrama high-speed rail
tunnels north of Madrid. The gradients (—m) of
deceleration (Fig. 2) were about half of the trends
from 1 000 km of open-gripper TBM for this 56 km
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Fig. 16 Early “learning-curve” months (1 to 4) of a double-
shield project in massive abrasive granites. The ellipse to the
right-hand side shows the mean performance of four 9m
diameter TBM boring a total of 56 km. See Fig. 2 for the
source of this PR-AR-T method of plotting open-gripper TBM
progress, starting with PR on the left axis, and showing
advance rate (AR) progress with time 7, each on a log-log
basis. As emphasized above, double-shield TBM may perform
with approximately 1/2(—m) deceleration, compared to
open-gripper TBM decelerations of (—m).

of mountain tunneling, often in granites. The mean
PR was only 2 m/h, but the -efficiencies of
double-shield meant that final performance had
climbed into “good” performance, by the end of the
30 to 33 months needed to tunnel 14 km. This is
shown by the crossed ellipse far to the right in Fig.
16. It is naturally a better result than the first
kilometer of another double-shield case record,
where performance was no better than open-gripper
TBM, due to time loss from unexpectedly high RMR
and Q-values, and exceptional cutter wear statistics.
Fig. 17 illustrates a range of challenges for TBM.
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Fig. 17 Four types of rock mass, only one of which is actually
positive for TBM (#1, ideally jointed: very fast progress
possible). Case #2 is designed to represent a hard massive
abrasive rock like quartzite or granite, with PR as low as 1 to
2 m/h, and 2 to 3 m per cutter change. This poor performance
would be related to low values of cutter life index CLI, one of
the parameters used in the Qrgy method (Barton, 2000),
shown briefly in Fig. 18. Case #3 may trap a TBM shield due
to squeezing. Case #4 is designed to represents either erosion
in faulted rock, sometimes giving cutter-head blockage, or
stress-induced fracturing. The challenge of stress-induced
fracturing is discussed in the next section.
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Fig. 18 This chart shows some elements of the Qrgy method of TBM prognosis (Barton, 2000). High Q and high RMR rock mass
quality values are (also) bad news for TBM because low PR means low cutter-life, also reducing AR, as seen by the five arrows used
to locate the three highest RMR classes at their approximate Q-values. Note that the Q-value can have similar magnitude to the Qrgym
value, provided that sufficient cutter force F is available in relation to the estimate of rock mass strength SIGMA. Other parameters
shown are quartz content (q%) and the biaxial stress on the face of the tunnel (o), which is estimated to be about 5 MPa per 100 m
depth. The Qrgym method has been applied on many occasions. A recent example is Barton and Gammelsater (2010) for planned rail

tunnels near Oslo.
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9 The challenge of high rock stress

In recent years, there have been many TBM
tunnels with depth of cover over 1 km, a few also
over 2 km, and in two cases known to the writer,
even 2.5 km for short sections. Both have suffered
TBM damage or destruction due to rock bursting.
Lives have been lost in several deep TBM tunnels in
the last 20 years, and continue to be lost even in the
last few years. For various reasons, drill-and-blast
was usually not the method of first choice in these
projects, and “because the tunnels were long”, the
TBM method was chosen. This is a recipe for delay
and worker injury, if not loss of life. Many projects
first driven by TBM have been “rescued” by late
decisions to drill-and-blast from the other end, or by
drill-and-blast in the high cover sections. The need
for the changed plans seems to have been caused by
unjustified optimism that TBMs are faster for long
tunnels. This is an a priori assumption (Barton,
2011). It may not be correct.

In 1993, the case-record based Q-system was
updated to include the dimensioning of S(fr) or steel
fiber reinforced shotcrete, which could be used to
increase safety when excavating deep road tunnels. A
notable case was the 24.5 km Lardal Tunnel in
western Norway, where mountain cover reached 1.4
km, and where stress-fracturing and rock bursting
were frequent in some sections. There was also a
need for S(fr) when excavating three 30 m span
turning caverns each 6 km, at depths exceeding 1 km.

On the basis of case records of about fifteen deep
road tunnels in Norway, where maximum tangential
stresses (op) were mostly estimated to be in the range
of 50 to 100 MPa, and from some even higher stress
experiences in China, the recommended SRF (stress
reduction factor) shown in Table 1 were developed
for excavations in massive, burst-prone rock masses
(Barton and Grimstad, 1994).

Independently from the above SRF update dating
from 1993/1994, and this time coming from the field
of mining as opposed to deep transport tunnels, the
collection of case records shown in Fig. 19 also
shows stress-fracturing initiating when the stress /
strength ratio oy/o. exceeds 0.4—0.5 (Martin et al.,
2001).

