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ABSTRACT

The authors investigate the failure modes surrounding over-stressed tunnels in rock. Three lines of
investigation are employed: failure in over-stressed three-dimensional (3D) models of tunnels bored
under 3D stress, failure modes in two-dimensional (2D) numerical simulations of 1000 m and 2000 m
deep tunnels using FRACOD, both in intact rock and in rock masses with one or two joint sets, and finally,
observations in TBM (tunnel boring machine) tunnels in hard and medium hard massive rocks. The
reason for ‘stress-induced’ failure to initiate, when the assumed maximum tangential stress is approx-
imately (0.4—0.5)g. (UCS, uniaxial compressive strength) in massive rock, is now known to be due to
exceedance of a critical extensional strain which is generated by a Poisson’s ratio effect. However,
because similar ‘stress/strength’ failure limits are found in mining, nuclear waste research excavations,
and deep road tunnels in Norway, one is easily misled into thinking of compressive stress induced failure.
Because of this, the empirical SRF (stress reduction factor in the Q-system) is set to accelerate as the
estimated ratio ogmax/oc >> 0.4. In mining, similar ‘stress/strength’ ratios are used to suggest depth of
break-out. The reality behind the fracture initiation stress/strength ratio of ‘0.4’ is actually because of
combinations of familiar tensile and compressive strength ratios (such as 10) with Poisson’s ratio (say
0.25). We exceed the extensional strain limits and start to see acoustic emission (AE) when tangential
stress gy = 0.4, due to simple arithmetic. The combination of 2D theoretical FRACOD models and actual
tunnelling suggests frequent initiation of failure by ‘stable’ extensional strain fracturing, but propagation
in ‘unstable’ and therefore dynamic shearing. In the case of very deep tunnels (and 3D physical simu-
lations), compressive stresses may be too high for extensional strain fracturing, and shearing will
dominate, both ahead of the face and following the face. When shallower, the concept of ‘extensional
strain initiation but propagation’ in shear is suggested. The various failure modes are richly illustrated,
and the inability of conventional continuum modelling is emphasized, unless cohesion weakening and
friction mobilization at different strain levels are used to reach a pseudo state of yield, but still
considering a continuum.
© 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

(log-spiral) shearing (Fig. 1). The second is a real case involving
highly-stressed granite in an underground research laboratory

We will start by illustrating two very different failure modes,
both of them being ‘physical realities’ but from very different
environments. The first is from petroleum well-bore simulations
in sandstones. With change of scale, a small deep tunnel in a
weak but brittle rock can be envisaged. Failure is dominated by
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(URL): the URL in Canada. Crack initiation is induced by tensile/
extensional fracturing, but there is shearing, buckling, and a final
characteristic notch (see Fig. 2). In the following investigations,
both tensile (or extensional strain) initiation and progression in
shear have their important roles to play. Tensile initiation may
consist of critical strain-initiated extensional fracturing, which
can explain several puzzling phenomena such as tensile frac-
turing in entirely compressive stress fields (e.g. Fairhurst and
Cook, 1966).
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Fig. 1. Obvious log-spiral shearing in model tunnels/well-bores, which were drilled into highly-stressed blocks (measuring 0.5 m x 0.5 m x 0.5 m) of weak model sandstone. All
three principal stresses could be varied independently through flat-jack loading, and drilling did not need to be parallel to any of the principal boundary stresses. (Flat-jacks could
have central or off-centre holes). The upper four photographs show the results of stress anisotropy and hole deviation from the horizontal. The lower two photographs show tests in
a smaller polyaxial cell in which hole drilling was parallel to the minimum horizontal stress. Miniature monitoring boreholes and pressure cells were installed before drilling under
3D stress. Coloured cemented sand in the pre-drilled boreholes (an idea from Dr. Stavros Bandis) confirmed that ‘log-spiral’ shearing does indeed involve discrete, repeated, log-
spiral shear displacements, somewhat different from the ‘zonal disintegration’ phenomena described and modelled by Wu et al. (2008). Tensile/extensional modes were not evident
in these physical model studies, which might be due to the level of confinement. From the first author’s joint-industry petroleum-sponsored project at NGI, 1986—1988. See some of

our published results in Addis et al. (1990).

2. Stress-strength ratio introduction

Forty years ago, when the Q-system of Barton et al. (1974) was
developed, ‘stress-induced’ fracturing was assumed to initiate
when the ratios of UCS/major principal stress (or g./oq in Table 1)
became <5, or the inverse >0.2. The recommended value of SRF
(stress reduction factor) was increased rapidly, so as to make tunnel
support adequate, since high SRF values ensured heavier support in
the case of newly fractured massive rock. As many more high-stress
case records were collected between 1987 and 1993 by former NGI
(Norwegian Geotechnical Institute) geologist and tunnelling
colleague Eystein Grimstad, mostly from deep Norwegian road
tunnels, where ‘stress-fracturing’ and rock bursting had been
experienced, we added the second column seen in the lower table

in Table 1 (ggy/oc). An appendix in Barton and Grimstad (2014) re-
cords the details of these historic (pre-1990s) case records. A
number of ratios of ¢p/o. were in the range 0.4—0.8, with a
maximum value of 1.2 at Strynefjell. The depth range was between
600 m and 1400 m.

