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Abstract

Evaluation of the economic viability of mining projects may depend partially on the ability to reasonably
predict the ground support required to maintain stable and serviceable openings. As mine tunnels are
excavated at greater depths, and mining activity results in significant stresses around these tunnels,
openings that may have performed adequately under lesser stresses can become challenging to support.
Given the range of tunnelling conditions encountered in mines, it is not surprising that mine tunnel design
procedures have heavily relied on experience and empirical rules. By definition, empirical procedures are
unreliable when applied to situations beyond those on which these procedures are based. Major and
continuing advances in the power of computers make it possible to develop more rational methods for
representing and investigating the mechanical behaviour, including disaggregation of rock around the
tunnel boundary.

The paper initially reviews important differences between civil and mining applications. It describes the
challenges in developing a rational method of tunnel support design and provides guidelines for numerical
modelling as part of the decision-making process with respect to mine economics. It is hoped that these
guidelines acquaint the reader with the best available procedures for tunnel design today, and are a basis
for which to use improved methods based on numerical modelling as they become available.

1 Introduction

The issue of ground support design for mining tunnels has been a challenge to engineers for many years.
Design of mine tunnel support must take into account numerous variables. Typical factors include the
following:

e Safety and overall cost effectiveness.

e Tunnel purpose and lifetime, e.g. ventilation for air supply and heat removal; need for smooth
lining, size, shape and acceptable deformation.

e Rock types and variability of formations encountered.

e Insitu stresses and variability; stress changes imposed by mining during the life of tunnel,
including the possibility of seismic loading.

e Groundwater and associated potential hazards.
e Susceptibility to environmental change, e.g. humidity; corrosive fluids; water pressure.
e Vulnerability and adaptability of support to unexpected conditions.

Given the range of tunnelling conditions encountered in mines, it is not surprising that mine tunnel design
procedures have heavily relied on experience and empirical rules. By definition, empirical procedures are
unreliable when applied to situations beyond those on which these procedures are based. Major and
continuing advances in the power of computers make it possible to develop more rational methods for
representing and investigating the full range of rock behaviour, including disaggregation of rock around the
tunnel boundary. Tunnel instability occurs as a result of one or more mechanisms or instability modes.
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Understanding the instability mode is critical to selecting the appropriate analysis tools and achieving
support system optimisation. The three main instability modes are described below.

e Weak-rock shear failure occurs in a heavily jointed, weak rock mass (Geological Strength Index
(GSI) < 30) or weak intact rock dominated by stress-driven shear yielding behaviour. Continuum-
based plasticity models are well suited to this instability mode.

e Structurally controlled failure is dominated by geological structures such as gravity-controlled
wedge instability. The limit equilibrium method and the distinct element method are well suited
to this instability mode.

e Brittle-rock failure involves two possible behaviour modes depending on the jointing density.
Massive-brittle behaviour is evident in massive rock (GSI > 75) and is probably the most
challenging behaviour to simulate with existing numerical methods. Jointed brittle behaviour
(30 < GSI < 75) involves sliding, rotation and crushing of rock blocks. This behaviour mode is
typical of blocky rock and is common in many mining environments.

Currently, no general methodology for tunnel stability analysis exists that accounts for all potential modes
of failure. However, for each given mode of failure, there are methods of analysis that are potentially
applicable. The methodology for support design provided in this paper is based on first determining the
dominant mode of tunnel instability, and then using an understanding of the instability mode to select
suitable design methods and tools.

Much support design work has been done within the civil engineering industry. For civil tunnels, support
typically consists of installing initial support, e.g. shotcrete and rockbolts, followed by a final liner, e.g.
cast-in—place concrete. Initial support typically is designed for the construction period and must provide a
safe working environment and support excavation-induced loading over a relatively short time period. The
final liner typically is designed with a suitably conservative factor of safety (FoS) and is required to maintain
long-term stability. In contrast, mining tunnels often are constructed with a single support system installed
during excavation that must maintain stability for the short- and (sometimes) long-term loading conditions.
Geometrically, compared to civil tunnels, mining tunnels are often small and in close proximity to other
excavations such as extraction-level drifts in cave mines. Mine tunnels typically are excavated by
drill-and-blast methods with infrequent mechanical mining, e.g. tunnel boring machine or roadheader.
Mining typically occurs at greater depth than civil tunnels. Moreover, complex and sometimes extreme,
mining-induced stresses must be accommodated by the tunnel and its support system, as illustrated by the
longitudinal displacement profile in Figure 1.