There is some controversy concerning the reason for
the stress-fracturing starting already when the
maximum stress is “only” (0.4-0.5) x UCS
(laboratory-scale uniaxial compressive strength). A

Table 1 SRF, the 6th parameter in the Q-value estimation, is
based on the ratio of maximum tangential stress/UCS for the
case of rock-burst prone massive rock. Note initiation of steep
SRF gradient when oy/o, exceeds 0.4-0.5 (Barton and
Grimstad, 1994).
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Fig. 19 Initiation of stress fracturing and increased break-out
when the stress/strength ratio oy/c;, exceeds 0.4-0.5 (Martin
et al.,, 2001). The case records are mostly from mining and
nuclear waste research, e.g. URL, Canada.

simple-minded explanation is that there is believed to
be a strong (Weibull-based) scale effect on UCS as
sample size increases, and (0.4—0.5) x UCS can be an
approximate in-situ estimate of large-scale strength.
Figs. 20 and 21 show examples of stress-induced
fracturing and possible bursting. In the diversion
tunnel case illustrated in Fig. 21 (top), the 34 m
deep stress-induced fracturing and over/break (with
corresponding deep erosion of the invert, was
experienced at only 50-100 m depth in large (16 m x
18 m) diversion tunnels at the Ita HEP in Brazil. The
high stress, with Ky (= oy/o,) estimated to be an
exceptional 20-25, was due to concentration of
regional stresses in a ridge formed by a major river
bend. The whole 1 400 MW project was located in a
compact 1 km crossing of the ridge, in strong
contrast to the 16.7 km wide and 2.5 km high ridge
that had to be crossed by the four headrace tunnels at
Jinping II in China. Due to the tangential stress
concentration at Ita HEP, the stress/strength ratio
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. 45
Fig. 20 Stress-induced fracturing in drill-and-blasted tunnels
tends to give a deeper EDZ or excavation disturbed zone than
is the case for stress-induced fracturing surrounding TBM. In
the case of brittle rocks of intermediate strength, like marble
and schist, a log-spiral form of fracturing is often seen,
involving failure (and deformation) in shear as opposed to
tension. The latter is more common in stronger dilatant rock.

Fig. 21 More serious stress fracturing and rock bursting in
Brazilian and Chinese hydroelectric projects.

oy o, of Table 1 and Fig. 19 was as high as 0.65, the
same as at the 1.4 km deep Lardal Tunnel. The same
SRF (Table 1) would be used in both cases.

Numerical modeling with the fracture mechanics
based FRACOD code (B. Shen, pers. comm.) carried
out on behalf of the writer, for improved
understanding of one of the last decade’s ultra-deep
TBM tunnels, and shown in Fig. 22 (see central pair),
suggests that the presence of jointing has an
important influence on the mode of failure, when
very high stresses apply, such as in-situ (principal)
stresses as high as 50-60 MPa.

Fig. 22 Theoretical, physical model and numerical threats to
the well-being of (TBM) tunnels bored in highly stressed rock
(Barton, 2006).

10 TBM or drill-and-blast ?

Noticeably unpopular with some members of the
TBM contractor and manufacturing profession was a
lecture and paper presented in 2001: Are long tunnels
faster by TBM ? (Barton, 2001). The important
message seen in Fig. 23 was presented at that time,
and its source is explained in Barton (2000, 2001).

The choice between drill-and-blast and TBM
tunneling is clearly shown to be Q-value dependent,
with adverse effects for TBM at extremely low and
high rock mass qualities. Q appears as the first six
parameters in Qmgy (see Fig. 18) and Q also
determines the utilization (or —m = deceleration
gradient), but only when Q-values are significantly
below 1.0 (refer to the empirically based Fig. 3).
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200 Average rates of advance for TBEM

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

150
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Fig.23 A Q-value and Qpy-value based comparison of
drill-and-blast and (open-gripper) TBM tunneling, using
respectively cycle-time and PR-AR-m estimation. The rock
quality based tabulations of respective Q and Qrgy can have
similar magnitudes (e.g. with cutter force = 20 tons in rock
masses with 20 MPa rock mass strength SIGMA (= 5y 0.')
(Barton, 2000).

Since Q is a much used method of quantifying
rock mass quality in numerous countries, and since it
also correlates with a conveniently logged seismic
velocity (Vp), it is logical to suggest that the rock
mass quality estimates, when sufficiently well
documented (e.g. “3 km of Class 1, 10 km of Class 2,
1.2 km of Class 3, approximately 650 m of Class 4,
and approximately 150 m Class 5” for an imaginary
15 km long planned tunnel) should or could form the
basis for selecting the method of excavation, i.e.
TBM or drill-and-blast.

Of course, many other parameters are important,
including UCS (uniaxial compressive strength), q%
(quartz content), CLI (cutter life index), and specific
information about the character of known fault zones
(from characterization of core, from refraction
seismic, and from cross-hole seismic tomography).

In this connection, we may refer to Fig. 24, where
imaginary rock mass quality statistics are presented
for a planned 5 km long tunnel, and for a much
longer 25 km long tunnel. As may be noted, there are
assumed to be more “extreme value” rock quality
statistics in the longer tunnel, such as harder rock
(HH) and more serious faults (FF), and greater cover.
It is clear from the Fig. 23 comparison of
drill-and-blast and TBM progress, each as a function
of Q-value, that the TBM will struggle more at both
ends of the statistic. Recent RMR and Q statistics at a
tunnel in very massive granites, and the slow
progress by double-shield TBM, following incorrect
site description, suggest that drill-and-blast tunneling
can be faster, at least in the absence of a higher-
powered TBM.