As can be noted from the second tabulation in Table 1, from
Grimstad and Barton (1993), an acceleration of SFR values is noted
when the ratio gy/o. increases above 0.4, with sharp acceleration
when 0.5 is exceeded and ‘moderate slabbing’, ‘rock burst’ and
‘strain burst’ are recorded, needing rapidly increasing SRF. There
are additional comments on ‘strain bursting,’ ‘rock slabbing’ and
‘block yielding’ for given depths and Q-value ranges in Barton and
Grimstad (1994), using Singh et al. (1992) suggestions for relating
the Q-value to an estimate of the strength of the rock mass. This



212 N. Barton, B. Shen / Journal of Rock Mechanics and Geotechnical Engineering 9 (2017) 210—225

Failure~ M. 2B—oc,

Stages |V n i Longitudinal Section

¥ "v‘V;sh.aped notch

Initiation

Tunnel Advance 01-03 =70 MPa

Stage | - Damage Initiation

Process Zone

Stage I - Dilation

hearing and
Splitting

Surtace loading Process zone
which leads to
buckiing and
unstable
cracking

Stage Il - Slabbina & Spallina

Process zone
stabilized by

confining stress
at notch tip

Stage IV - Stabllization

Fig. 2. The careful observations of cracking initiation and propagation at the URL site in Manitoba, Canada where Atomic Energy Canada Limited (AECL) researchers conducted a
very gradual excavation by line-drilling so as to be able to observe the processes as closely as possible. Tunnel-face-corner initiation in the third dimension was suspected, followed
by (extensional) splitting, shearing and buckling. Adapted from Read and Martin (1996) and Martin (1997), with some of the detailed text removed for clarity of reproduction.

was suggested as 7yQ'/3 (MPa). In Barton (2000), oc = 5yQ 1/ (MPa)
is preferred for estimation with TBM, in comparison with cutter
force (e.g. rock density v = 2.6 t/m>).

It is of interest to note that Martin et al. (1999) found, inde-
pendently of our earlier descriptions of (assumed) stress-induced
failure from 1974 to 1993 Q-system publications, that in mining
excavations (mostly collected from others), and from Canadian
nuclear waste (URL) research, there was a well-documented
expectation of (assumed) stress-induced failure initiating when
the maximum tangential stress/strength ratio reached about 0.4—
0.5. This is shown in Fig. 3. When first seen by the first author about
15 years ago, this was an encouraging ‘support’ for what we had
been observing for a long time in deep Norwegian tunnels, and had
been empirically absorbed in the Q-system, in order to estimate
appropriate SRF values. More recently in Grimstad and Barton
(1993), we were addressing the case of exceptionally massive
rock (see Table 1 descriptions) which ‘facilitated’ rock bursts when
depth was sufficient.

Martin et al. (1999) quoted the following equation for describing
the best fit line, as indicated in Fig. 3 (Note that o, = 301—03 in Eq.
(1).

Ri/a = 0.49(+0.1) + 1.250max /¢ (1)

where Rr and a are defined in the inset of Fig. 3; o1 and o3 are the
maximum and minimum principal stresses, respectively. As seen in
Fig. 3, failure initiates when omax/oc = 0.4 £ 0.1, in the same stress/
strength region as in the Q-system ‘acceleration’ of SRF (see
Table 1). The interesting thing about all this similarity is that it is for
entirely different, critical extensional-strain related reasons, in
which familiar ratios of ¢./o¢ and familiar magnitudes of Poisson’s
ratio ‘cancel-out’ to produce this most frequently occurring stress/
strength ratio of 0.4. We have been deceived for decades by
continuing to think conventionally along the lines of continuum
strength criteria, as opposed to discontinuous failure criteria. See
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Table 1

213

The Q-system based estimation of appropriate SRF (stress reduction factors) from Barton et al. (1974) (top) and Grimstad and Barton (1993) (bottom). Hoek and Brown (1980)
used the inverse (o1/0.) to categorize failure of square openings from South Africa. Note that the third column of numbers is SRF in each case. Grimstad and Barton’s (1993)
paper was mainly a Q-system tunnel and cavern support-method update from S(mr) to S( fr). We expanded the SRF estimation in the case of exceptionally massive rock with
risk of rock burst, to include the ratio of (estimated) maximum tangential stress g/ using the laboratory-scale value of UCS for ¢.. From 1993, we ceased to use the ratio a¢/d
(o is the tensile strength). This was perhaps unwise in view of what is to follow concerning extensional-strain fracture initiation.

(a) Competent rock, rock stress problems acloq aioq SRF Note: This table is an extract of Barton et al. (1974). In some
mining circles (Western Australia) where high stress occurs
with deep-level jointing, categories L and M are still used,
in preference to the (three) updated SRF values from Grimstad
and Barton (1993).

H Low stress, near surface >200 >13 25 (ii) For strongly anisotropic stress field (if measured) when 5
<a1/o3 < 10, reduce . and o to 0.8 and 0.84¢; when a/a3 > 10,
reduce ¢ and o, to 0.6¢. and 0.6, where:o. = unconfined
compression strength, ¢ = tensile strength (point load),

71 and ¢3 = major and minor principal stresses
Medium stress 200-10 13-0.66 1.0
K High stress, very tight structure (Usually favourable 10-5 0.66—-0.33 0.5-2.0
to stability, may be unfavourable to wall stability)

L  Mild rock burst (massive rock) 5-2.5 0.33-0.16 5-10

M Heavy rock burst (massive rock) <25 <0.16 10-20

(b) Competent rock, rock stress problems [N agloc SRF Note: This Grimstad and Barton (1993) update of three SRF
values for massive, unjointed rock masses, also includes the
column gy/a., which is estimated from elastic theory:

09 max = 301 — 03

H Low stress, near surface, open joints >200 <0.01 25

Medium stress, favourable stress condition 200-10 0.01-03 1
K  High stress, very tight structure. Usually favourable 10-5 0.3-0.4 0.5-2
to stability, may be unfavourable for wall stability

L  Moderate slabbing after >1 h in massive rock 5-3 0.5-0.65 5-50

M Slabbing and rock burst after a few minutes in massive rock 3-2 0.65—1 50-200

N Heavy rock burst (strain-burst) and immediate dynamic <2 >1 200—-400

deformations in massive rock

discussion in Barton (2003). Fig. 3 and our SRF estimation in the
Q-system make the assumption that compressive strength is
directly involved, together with continuum-based Kirsch-related
compressive tangential stresses.