In order to analyse ground support performance, a methodology that provides an adequate representation
of the rock mass (extent of failure and displacements), the support components (rockbolts and shotcrete)
and their interaction is needed. In a mining environment, tunnels may undergo large displacement, and
some perceived distress of the support system is acceptable. Therefore, analysis techniques must be able
to determine if the support components are able to stabilise the excavation even after damage to the rock
mass surrounding the tunnel and the support system has occurred.
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Figure 1 Support for civil tunnels typically is designed for excavation-induced stresses that
reach a maximum at a distance approximately three tunnel diameters behind the
tunnel face (X/D > 3). Mining tunnels often can experience significantly greater mining-
induced stresses (and displacements)

2 Rock mass properties for use in design

Rock mass properties relevant to continuum modelling typically are derived from the GSI classification
system and the Hoek—Brown strength criterion. The method involves first assessing the intact laboratory
properties, e.g. strength, stiffness, and the rock mass characteristics, e.g. joint frequency, joint condition,
and then using published relations and guidelines to provide representative rock mass properties. The
limitations of this method are acknowledged, and at this point the approach may be as much art as science.
As a result, it is advisable to carry out sensitivity analyses to determine (1) the parameters to which the
problem is most sensitive; and (2) the likely range of predicted excavation response.

Currently, a methodology is under development to create a method for determining rock mass properties
using a synthetic rock mass (SRM) approach (Pierce et al., 2007). This approach makes use of Particle Flow
Code (PFC) numerical modelling that takes into account intact rock strength and the actual discontinuity
characteristics through a discrete fracture network (DFN), in a statistical sense, to determine the rock mass
behaviour. The SRM approach has been compared to an empirical approach based on rock mass
classification, and the results were very satisfactory (Pierce et al., 2007) as illustrated in Figure 2. This
methodology can be used first to account for anisotropic behaviour, scale effects, etc., and then to
incorporate this behaviour into continuum models. At some point, this state-of-the-art methodology may
become practical for direct use in tunnel-scale problems. For now, however, the GSI approach is the current
state of practice.
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Figure 2 Rock mass strength estimates using SRM (above) and Laubscher and Jakubec (2001)
empirical approaches (below)

2.1 Peak-strength rock mass parameters

A moderately jointed rock mass (30 < GSI < 75) with three or more joint sets considered to behave as an
isotropic material can be represented by the Hoek—Brown criterion (Equation (1)) for rock mass behaviour.

cl

a
O3
O-1=O-3+O-ci mb —+S
(1)
Where o is the uniaxial compressive strength of the intact rock and the dimensionless parameters
03/0¢, mp and s are used to modify the contribution of to the rock mass strength, depending on the

confining stress (os/o.), the degree of block interlocking (ms) and the condition of the inter-block
surfaces(s). For the in situ rock mass, estimates of the disturbance factor (D) and GSI are used to estimate
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Hoek—-Brown parameter s, as shown in Equation (2). This parameter is analogous to the cohesive
component of the Hoek-Brown criterion.
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The relations used to estimate m, (similar to friction angle) and a are given as:
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Based on the Hoek—Brown envelope defined by these parameters, the unconfined compressive strength
and tensile strengths of the rock mass can be determined as:

JC :Gcisa (5)
SO-CI
R
Mo (6)

For intact rock, or unjointed rock masses, some practitioners suggest that the Hoek—Brown envelope over
predicts the tensile strength. A more accurate assessment of the tensile strength can be determined by
finding the intersection of a line passing through the origin with a -3:1 slope and the Hoek—Brown
envelope. The value of o, at this point is a good estimate of tensile strength for intact rock (Hoek, 1965).

The global rock mass strength, ocm, can be estimated based on the laboratory unconfined compressive
strength, ocm, and other Hoek—Brown parameters using the following equation (Hoek et al., 2002):

(m, +4s—a(m, —8s))(m, /4+s)""
O-cm = O-ci
2(1+a)(2+a)
(7)
For the Mohr-Coulomb-based failure criterion, which is used for some analysis methods, the Hoek—Brown
envelope can be linearised over an appropriate stress range for the anticipated tunnel in situ stress
conditions as described by Hoek et al. (2002). For improved accuracy over a wider stress range, a bilinear
Mohr-Coulomb based model can be obtained using curve-fitting techniques to determine linearised
properties below the confining stress corresponding to the elastic—plastic transition, i.e. plastic zone.

2.2 Disturbance factor

Hoek et al. (2002) proposed the factor D as a means to account for blast damage and stress relaxation
around excavations. It varies from 0 for undisturbed rock masses to 1 for very disturbed rock masses. For
tunnels, properties adjusted for the damage factor should be limited to a disturbed region around the
tunnel boundary, e.g. 0.5 to 2 m, and should not be applied to the entire rock mass. A detailed investigation
into blast-induced damage around tunnels is described by Saiang (2008).

