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Fig. 9. Relationship between depth of failure and the maximum
tangential stress at the boundary of the opening.

Fig. 10. Comparison between the predicted depth of damage
initiation using the Hoek–Brown brittle parameters given by eq.
[10] and measured depths of failure given in Table 1.

not persistent relative to the size of the opening such that the
failure process is essentially one of cohesion loss. In the next
section the Hoek–Brown brittle parameters are applied to sev-
eral well-documented case histories and are also used to assess
the effect of tunnel geometry on the depth of brittle failure.

Application of Hoek–Brown brittle
parameters

In the previous section most of the analyses, using Hoek–
Brown brittle parameters, were applied to near circular open-
ings in fairly massive rocks. In this section the same concepts
are applied to other opening shapes and to rock masses that
are described as anisotropic. All analyses in this section were
carried out using the elastic boundary element program Exam-
ine2D (Curran and Corkum 1995) or the plastic-finite element
programPhase2 (Curran andCorkum1997). In these programs
the stability is expressed in terms of a strength factor that is
analogous to the traditional factor of safety such that a Strength

Factor < 1 implies failure or the region that is over-stressed.
Martin (1997) showed the brittle failure process initiates

near the tunnels face and hence is three-dimensional. Thus, it
is not surprising, as indicated by Fig. 7, that two-dimensional
analyses using the Hoek–Brown brittle parameters cannot be
used to predict the actual shape of the notch. Nonetheless, for
support design purposes, it is necessary to determine how deep
failure will occur and the lateral extent of failure. This can be
achieved by the application of the Hoek–Brown brittle param-
eters. In the following example applications, taken from doc-
umented case histories, a comparison of the results with both
Hoek–Brown frictional and brittle parameters are presented
to demonstrate that this approach can be used to estimate the
depth of failure.

Elastic versus plastic analyses
The theory of elasticity would suggest that the optimum

shape of a tunnel is an ellipse with the major axis parallel to the
direction of maximum in-plane stress, with the ratio of major
(2a) to theminor (2b) axis of the ellipse being equal to the ratio
of the maximum (�1) to minimum (�3) stresses in the plane
of the excavation (Fig. 11a). This optimum shape produces
uniform tangential stresses on the boundary of the excavation
with the tangential stress equal to �1 + �3. Fairhurst (1993)
pointed out however, that while the tangential stress is constant
on the boundary it is not constant for the regions behind the
boundary of the tunnel and should failure occur the inelastic
region that develops for an elliptical shaped tunnel, is much
larger than if the tunnel geometry were circular or an ellipse
oriented parallel to the minimum stress axis (Fig. 11b).

Read and Chandler (1997) carried out an extensive study
to evaluate the effect of tunnel shape on stability by excavating
a series of ovaloid and circular openings at the Underground
Research Laboratory,Manitoba. Because of the extreme in situ
stress ratio (Ko ⇡ 6) it was not practical to excavate an ellipse
of the optimum shape (e.g.,18 m by 3 m in dimension). As a
compromise, they excavated an ovaloid 6.6 m wide and 3 m
high in a rock mass with the following average properties:

Rock type Granite
In situ stress �1, �3 59.6, 11.1 MPa
Intact rock strength �c 224 MPa
Rock-mass rating RMR ⇡100
Hoek–Brown constants m 28

s 0.16
Residual parameters mr 1

sr 0.01

Figure 12 shows the results from two analyses using Exam-
ine2D and the shape of the notched region that formed shortly
after excavation (Read, personal communication). In the first
analyses, the Hoek–Brown parameters are based on laboratory
strength tests, which gave �c = 224 MPa and m = 28, but
with the parameter s = 0.16 to reflect that failure initiates at
about 0.4�c, consistent with the findings in the section entitled
Brittle rock-mass strength around tunnels . Those results are
shown in Fig. 12a and indicate that the excavation is stable, i.e.,
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risons were possible in adjacent bored and blasted sec-
tions. The blasted sections needed more rock support.

4.3 The Tverrelvdal tunnel
The diameter of this tunnel was 6.25 m and a total
length of 6,500 m was bored with TBM 204-215.

As a precaution, the TBM was fitted with rock bol-
ting equipment on each side of the main body. 