3. Stress-strength ratios suggesting failure, explained by
other means

Brace (1964), Gramberg (1965), Fairhurst and Cook (1966), and
Brown and Trollope (1967) are among the very first to have pointed
out the importance of axial splitting in response to compressive
stress fields, when neighbouring surfaces are available to allow the
‘lateral’ extensional strain to cause extensional fracturing. Some-
what later, Stacey (1981) used extensional-strain theory in an
attempt to predict brittle failure mechanisms in deep massive
quartzites in South Africa. He showed that for a material that shows
linear deformation behaviour, the onset of failure and the depth of
failure could be related to a consideration of extensional strain. A
3D equation for expressing extensional strain (in the lateral direc-
tion) is as follows:

(2)

£3 = %[03 — (01 +03)]
where v is the Poisson’s ratio of the intact rock and E is the Young’s
modulus. He proposed that if the calculated extensional strain was
greater than the critical strain, then spalling would occur. So if
¥(a1 + 02) > 03, then (negative) extensional strain will occur. Stacey
(1981) listed numerous critical extensional strains for a variety of
rock types, based on laboratory compression tests. Mostly, critical
strains in the lateral direction were close to 0.0001. These strains
correspond to a stress level of about 30% of UCS, which we can
see from a sophisticated set of laboratory test recordings from

Martin (1997), correspond approximately with Fig. 4 (Canadian
granite results).

The present two authors considered a closely related approach.
We use both extensional strain and tensile strength as the criterion
for fracture initiation, even when all stresses are positive
(compressive). We do not focus here on cohesion loss and friction
mobilization at different strains, as some other researchers,
although support this approach if performing continuum model-
ling (as for instance by Hajiabdolmajid et al. (2000) and Barton and
Pandey (2011)). Careful laboratory testing reported by Martin and
Chandler (1994) demonstrates that cohesion is lost and friction is
mobilized at different levels of strain. This is equivalent to Miiller
(1966) observations at rock mass scale, that when intact bridges
(cohesion) are broken ‘friction remains’. So at both scales we cannot
add ‘¢’ and ‘oy, tang’ when performing continuum modelling, but
must disassociate and consider ‘c’ then ‘oy, tang’, or CC then FC when
using Q-value derived parameters (Barton, 2002). However, in the
following FRACOD fracture mechanics modelling (Shen et al., 2013),
a discontinuum approach is used both to generate (if relevant) and
to propagate the extensional fracturing, most frequently in
shearing mode. The important and very well-known principle is
that although the rock may be under compression (around a highly
stressed excavation), tensile strain may exist in the nearly unloaded
direction (i.e. radial direction) perpendicular to the major
compressive (tangential) stress, due to Poisson’s effect. Considering
just the 2D case, we can write:

1 1
& =5 (UX - V‘Ty) O €radjal = I (Uradial - V‘Ttangential) (3)
where &, is the elastic strain in the x-direction (i.e. radial). E is the
equivalent Young’s modulus (E = E for plane stress condition;
E = EJ(1—»?) for plane strain condition). The radial strain ey can be
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Fig. 3. Observations of failure initiation and depth of ‘stress-induced’ over-break, from Martin et al. (1999). These authors did not seem to be aware that the Q-system had
independently come to the same stress/strength ratio some years earlier, using deep road tunnels in Norway (and deep hydropower tunnels in China and Chile) as the source of case
records. In fact, as we shall see, the common stress/strength ratios of 0.3, 0.4, or 0.5 occur for other reasons: due to extensional strain fracturing and some simple arithmetic
concerning typical ratios of /o (about 10) and Poisson’s ratio (about 0.25). For references of the data points given in this figure please refer to Martin et al. (1999).

extensional (negative) even if both oy and ¢, are compressive

stresses. When &, reaches the critical strain e (ec = —at/E' ), it is Ot o — _vay Ot o — _ V0tangential (4)
considered that tensile fracture initiation will occur, on a small- E’ ¢ FE E’ ¢ E’
scale at first, with possible coalescence and (unstable) more
wldespread shear failure following, if tangential stress levels are Cancelling E yields:
high enough.
Extensional (i.e. tensile failure) fracturing will occur in the radial o ¢
(unloaded) oy = 0 direction when the stress oy, (i.e. Gangential) Mmeets Oy = n OT Otangential = n (5)
the condition given in Egs. (4) and (5).
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Fig. 4. Martin (1997) presented this comprehensive laboratory test result showing brittle failure phenomena for Lac du Bonnet granite from the Underground Research Laboratory
(URL). Crack initiation and acoustic emission occur at about 40% of the peak value of o.. Note lateral strains approaching 0.0016 (higher than that in Stacey (1981)).
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For rocks with the UCS about 10 times the tensile strength (o¢)
and Poisson’s ratio » = 0.25, the expected tangential compression ucs ucs
stress level for extensional (tension-failure) fracturing in the radial Ttangential = 9y = 70, = 10x 025 0.4UCs (6)
direction is as follows from simple arithmetic. Second author Dr. B.

Shen was adding a sub-routine to FRACOD when he noticed the Hence the frequent occurrence of ratio 0.4 (+0.1) for oangential/
UCS when spalling commences, with the related need for much

following:
Notch
b Cohesion Yield point
Limit
2 Brittle
2 °
‘l\f Tensile
failure RY
©
Plastic
Strain
y Notch
b Cohesion Vield point
Linit el point —y
Brittie x
» (03<10MPa)
173
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Fig. 5. Continuum modelling of the URL break-out as reported by Martin (1997) using the popular finite element programme marketed by Rocscience: PHASES. The predictions of
‘yield’ (x-points) have only partial relevance to the reality, and of course being a continuum, no actual fracturing (or break-out) occurs.
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Fig. 6. Continuum modelling of the URL break-out. Partial success is demonstrated with degradation of cohesion and mobilization of friction as performed with FLAC (bottom-left).
Application of conventional Mohr-Coulomb (or nonlinear Hoek-Brown) with PHASES was shown to be very unrealistic. This modelling was described by Hajiabdolmajid et al.

(2000), with well-known co-authors Martin and Kaiser.
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higher SRF when utilizing the Q-system to select single-shell (NMT,
Norwegian Method of Tunnelling) tunnel support. The ratio 0.4 is
seen to be typical in laboratory tests as well (Fig. 4). Crack initiation
and AE (acoustic emission) start for an entirely logical failure-
mechanism reason, as opposed to failure-criterion reason (a sub-
tly differentiated goal mentioned by Bieniawski (1967)).

