Review: Geotechnical Design in Highly Stressed Brittle Rock
by Erik Eberhardt, Mar. 2016

Brittle failure, both in the form of major spalling and potentially strain bursting, can be expected where
massive to blocky rock mass conditions (Fig. 1, Cai et al. 2004) coincide with exceptionally high in-situ
stresses. (Note that vertical in-situ stresses are generally projected from tunnel overburdens, but the
potential exists for horizontal in-situ stresses to be even higher due to locked-in tectonic stresses.)

Joint or Block Wall Condition
]
g 28| 8
g £5 | &
3 2 | 3s g
B 88
GSI 2l s | 2|23 28
g E g
e B, ® H :s
= 2| @ £5x £3
g 53 sg| 2| B
AR RHELIR
AR R HE
Block Size S 1382, 88,2 g (258
FtEHEHEHEL
Massive - very well interlocked — — =1 10E+6
undisturbed rock mass blocks formed ; AN P ey
by three or less discontinuity Sets  4g9 / I N ,’
with very wide joint spacing 'a‘, ‘:’ Y ) ,"
K ‘J ’ ]

Joint spacing > 100 cm 100

/’ 1E+6
Blocky - very well interlocked / (1m’)
undisturbed rock mass consisting

of cubical blocks formed by three
orthogonal discontinuity sets

Joint spacing 30 - 100 cm

-
LXK
il i ; ¥,
Very Blocky.: interlocked, partially / / / N
disturbed rock mass with multifacetec?® — 5 10E+3
angular blocks formed by four or more
discoutinuity sets 50 s / /

100E+3

Joint spacing 10 - 30 cm

/ / / (1 dn?)
Blockyl/disturbed - folded and/or 25

faulted with angular blocks formed by
many intersecting discontinuity sets g _

Block Volume Vb (cm®)

Joint spacing 3 - 10 cm

S
8
N~
oo
8

3

Disintegrated - poorly interlocked,

heavily broken rock mass with a 2

mixture or angular and rounded

rock pieces

Joint spacing < 3 cm / 0
1 .

Foliated/laminated/sheared - thinly i ’ 1 ’t I

laminated or foliated, tectonically sheared

weak rock; closely spaced schistosity N/A NA |y e |

prevails over any other discontinuity set, ' t W £ W o

resulting in complete lack of blockiness 0.1

Joint spacing < 1 cm 12 45 1.7 0.67 025 01

Joint Condition Factor Jc

™

—
[ =]
2

—

Figure 1. Geological Strength Index (GSI) lookup chart after Marinos & Hoek 2000 with suggested ranges
for potential brittle failure (hatched areas) specified by Cai et al. (2004) and Diederichs (2007).



Tunnelling in brittle rock under high in-situ stress conditions poses a number of unique challenges.
The rock becomes less forgiving than that encountered under lower stresses, and the application of
conventional design principles (e.g. stand-up time) and constitutive laws (e.g. Mohr-Coulomb elasto-
plastic) can seriously mislead designers. Stress-induced fractures that develop subsequent to tunnel
excavation have in the past been misinterpreted as natural joints, resulting in difficulties in developing
effective ground support strategies.

Recent experiences, however, in linking practices in deep mining with high overburden tunnels (e.g.
Gotthard Base Tunnel in Switzerland) have led to the development of a framework for designing deep
tunnels in brittle rock (e.g. Martin et al. 1999, Kaiser 2006, Diederichs 2007). Underpinning this
framework is the understanding that stress driven failure involves a tensile fracturing process in which
the fractures form parallel to the excavation boundary (i.e. major principal stress c1). Summarizing
Kaiser (2006), when omax/cq > 0.8 intact rock fracturing starts to overlap structurally-controlled failure
processes, where omax is the maximum tangential stress at the boundary of a circular opening in elastic
ground (omax = 301-03), and o is the laboratory uniaxial compressive strength of the intact rock. From a
constructability perspective, while stress-driven fracturing may not add much load to the support
system, it may increase overbreak. In addition, strain-bursting potential in massive to blocky rock may
lead to elevated risk levels (worker safety concerns). At high stresses, typically omax/cc > 1.15, in strong
hard rock, deep-seated stress-driven failure dominates. The rock mass surrounding the tunnel becomes
heavily fractured, tends to increase in volume (due to dilation), and deformation control measures are
required to contend with rock mass bulking.