F _H _F
T1=5km
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3 [FF[F H [HH
2
1 —_—
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/ ] ¥ L |
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Fig. 24 The long tunnel by TBM or hybrid? Adverse “extreme
value” statistics for rock mass quality suggest avoidance of
TBM where there is FF-HH-FF rock in the area of highest
cover. Solution: drive left half with TBM, drive right half by
drill-and-blast, starting 1 year before, so as to get through the
second FF feature before meeting the TBM, which may have
gone very fast. Of course “central” adits are an advantage if
they are physically possible. Use vacuum (stiff tube)
ventilation of blasting gasses, in the case of long D+B tunnels.

The dilemma here is that very adverse (massive
rock), e.g. with Q-values in excess of 200, plus
adverse quartz content, adverse UCS, and adverse
cutter life index, will collectively guarantee the need
for a generous budget of time and cost for perhaps
thousands of cutter changes, if these adverse (HH)
conditions last for many kilometers, as they did
recently for a double-shield TBM project in Brazil.

11 Drill-and-blast single shell NMT

During the last 35 years there have of course been
huge improvements in TBM technology, with the
wide-spread use of high-thrust double-shield
technology, and the gradually increasing possibility
to efficiently probe drill in several directions, and to
pre-inject in many more locations “around-the-clock”
than was possible with TBM just a few years ago.

The appreciation of the benefits of pre-injection
has come from the use of successively higher
pressures (5 to 10 MPa, as in Fig. 25), and the use of
more expensive micro- or ultrafine cements, from the
world of single-shell (NMT) tunneling. The
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investment in time and money has been found to pay
off in overall cheaper and faster tunneling. This has
been experienced in Norway where permanent
single-shell B+S(fr) reinforced and supported tunnels,
that have also been systematically pre-injected to
control water, may even then be only 1/4—1/5 the cost
of double-shell NATM-style tunnels, which use
temporary support of B+S(mr)-but increasingly
S(fr)—followed by drainage fleece, membrane and
final reinforced concrete liner. The relative costs of
single-shell NMT in Scandinavia (see Fig. 26) and
double-shell NATM in Europe and elsewhere, are
roughly 20-25 000 US$/m for Q = 0.01 to 100 rock
masses (but mostly in Q = 1 to 10 range) (see Fig.
27), compared to 80-120 000 US$/m for double-shell
NATM, as briefly described above.

Fig. 25 The use of pre-injection using up to 70 holes of 25 m
length, which are drilled and injected in approximately 24
hours, in a 105 m? high-speed double-track rail tunnel driven
in shales, limestones and through numerous igneous dykes
with too much water. Progress was a steady 20 m/week for
the completed tunnel, independent of pre-conditions.

Fig. 26 Permanent NMT single-shell support for high-speed
rail tunnel near Oslo, Norway (CT-bolts + S(fr) 10 cm). The
first layer of S(fr) is being placed by a 25 m’/h shotcreting
robot, following the last blast. The corrosion-protected (CT)
bole-heads-and-washers will be covered by the second (last)
layer of S(fr).
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Fig. 27 Relative costs of NMT single-shell tunnels in relation
to tunnel cross-section and Q-value statistics. NB&A contract
report, 2002.

Over-break (and use of S(fr)) are much reduced by
pre-injection, and arguments have been put forward
for the effective improvements in most of the six
Q-parameters, and also for increased F,, and
deformation modulus, as a result of pre-injection
(Barton, 2012).

12 Conclusions

(1) There are significant numbers of TBM projects
that require completion by drill-and-blast excavation
from the other end. A big investment and big delays
are the price paid.

(2) This on its own suggests that the TBM could or
should have been used only on the better investigated
portion of such projects, for instance the lower-cover
section, with drill-and-blast started already from the
other end, and deliberately chosen for the less
investigated high cover sections.

(3) The deliberate selection of both TBM and
drill-and-blast may often be a simple matter of
common sense, giving schedule advantages and cost
savings. This is the preliminary level of hybrid
tunneling.
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(4) A second level of hybrid tunneling will be the
deliberate choice, because of perceived advantages,
of open-gripper TBM and drill-and-blast, or
double-shield TBM and drill-and-blast.

(5) A third level of hybrid tunneling will be the
deliberate choice, because of length of tunnel and
perceived advantages, of both open-gripper and
double-shield TBM, together with drill-and-blast on
high cover and therefore poorly investigated sections.

(6) TBM and drill-and-blast tunneling perform
quite differently in hard, massive abrasive rock
masses, and TBM exhibit adverse characteristics also
at the lowest end of the rock quality spectrum.

(7) TBMs gradually decelerate with time and
tunnel length, even when breaking records. This is a
natural process that should be a part of realistic TBM
prognosis, in preference to denial of its existence.

(8) TBMs that are operating in mostly favourable
conditions, may record remarkable progress, and are
therefore an excellent investment for part or all of
many tunneling projects.
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