4. Limitations of continuum modelling
Numerous authors during the last decades have pointed out the

limitations of conventional continuum modelling for predicting the
onset of (extensional) spalling surrounding over-stressed tunnels,

Table 2
Failure modes typical of tunnels and well-bores (Barton, 2003).

shafts or raises, whether excavated by drill-and-blast and TBM (or
even by line drilling) methods. Mohr-Coulomb and more recently the
non-linear (though not sufficiently nonlinear) Hoek-Brown strength
criteria for linear-elastic continua, may often ‘miss’ the onset of
spalling by a wide margin, when modelling shear failure in highly
compressive stress conditions. Stacey (1981) referred to the early
onset of tunnel-face fracturing ahead of a TBM used in a deep gold
mine, with difficulties due to the rotation of this large ‘disk’ of rock
ahead of the cutters. Such phenomena were also experienced in the
deep-base rail tunnels under the Alps. Stacey and Yathavan (2003)
referred to the moderate levels of major principal stress (1) recor-
ded by Grimstad in deep road tunnels in Norway: typical range: 0.1—

Description

Mode of behaviour

1. Hard, massive, brittle rocks that dilate during failure even when stresses are
high. Stress-induced failure may be delayed as ‘strength corrosion’ occurs

N

. Hard or medium hard, bedded and jointed rock that can shear and dilate along
structural planes, while under moderate to high stress levels

w

. Soft, massive, non-brittle rocks that may, or may not dilate during shear
failure. Typical for young (e.g. Tertiary) rocks such as the mudstones and
siltstones in Japan

A

. Very soft, plastic rocks (and clays) that contract when sheared under
significant stress levels

—_

. Extension failure, thin-walled stress-slabbing, dynamic ejection, bursting. The
symmetric "dog-eared’ fallout due to the anisotropic stresses may have a
‘nose’. Deformations can be large

2. Anisotropic response. Shear stress dissipates by slight shear on bedding
planes and joints. Deformations are moderate. Block falls can occur

3. Failure may occur by log-spiral shear development and tangential strain.
Radial deformations are large, and pressure on support is high. (Twin tunnels
need pillars 4 to 5 times their span c.f. Japan, Taiwan (China))

4, Post-peak strength loss reaches an extreme of virtual 'flow’, and tunnel
closure can occur

Fig. 7. The 125 m Itd CFRD dam, reservoir and 1450 MW power plant in Brazil. The satellite photo shows a distinctive NNW-oriented 11 km loop in the Uruguay River, and a
distinctive ridge (and igneous dyke) with the same NNW orientation. We can surmise that this (>5 km long) dyke was also formed by extensional strain mechanisms. The power
plant was located across the narrow 1 km ridge. All tunnels crossing this ridge (five diversion and flood-control tunnels of 15 m x 17 m and 14 m x 16 m dimensions, and five 9 m
diameter, 53° inclined pressure tunnels) suffered stress-induced (or extensional-strain-induced) fracturing during construction, with 2 m—3 m deep break-out in the arch and more

in the invert due to erosion effects.
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0.4 for the ratio o1/0, yet spalling or even bursting was recorded in
each of the thirteen cases. See Barton and Grimstad (2014).

The two different approaches illustrated in Fig. 5, from two of
Martin’s (1997) analyses of the URL break-out (shown in Fig. 2),
utilize a Mohr-Coulomb style of linearity, with distinct elastic-
brittle-plastic or the less conventional elastic-brittle-frictional
mobilization. The latter implies not only loss of cohesion, but also
subsequent mobilization of friction. Yield points seem either to be
too conservative or too liberal in relation to the reality. The con-
ventional and an unconventional solution to modelling the URL
break-out as shown in Fig. 6 demonstrates the dilemma of con-
tinuum modellers rather clearly, because although equipped with
Mohr-Coulomb or Hoek-Brown ‘shear strength criteria’, they
are not in any significant way ‘failure criteria’ for intact brittle
rock. Therefore they fail to model the mechanisms of the ‘main
event’: extensional-strain fracturing followed by discontinuous
propagation in shearing, if stress levels are high enough. As we shall
see FRACOD does a much more realistic job.

The degradation of cohesion and mobilization of friction utilized
by Hajiabdolmajid et al. (2000) and its implementation in FLAC
seem to work well in terms of mirroring the failed zone (Fig. 6) even
if not always for the right reasons. The limitations of continuum
modelling have been discussed further in Barton (2003) and con-
trasted to the wide ranges of behaviour found in the real world of
tunnelling. A table reproduced from this discussion is shown in
Table 2.

5. Some observations of failure or heavy over-break in
tunnels

The first case is a highly stressed series of hydropower tunnels,
despite their relatively near-surface location. With depths of over-
break shown in Fig. 7 in the range 2 m—3 m for an average tunnel
‘radius’ of about 8 m, we see from Fig. 3 (Martin et al., 1999) that
ratios of omax/oc of about 0.6—0.7 are implied when Ry/a is in the
range of (8 + 2 or 3 m)/8 = 1.25 to 1.38. Taking ¢ as an average
200 MPa, the above implies that the maximum tangential stress
may have been as high as 120 MPa—140 MPa. If we further assume
relevant vertical stress ranges from about 1 MPa to 3 MPa
from 50 m to 100 m overburden depths, and an elastic isotropic
theoretical omax = 30y—0y, we obtain estimates of gy of about
39 MPa—46 MPa. The implication is therefore that the ratio of
principal stresses (oy/gy) may be as high as 20 or even 25, which of
course is exceptional. In fact, the first visit to the power plant by
the first author was to try to assess the reasons for an 80 m long
crack close to the spillway exit (see Fig. 8).