Understanding that brittle failure involves a tensile fracturing process, Diederichs (2007) proposed
a criterion for susceptibility to brittle spalling (as opposed to plastic shear) based on the Hoek-Brown
parameter m;. Strain burst potential is dictated by o. as stronger rocks allow for a larger build-up of
strain energy (Fig. 2). It should be emphasized that this criterion does not assess or predict whether
spalling or strain bursting will occur, as the stress conditions to be encountered aren't accounted for. It
simply relates the rheology of the rock based on its m; value to the potential for brittle behaviour versus
a more ductile shear behaviour.

Stress-induced spalling can lead to insufficient stand-up time, excessive overbreak, loosening of the
rock, difficult rock containment issues and requirement for additional grouting behind the tunnel lining.
To estimate the depth of brittle failure around tunnels in high stress environments, Martin et al. (1999)
proposed an empirical criterion, where:

1) The initiation of stress-induced failure occurs when the ratio of the maximum tangential boundary
stress (omax) to the laboratory uniaxial compressive strength (c.) exceeds 0.4 (see Fig. 3). In other
words, the stress-induced failure process begins at stress levels well below the rock’s unconfined
compressive strength.

2) When this condition occurs, the depth of stress-induced brittle failure around a tunnel in massive
to moderately fractured rock can be estimated by using an elastic stress analysis and a Hoek-
Brown failure criterion with the associated parameters m=0 and s=0.11 (Fig. 3). The fundamental
assumption here is that the stress-controlled failure process around the tunnel is dominated by
cohesion loss. Hence the m, parameter, which can be equated to frictional strength, is set to zero.
It should be emphasized that this treatment (i.e. m=0) differs from that which would be used for
an elasto-plastic yielding failure mechanism where the frictional strength component mobilizes
and dominates the behaviour of the rock mass, requiring the m value to be set to a typical value
for the rock type in question.
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Figure 2. Potential for spalling and strain bursting after Diederichs (2007).
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Figure 3. Empirical prediction of depth of stress-induced failure using the Hoek—Brown brittle
parameters m,=0 and s=0.11 (after Martin et al. 1999).



These findings and the empirical relationship suggested by Martin et al. (1999) have since been
repeated and confirmed in other studies on tunnel stability in highly stressed ground (e.g. Kaiser et al.
2000, Diederichs et al. 2004, etc.). The data suggests a linear relationship for the depth of failure, given
as:
= 049(£0.1) + 1.252me (1)

clL

where Ry is the depth of failure, a is the tunnel radius, omax is the maximum tangential boundary stress,
which can be approximated as omsx = 361-03, and dy; is the laboratory uniaxial compressive strength of
the intact rock.

A second, and perhaps more rigorous, methodology for predicting depth of spalling overbreak for
deep tunnels in blocky to massive rock (GSI > 65) is provided by Diederichs (2007). The procedure
introduces a bi-linear failure criterion that accounts for the different stress thresholds under which
brittle fractures initiate and propagate during spalling (Fig. 4). The criterion captures the dependence of
fracture propagation on confinement for materials that are prone to spalling, and can be incorporated
into a non-elastic numerical model using modified Hoek-Brown parameters. The inclusion of the role the
confining stress plays is an important consideration as the spalling process will self-stabilize at some
distance into the rock mass due to confinement. This is not fully accounted for in the empirical
relationship by Martin et al. (1999).
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Figure 4. Composite failure envelope for modelling damage initiation and spalling limit (after Diederichs
2007).