The first 1,700 m was bored virtually without stabili-
ty problems. After the break-in period the net penetra-
tion was approx. 1.3 m/h and the weekly progress 70-
80 m. The rock material had good boreability (DRI at
65-75), but the rock mass had little jointing. As boring
with high cutterloads in the massive rock resulted in
heavy vibrations of the relatively light body of this
TBM, the rock bolting equipment required extensive
maintenance and was eventually removed.

After about 1,700 m of advance, increasingly intense
spalling occurred. Some spalling had been anticipated,
but the intensity was unexpected. On some sections
the rock at the contour was more or less crushed, and
the progress of tunnelling was slowed down due to:
• the installation of rock support
• gripping problems due to overbreak in the walls
• hand clearing of debris and rock fragments

Fig. 2 Overbreak due to crushing and spalling

During the first critical phase, rock bolting was per-
formed by jack-leg drilling. Later, working platforms
were added making it possible to install rock bolts du-
ring operation of the TBM, as originally intended.

Mechanical expansion shell anchored bolts with
length 1.5-3.0 m were used more or less systematical-
ly. The bolts were installed immediately behind the
cutterhead roof shield. Experience proved that it was
necessary to install the bolts as early as possible. In
areas where the spalling removed the tunnel wall 
needed for gripping, time consuming use of steel 
beams and wooden supports became necessary to 
allow the TBM to move forward.

Fig. 3 Rock bolting from work platforms on the 6.25 m
diameter TBM

The spalling also created a lot of debris and rock
fragments that had to be removed. In particular this hap-
pened when the TBM advance was halted due to rock
bolting and problems with gripping, and the spalling
had time to develop. The use of a Bobcat 400 mini
front-end loader, which could be operated under the
TBM body, eased the mucking. The spalled and crushed
material was dumped in small cars, which were pulled
into the track laying area under the bridge conveyer.
The normal TBM crew of four men was reinforced
with two for rock support etc. Seven weeks were 
needed to pass through the worst section of 200 m.

Further ahead, the intensity of the spalling de-
creased, probably because the rock cover increased,
thus counteracting the effects of the horizontal stres-
ses. Still, on some sections the rock spalling could 
develop fast enough to occur 20-30 m behind the face,
above the TBM backup where it was difficult to install
rock support and clear debris. Systematic bolting be-
hind the cutter head was then performed until condi-
tions became more stable. 

Out of the total section of 6,500 m, 650 m had exten-
sive spalling requiring systematic bolting. A total of
2500 bolts were installed. This increased the construc-
tion time by 7-8 weeks, which could have been re-
duced to half the time with better preparation. 

4.4 The Reinoksvatn tunnel
In this transfer tunnel a total of 9,500 m was bored
with the 3.5 m diameter TBM, first 6.5 km south from
Reinoksvatn access towards Linnajavri and then 3 km
north towards Lievsejavri.

σθmax$

Kobbelv$krahverk$
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Figure 10. Monthly production at the Brenner Exploratory Tunnel 

Unfortunately, on 9 August 2009 at km 6+151, the day after the TBM had passed, the left-hand sidewall 
lining of the tunnel partially collapsed for a length of approximately 30 meters. This incident led to a 
stoppage of work lasting about 5 months. Thanks to the reconstruction of the geological model, the presence 
of a sub-vertical fault was identified parallel to the direction of excavation, not forecast in the design phase. 
The interaction between deforming stresses due to the excavation and stresses due to the particular features of 
the fault lead to a highly asymmetrical load on the tunnel section, thus damaging the lining and causing its 
collapse (Figure 11). 
 

 
Figure 11. Detail of lining collapse 

After the TBM stopped, a number of activities were undertaken with the following objectives: 
1. Ensuring the safety of the tunnel 
2. Restoring the internal section so that the TBM could resume operation 
3. Start up of the TBM again in the stretch involving the fault sub-parallel to the excavation 
4. Defining the procedures and the instruments for ensuring greater safety for the continuation of the 

advance until the Mules access tunnel was reached. 
The following activities were undertaken to ensure the safety of the tunnel: 
1. Installation of 2.2m long steel bolts secured with resin between points km 6+103 and 6+127, to 

sustain the crown of the lining 

Lining$kollaps$(Grandori$et$al.$2011)$
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