A NNW-oriented horizontal stress was suspected, and the in-
fluence of a ‘classic’ lack of confinement close to the edge of the
spillway gave all the conditions we have discussed for extensional-
strain fracturing. The NNE regional stresses were concentrated in
the ridge (due to river erosion?) and further concentrated by the
perpendicular tunnelling. Stress (or extensional-strain) fracturing
was worst when in the two most massive basalt flows. The stress

Fig. 8. Although this article has focused on extensional and shear modes of failure in initially intact massive rock, it is not forbidden to visualize the role of shear failure (and
sometimes gravity-induced falls of rock) in creating serious stability problems. The examples illustrated are from Brazil and China. Three of the cases involve shear zones or faults,
and tunnel excavation will have caused shearing and a worsening stability or actual tunnel collapse. The case with the yellow excavator illustrates the condition for ‘inevitable’ over-
break, namely when the ratio J,,/J; > 6 (Barton, 2007). Of course even when there are sufficient degrees of freedom for block fall-out (i.e. three joint sets: J, = 9), the joint roughness
Jr may cause too much dilation and prevent over-break. Also J,/J; = 9/3 is < 6 in this case, so no over-break occurs. Whether or not over-break occurs also depends on the frictional
strength J;/J,, for instance in the case of the brown clay-coated feature (see bottom-left). Note the slickensides in this case.
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Fig. 9. Stress-induced (or extensional-strain induced) fracturing and massive shear failure and rock burst effects in four TBM tunnels. It is our opinion that we may be observing the
‘sharp’ tip of log-spiral type shear failure in the two photographs on the left, in which medium strength marble and schist are involved, from China and Ecuador. Such was seen
several times when inspecting a drained 11 km long headrace tunnel. The two right-hand photographs appear to show massive unstable shear failure, probably in the form of a
moderate rock burst in the case of the marble, but less dynamic shearing/crushing in the case of the (5 MPa—10 MPa) chalk marl depicted in the 2.2 m diameter Beaumont Tunnel
from 1880 (Bottom-right photo is from the UK Channel Tunnel area. This tunnel passed under a 70 m cliff).

(or extensional-strain) effect even fractured the basalt columns in
the emergency spillway. This made the columnar basalt less
resistant than usual to erosion from flood-flows. In effect, each
basalt column was cracked in NNW directions (both vertically and
horizontally) due to extensional strains. The estimated maximum
horizontal stress of around 40 MPa was nowhere near high enough
in relation to the UCS of about 200 MPa to cause ‘compressive’
failure (Barton and Infanti, 2003).

In TBM tunnels, it is easier to observe stress or strain induced
fracturing. Due to the medium strength marble and schist shown in
the left side of Fig. 9, it is believed that the tips of log-spiral shearing
may be appearing instead of extensional-strain tensile fracturing.
The massive failures on the right may be dynamic shearing and rock
bursting (now covered in shotcrete), and in the case of the historic
TBM tunnel (bottom-right) presumably a less violent shear-related
crushing of this weak rock, which is less brittle than either the
marble or the schist.

6. Mode 1 and mode 2 fracture modelling with FRACOD

We consider this section dealing with 2D fracture mechanics
based modelling to be the logical conclusion concerning recom-
mended modelling because various physically real mechanisms can
be modelled, including extensional-strain induced (limited, initial)
tensile failure, followed by coalescence of fractures and propaga-
tion in shear. The presence of joint sets and their ‘disturbing’
(reducing) effect on fracture propagation in shear can also be
modelled (e.g. Fig. 10).

A number of FRACOD models have been used to investigate
the mechanisms of tunnel spalling/failure. In all cases, an 8 m
diameter tunnel was excavated, first of all, in an elastic and
massive rock mass without joints. The in-situ stress state in the
2D plane perpendicular to the tunnel cross-section was
assumed to be represented by a stress ratio of oymax/oy = 2.0,
and a simulated depth of 1000 m was modelled in the first series
of tests.

Model at 1000 m depth: Boundary stresses are ogmax = 50 MPa
and oy = 25 MPa. For the base case, the strength and fracture
toughness of the rock were: UCS ¢, = 165 MPa; cohesion
¢ = 31 MPa; internal friction angle ¢ = 49°; tensile strength
o = 14.8 MPa. The mode I fracture toughness Kic = 3.8 MPa m'/?
and mode II fracture toughness Kjc = 4.7 MPa m!/2, The Poisson’s
ratio and Young’s modulus are 0.24 and 68 GPa, respectively. (Note
that all FRACOD models are for plane strain conditions).

The above parameters are the same as those of Aspé diorite, and
are listed in the literature (e.g. Siren, 2012, who compares Finnish
and Swedish rocks). The maximum tangential stress at the tunnel
was calculated to be gax = 150 MPa, and the ratio of oax/oc = 0.75.
Based on Martin et al. (1999), the depth of tunnel failure (from
Fig. 3) is Rf/a = 1.3—1.5. For the case above, the predicted failure
process is shown in progression in Fig. 11.

The key observations were:

(1) Fracture initiation occurred in the roof and floor where the
compressive stress was the highest. The fracture initiation
was driven by tensile strain due to the high compressive
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Fig. 10. From top-left, clockwise: (a) Log-spiral shear-failure analysis from Bray (1967a, 1967b). (b) An example of FRACOD modelling of a very deep (>2 km) TBM tunnel through
the Peruvian Andes, with limited extensional-strain fracturing, so a quite ‘pure’ development of log-spiral shearing. Two perpendicular joints to represent massive rock cause little
disturbance, as modelled. (c) A UDEC-MC model (Shen and Barton, 1997) to indicate the possible adverse effect of ‘crushed rock’ and ultra-deep EDZ in fault zones (10,000 blocks
were modelled in this ‘reducing block size’ study). (d) FRACOD model with two joint sets of variable spacing. Most of the longer fractures are shear-driven and may represent the
rock bursting effects often experienced at this project, with 2 m—3 m high voids resulting from ejected material above and ahead of the cutter-head.

stress, and the initiated fractures were sub-parallel to the
tunnel wall surface.

(2) The new short fractures were not predicted to propagate in
tension because there is no tensile stress in the tunnel wall.
FRACOD predicts that they propagate in shear, forming a kink
path from the initial fractures and they continue to propagate
at an angle from the tunnel wall surface.