The general methodology suggested by Diederichs (2007) involves:

1)

2)

3)

4)
5)

For the lower bound threshold for spalling initiation, determine a damage initiation threshold oy;.
Although this value is best established using acoustic emission data from laboratory testing
(Eberhardt et al. 1998), a value of 0.40; is generally suitable for crystalline rock and coincides with
the ratio for spalling initiation on the tunnel boundary provided by Eqn. (1), i.e. where R¢/a = 1.

For systematic damage, determine oss. Again, in the absence of acoustic emission and laboratory
test data, previous experience with crystalline rock suggests a value of 0.6, (Diederichs et al.
2004) should be suitable for scoping calculations.

Set the Hoek-Brown exponent to a4 = 0.2 to determine the maximum depth of damage (worst
possible case), and asq = 0.25 to provide a more realistic prediction of actual visible spalling (worst
probable case).

Obtain a reliable measurement (or estimate) of tensile strength.

For damage initiation and systematic damage, calculate the modified s and m; values from:

sy = (Z_(Z)l/adi and sy = (%j)l/asd 2)
Mg; = Sqi (%) and Mgy = Sy (%) (3)

These values can then applied within an elasto-plastic finite element program (e.g. Phase2 by
Rocscience 2009) using a modified Hoek-Brown constitutive model where the damage initiation values
are used for peak strength and the systematic damage values are used for the residual strength.

Other key points of consideration with brittle rock failure during tunnelling include:

By observing the failure processes, it is possible to make predictions regarding the ground
response to tunnelling and to anticipate situations that may lead to construction difficulties.
Recognize the actual conditions early and utilize these throughout the project execution. Respect
the unexpected by ensuring sufficient flexibility in design and construction techniques. As
emphasized by Kaiser (2006), the behaviour of highly stressed, brittle failing rock is often not fully
anticipated and/or integrated into tunnel designs, leading to costly mistakes.

Construction difficulties resulting from stress-induced fracturing and spalling of the rock include
drilling and grouting bolts in fractured rock, setting ribs on irregular surfaces due to overbreak,
floor heave due to bulking, and slowing the construction progress. The level of construction
difficulty increases rapidly, in a non-linear manner with height of overburden, and rock support
systems that can effectively control the related unravelling process must be adopted.

The role of rock support for stress-driven failure problems is not to prevent it but to control it,
with different support elements (bolts, mesh, shotcrete, etc.) each fulfilling a different function.
These functions are to retain broken rock near the excavation, and to control the bulking process
related to stress-induced fracturing, fragmentation and dilation.

While the depth of spalling is essentially independent of the support pressure, dilation of the
broken rock is very sensitive to confinement. Anticipated bulking is best managed with a tight
retaining system (e.g. early shotcrete).

The required bolt length is equal to the maximum depth of failure (Dr above) plus a safe anchor
length. For split set bolts, the pick-up length (Ds) must be deducted from the bolt length to assess



the holding capacity of the remaining anchor length. Other failure modes such as structurally
controlled failures where overburdens and in-situ stresses are lower must be assessed separately.

e Salamon (1984) shows that the sudden release of energy in the form of strain bursting is largest
when rock is excavated in a single stage but reduced when excavated in smaller sequenced steps.
Although burst-resistant support systems help to mitigate the hazard, constructive means should
be used to induce incremental spalling through sequential excavation and/or destress blasting
techniques when strain bursting is anticipated or encountered.

e Similar to that observed around the tunnel boundary, stress-induced fracturing and spalling also
occurs at the tunnel face resulting in an effective strength decrease and unstable tunnel face.
These processes can be exacerbated by significant stress rotations as the tunnel face is advanced
(Eberhardt 2001). Kaiser (2006) recommends that highly stressed tunnel faces should be shaped
in a convex shape to remove potentially unstable rock that poses a safety hazard to workers near
the tunnel face.
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