(3) As the propagation of the fractures near the tunnel wall
progresses, new fractures continue to form deeper into the
tunnel wall. These fractures also propagate in shear, even-
tually forming a larger (potential) break-out.

(4) The failure depth R¢/a is predicted to be 1.5, which is close to
the upper limit predicted by Martin et al. (1999).

Overall, the modelling results indicate that fracture initiation
forms due to extensional-strain related failure-in-tension mecha-
nisms. However, the overall formation of the tunnel failure is pre-
dominately caused by shearing.

A number of cases were investigated by changing the fracture
toughness K¢ from 4.7 MPa m'/? to 11.5 MPa m'/? (The upper limit
from the test data for Aspd diorite). There appears to be more
tensile fracturing than the previous case with lower Kjc. (Fractures

marked in red are in tension; green are in shear). There were also
many fracture sections sub-parallel to the tunnel wall. The pre-
dicted failure depth was Rg/a = 1.25, less than that of the previous
case, but close to the lower limit of 1.3—1.5 from Martin et al. (1999)
in Fig. 3.

In a further case, the mode II fracture toughness Kjc was further
increased from 11.5 MPa m'/? to 23 MPa m'/% (200% of the upper
limit from the test data for Aspé diorite). In this case, only limited
fracture initiation occurred. No fracture propagation and tunnel
break-out were predicted. The predicted failure (damage) depth
was now limited to R¢g/a = 1.1, an unrealistically low value according
to the case records assembled in Fig. 3 (and also incompatible with
any need for an accelerated SRF value). So in preliminary conclu-
sion, fracture initiation is predominately caused by tensile strain,
whereas the (potential) break-out is formed by tensile (mode I) and
shear (mode II) fracture propagation.

The modelling results suggest that a pure tensile mechanism for
tunnel spalling and break-out is unlikely. The most likely mecha-
nism is that the tunnel failure is caused by mixed tensile and shear,
with shearing being the dominant mechanism. Higher Kjc will
encourage a greater tensile component in tunnel break-out. But if it
is too high, no tunnel break-out is possible.
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7. Combining FRACOD fracture mechanisms with dissipation
by joint sets (1000 m)

Four models with joint sets were then modelled. The results are
shown in Figs. 12 and 13. These models had the same (intact) rock
mechanics properties as those shown in Fig. 11. Details of the
jointing are listed below:

(1) One joint set with dip angle of 45° and spacing of 2.8 m.

(2) One joint set with dip angle of 45° and spacing of 1.4 m.

(3) Two orthogonal joint sets: dip angle of 45°, spacing of 2.8 m
(Set 1) and 5.6 m (Set 2).

(4) Two orthogonal joint sets: dip angle of 45°, spacing of 1.4 m
(Set 1) and 2.8 m (Set 2).

The mechanical properties of the joints were assumed to be:
friction angle ¢ = 30°; cohesion ¢ = 0; dilation angle ¢q = 2°;
normal stiffness K, = 200 GPa/m; shear stiffness Ks = 20 GPa/m.
The simple linear Mohr-Coulomb failure criterion was used for the
joint behaviour. The small dilation angle reflected the high stress
levels at 1000 m depth.

The predicted fracturing patterns in the tunnel wall for the four
jointed models are shown in Figs. 12 and 13 and the tabulated
comments are given below each model, summarizing the differ-
ences between the models.

In summary, the introduction of joints to the model has led to
less fracturing in the tunnel roof and floor, due presumably to the
stress releasing effect of the jointing. The fracturing pattern is
significantly affected by the joint geometry. The existence of joints
did not change the overall fracturing mechanisms of the tunnel
break-out, i.e. a mixed tensile and shear failure, with shear failure
being the dominating cause. However the extent of the fracturing
through intact rock (the actual need for fracturing) was obviously
much reduced, as shear stresses could be dissipated to some extent
by movement along the joints, which were quite weak. Rougher
joints, with Barton JRC/JCS properties, and with Barton-Bandis
scaling and non-linear effects, would be expected to have subtle
effects, probably in the direction of more extensional and shear
fracturing, as dilation would tend to reduce shearing along the
joints, and reduce the shear stress dissipation.

8. Combining FRACOD fracture mechanisms with dissipation
by joint sets at 2 km depth

Three additional models were run, one without joints and two
with joints. The models have the same geometry as shown in
Figs. 12 and 13, but the rock strength is reduced by 50% and the in-
situ stresses are increased by 100% to simulate a tunnel in medium
strong rock at a depth of 2 km. In very rough terms, we could
suggest that this approximates the very challenging conditions
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Fig. 11. A FRACOD model of a 1 km deep tunnel showing some of the progressive stages of fracturing, first due to the initial extensional-strain induced failure in tension (in red)
despite the compressive stress field, followed by log-spiral style (and connecting) larger-scale shearing (in green).
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One joint set, spacing = 2.8 m

One joint set, spacing = 1.4 m
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High stress concentration in roof and floor
leads to extensive fracturing and break-out
deep into the roof and floor rock. Fracture
initiation is mainly caused by tensile strain,
whereas the fracture propagation is
dominated by shearing. Overall the break-
out is caused by mixed tension and shearing
with  shearing being the dominant
mechanism.

dominant mechanism.

Joints may have reduced the stress
concentration in roof and floor, and hence
the zone with high stress is irregular but
generally smaller. Fracturing pattern is
affected by the joints and the failure depth
into roof, and floor is somehow reduced.
The break-out is caused by mixed tension
and shearing with shearing still being the

Joints  with close spacing have further
redistributed the stress and reduced the stress
concentration in the immediate roof and floor, and
hence the zone with high stress is highly irregular
and smaller. Rock fracturing pattern is bounded
by the joint sets and only limited failure is
predicted in the roof and floor. The break-out is
caused by mixed tension and shearing, and
shearing is still the dominant mechanism.

Fig. 12. FRACOD models of a 1 km deep tunnel. Comparison of fracturing behaviour when intact rock is replaced by one set of inclined joints, with two different spacings (2.8 m and
1.4 m). The development of the redistributed principal stresses is shown with blue contours. Shearing is evident, and hence the much reduced fracturing of intact rock, especially
when the joints are more closely spaced. Note the strong reduction in R¢/a (Refer to Fig. 3).

inevitably experienced at Jinping II Project in China, where four
16.6 km headrace tunnels (plus transport and pilot tunnels) were
driven through mountains giving an exceptional overburden depth
of up to 2.5 km for several kilometres. However the horizontal
stress is exaggerated, deliberately, in order to emphasize possible
effects.

The added challenge, not presented in the Olmos Tunnel under
the Andes (glimpsed in FRACOD models in Fig. 10), was that the
predominantly marble rock-type had ‘medium’ strength (approxi-
mately 80—130 MPa) in comparison to the crystalline diorite (UCS,
. = 200 MPa) simulated in the first set of FRACOD models. Sta-
tistically speaking, when lower rock strength also occurs where
there is higher stress, problems with potential rock bursts would be
more likely.

Model at 2000 m depth. Boundary stresses assumed:
0imax = 100 MPa and g, = 50 MPa. In this case, the strength and
fracture toughness of the rock were: UCS ¢. = 82.5 MPa; cohesion
¢ = 15.5 MPa; internal friction angle ¢ = 49°; tensile strength
ot = 7.4 MPa, mode I fracture toughness Kic = 1.9 MPa m'/?; mode II
fracture toughness Kjc = 2.35 MPa m'/2. Other input parameters
such as the Poisson’s ratio and Young’s modulus are the same as
those in the model of 1000 m depth. Please note that no attempt
has been made to look for relevant Jinping Il rock properties
from the literature. This could be done in the future, combined
with more realistic stress distributions. Note that high horizontal

(tectonic) stress fields as modelled here, are a common feature of
jointed, deep Western Australia mines. The model details are listed
below:

(1) No joints (massive rock).

(2) One joint set with dip angle of 45° and spacing of 2.8 m.

(3) Two orthogonal joint sets, dip angle 45°, spacing 1.4 m (Set 1)
and 2.8 m (Set 2).

The predicted failure patterns for the three models are shown
in Fig. 14. For the model without joints, extensive fracturing
occurred in the surrounding rock in the tunnel roof and floor. The
failure depth showed R¢/a > 1.5 in the roof and floor. Nearly 70% of
the tunnel surface was predicted to have extensive fracturing. The
predicted fracturing was dominated by shearing. Laboratory ex-
periments (e.g. Shen et al. (1995) indicate that shear fracturing in
brittle materials tends to be very rapid and unstable). This is
in contrast to tensile fracturing (e.g. wing cracks) under
compression in which the crack growth is a stable and progressive
process.

The extensive and shear-dominated fracturing in this model
implies that, at the depth of 2 km with high tectonic stress, large
tunnels in medium-strong rock masses are likely to experience
dynamic and massive failure, which could be intense like a massive
rock burst.
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Two joint sets with wide spacing have similar effect on
stress distribution as with one joint set. However, the
fracturing pattern is affected by the second joint set and is
more regular shaped than that with one joint set. The break-
out is caused by mixed tension and shearing with shearing
still being the dominant mechanism.

Two joint sets with close spacing have created high stress
concentration at the joint intersections deep into the roof
and floor. Consequently rock fracturing occurs mainly in
the vicinity of the intersections at a distance from the
tunnel surface. The extent of the fracturing is limited by the
joints. The break-out is caused by mixed tension and
shearing. Localized tension failure exists due to the
influence of the jointing.

Fig. 13. FRACOD models of a 1 k m deep tunnel. Comparison of fracturing behaviour when intact rock is replaced by two sets of inclined joints, with two different spacings. The
development of the redistributed principal stresses is shown with blue contours. Red contours indicate low compressive principal stress which occurs near the intersection of the
joints due to stress redistribution. Shearing is evident, and hence the much reduced fracturing of intact rock, especially when the joints are more closely spaced. Note the strong

reduction in R/a (Refer to Fig. 3).

The model with one joint set showed fracturing in the tunnel
roof and floor extending more than 2 m into the rock. However, the
depth of break-out (where intensive fracturing leads to near com-
plete rock mass failure) was limited to about R¢/a of 1.25—1.38. The
zone of fracturing at the tunnel wall was still fairly wide and covered
more than 70% of the tunnel surface. Overall, compared to the model
without joints, the predicted fracturing in the surrounding rock was
somewhat reduced. Again this shows that the existence of joints has
dissipated the shear stress concentration near the tunnel surface
and hence reduced the (need for) rock fracturing.

In the case of the model with two joint sets at closer spacing,
fracturing in the tunnel roof and floor was rather limited.

Several new fractures occurred in the rock blocks in the roof and
floor, but their propagation was terminated when meeting the
existing joints. No clear wedge-shaped break-out was predicted
from the limited rock fracturing. Numerous short fractures
caused by fracture initiation appear in a wide range of the roof
and floor, but these short fractures are not predicted to propa-
gate to form rock failure. These fractures could be considered as
a limited damage (rather than failure) in the intact rock. This
model further demonstrates the effect of joints on tunnel break-
out. Joints are playing a positive role in reducing the stress
concentration and hence reducing the fracturing in the sur-
rounding rock.
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No jointing

One joint set, spacing = 2.8 m

Two joint sets, spacing = 1.4 m and 2.8 m
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High stress concentration in roof and floor
leads to wide-spread fracturing and break-out
deep into the roof and floor rock. Fracture
initiation is mainly caused by tensile strain,
whereas  the fracture propagation is
dominated by shearing. Overall the break-out
is caused by mixed tension and shearing with
shearing being the dominant mechanism.

Joints may have

mechanism.

reduced the stress
concentration in roof and floor, and hence the
zone with high stress is irregular but generally
shallower. Fracturing pattern is affected by the
joints and the failure depth into roof and floor is
somehow reduced although the width of failure
is similar to the case without joints. The break-
out is caused by mixed tension and shearing

with shearing still being the

Two joint sets with close spacing have
created high stress concentration at the joint
intersections deep into the roof and floor in a
smaller region. Consequently rock fracturing
occurs mainly in the vicinity of the joint
intersections, at a distance from the tunnel
surface. The extent of the fracturing is limited
by the joints. Fracture initiation occurs in a
wider region but did not lead to fracture
propagation and major failure. The break-out
is caused by mixed tension and shearing.

dominant

Fig. 14. FRACOD models of a 2 km deep tunnel. A comparison of fracturing behaviour when intact rock is replaced by one set, and then by two sets of inclined joints, with two
different spacings (2.8 m and 1.4 m). The development of the redistributed principal stresses is shown with blue contours. Shearing is evident, and hence the much reduced

fracturing of intact rock, especially when the joints are more closely spaced.

9. Discussion

Brittle failure of rocks is clearly dominated by explicit frac-
turing when the stresses are high enough, and when the rock is
massive enough with sparse or very widely spaced jointing. This is
different from the ductile failure that occurs when material
yielding is more dominant. Rock mass failure criteria (such as the
Mohr-Coulomb and Hoek-Brown criteria) based on the assump-
tion of a continuum rock mass, may sometimes be adequate in
predicting the zone of failure in the form of rock yielding, but are
obviously at a disadvantage for describing explicit rock fracturing
processes. Many recent studies (e.g. Hoek and Martin, 2014;
Perras and Diederichs, 2016) continue to be carried out by
modifying the continuum-based criteria, in order to better model
brittle failure (such as tunnel spalling or break-out) with contin-
uum modelling. Measures such as cohesion loss and friction
mobilization have been used to produce results similar to obser-
vation. A nice example was shown in Fig. 6. This is one way (may
be a complicated and inefficient way) of considering the failure
initiation and propagation.

A rather different approach to failure initiation and propagation
understanding is used in this paper. The fracture initiation and
propagation during brittle failure are considered explicitly. A frac-
ture mechanics-based numerical code developed by Shen et al.
(2013), namely FRACOD, has been used as the tool for this inves-
tigation. Our FRACOD-based approach is rather different because of
the actual modelling of fracture initiation and propagation, rather
than the use of theoretical constitutive models and continuum
modelling. Importantly, FRACOD also considers shear (mode II)
fracture propagation which most traditional fracture mechanics
approaches neglect.

The key advantage of the explicit fracturing approach is that it
directly predicts the fracture initiation and the subsequent propa-
gation under different stress conditions. We do not need to assume
the failure mechanism (tensile or shear) or vary rock strength
parameters during failure (such as strain-hardening or strain-
softening). Rather, the formation of new fractures and their elon-
gation (or propagation) will change the overall rock mass strength
and other properties in the most realistic way, which is fully
captured in the FRACOD approach.
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As to the mechanism of tunnel failure, Hoek & Martin (2014)
indicated that shallow spalls are generally associated with pure ten-
sile failure whereas deeper spalls are somewhat more complicated in
that shear failure probably becomes involved as the notch tip moves
away from the excavation boundary. They also acknowledged that
numerical analyses of this failure process have proved to be extremely
challenging and it has to be said that much work remains to be done
before the complex interaction of tensile and shear processes associ-
ated with deep spall notches can be predicted with any degree of
confidence.

Our observation and modelling results indicate that pure tensile
spalling is unlikely regardless of whether it is shallow spalling or
deep spalling. Shear fracturing always plays a critical role in the
failure process. It may be true that shallow spalling involves more
tensile (or extensional-strain) fracturing than shear fracturing, but
for deep spalling it is evident that shear fracturing is the dominant
mechanism. It is possible that extensional-strain tensile fracturing
cannot occur at great depth ahead of a tunnel. In this case log-
spiral-type shearing may dominate to a greater extent. With the
traditional continuum modelling approach, it is correctly stated by
Hoek and Martin (2014) that it is an extremely challenging task to
model the brittle spalling numerically. However, the explicit frac-
turing approach has been demonstrated to offer a new and prom-
ising way to study the tunnel spalling mechanisms at depth.

10. Conclusions

(1) Excavations in brittle rock, when at sufficient depth and in the
absence of significant jointing, will tend to develop
extensional-strain tensile fracturing close to the excavation,
followed by coalescence and propagation of fracturing. The
latter is dominated by shearing. The deeper the excavation is,
the more dominant will be shearing, which is an unstable,
dynamic, and possible rock bursting associated process. Both
processes become limited when one or more joint sets are
present, due to shear-stress dissipation on the joints, as
opposed to the need for more stress-dissipating fracturing of
intact rock, in order to gain equilibrium. So lack of jointing is a
source of risk in deep hard-rock tunnels, whereas the pres-
ence of jointing can be a source of risk in shallow tunnels.

(2) The commonly occurring fracture-initiation stress/strength
ratio of 0.4 (40.1) representing the ratio of maximum
tangential stress (estimated from linear elasticity: 301—03)
and the uniaxial compression strength of the rock (o or
UCS), was noted in deep road tunnels in Norway, and marks
the point when SRF accelerates in the Q-system, thereby
providing more robust, risk-reducing tunnel or cavern sup-
port. Independently, fracture initiation and depth of failure
have been related to increasing ratios of gmax/oc in earlier
case records from deep mining and from later Canadian URL
break-out studies.

(3) The stress/strength ratio of 0.4 marking (extensional-strain-
based) tensile fracture initiation, due to Poisson’s ratio
causing ‘perpendicular’ extensional tensile-fracturing, also
marks the start of acoustic emission, both in the laboratory
and in-situ. It turns out that the ratio 0.4, or close to this
number, is a logical result of arithmetic. The arithmetic in-
volves typical ratios of ¢./o¢ (often about 10) and Poisson’s
ratio for (initially) intact rock (often about 0.25). The
‘simplicity’ behind the mysterious ‘0.4’ was discovered by the
second author when adding a new sub-routing to FRACOD.
Stress/strength ratios beyond 0.4 represent a risk of
extensional-strain-induced fracturing combined with the
more hazardous shear fracturing, which may be associated
with the risk of rock bursts.
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