2.3 Elastic rock mass parameters

Hoek and Diederichs (2006) derived two approaches for estimating the Young’s modulus of a rock mass.
One is a simplified approach:

Erm(MPa):leS( 1-Dj2 j

1+e((75+25D-Gsl)/11)
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When more detailed information is available, such as the intact Young’s modulus (Ei) or a reasonable
estimate of the ratio of o.i: E;, referred to as the modulus ratio (MR), the following equation can be used:

1-D/2
E.,(MPa)=E;| 0.02+ /
1+ e((60+15D-Gs!)/11) (9)
The simplified method is particularly useful for very poor rock masses, in which the modulus ratio can vary
widely and the joint characteristics tend to dominate rock mass stiffness.

The Poisson’s ratio can be estimated from the following relation, derived from a best-fit regression of
suggested values from the GSI classification system (Hoek et al., 1995):

v, =0.32-0.0015xGSI (10)

2.4 Post peak strength rock mass parameters

In addition to peak strength and stiffness properties, the post-peak parameters describing the behaviour of
yielded/failed rock masses are often important input parameters for highly stressed rock masses around
tunnels. In particular, it is necessary to consider the post-failure characteristics for the rock mass
surrounding the excavation when GSI > 40 and the ratio of major principal stress to unconfined
compressive strength (o) is more than about 15%. A very simplified picture of post-failure behaviour and
its influence on tunnel behaviour is given in Figure 3.

The predominant post-failure behaviour in most mining environments is the jointed brittle type illustrated
in the middle sketch in Figure 3. The sliding, rotation and failure of joints and blocks gives rise to a
significant strength drop or strain softening as shown. Estimating the slope of the strain softening portion
of the curve and the residual strength achieved is a difficult problem, and to a very large extent, the
definition tends to rely on the experience and the judgement of the modeller. The strain softening material
is defined by the Hoek-Brown failure criterion in which my, s and a linearly change from peak to residual
values as a function of plastic shear-strain. Unfortunately, little is known about the critical plastic shear
strain required to reach residual strength, particularly on a rock mass scale. The critical plastic shear strain
defines the brittleness of the rock mass failure, and may be related to the GSI of the material.

Some generalisations may be made regarding these effects. For example, a higher quality rock mass (higher
GSI) with greater solid rock volume participating in the failure process often will act in a more brittle
fashion, thus having a lower critical strain value. Conversely, a lower quality rock mass (lower GSI) with
higher fracture frequency often will act in a more ductile fashion, thus having a larger value of the critical
strain.
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Figure 3 Simplified post-failure characteristics and tunnel behaviour

An estimate of the relation between the critical strain and GSI was determined by a back-analysis of rock
mass failure in caves and other openings as a part of the International Caving Study (Brown, 2003). The

estimate provides a starting point for describing the critical plastic shear strain to be used:
critical strain = (12.5-0.125 x GSl) / (100) (112)

However, if localisation (i.e. shear bands) is evident in the model, then the critical strain needs to be scaled

to zone size as follows:
critical strain = (12.5-0.125 x GSl) / (100 x d) (12)
Where:

d = zone size (cube root of zone volume).
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The presence of zone size within this relation recognises that the critical strain parameter is zone-size
dependent in continuum models where shearing tends to be resolved in a band approximately one zone
thick. Work is underway to determine the full stress-strain response of a jointed rock mass more rigorously
(and thus, the critical strain) by using the SRM approach.

Under high stress, predicted tunnel displacements using continuum methods also are affected by the
dilation of the yielded rock mass that occurs during plastic flow. The dilation angle (y) is the input value
that controls this behaviour. The role of dilation, y in plastic volumetric behaviour is illustrated in Figure 4.
Rock masses typically undergo greater dilation under low confining stress, which decreases with increased
confinement. Moreover, more competent rock masses are known to exhibit larger dilation than highly
fractured/weak rock masses.

Numerous researchers have reported that the onset of dilation in uniaxial tests initiates at about 1/4 to 1/2
of the peak strength. In most cases, the dilation is associated with the initiation of axially aligned
microcracks. Cho et al. (2004) report that the onset of dilation in laboratory samples could be
approximated by:

0,=040,+ 15102 o, (13)
Currently, apart from back-analysis, there is no practical direct method of estimating rock mass dilation.
However, from experience and input from practitioners, the chart shown in Figure 5 has been developed to
provide a starting point for determining a value of y relative to the rock mass friction angle (¢) for tunnel
analysis. Again, this is only a starting point; other factors, such as confining stress levels, material
composition, tunnel support, etc. can have a significant effect on dilational behaviour. For example, an
unjointed weak rock under moderate confinement may have low dilative characteristics.

For very weak rock masses, v = 0 is usually appropriate. However, it has been observed that using =0 in
continuum models can encourage artificial grid-dependent vyielding, resulting in excessive displacements
and extent of yielding. A value of w = 1 or 2° can inhibit this artificial affect and provide a more reasonable
overall solution.
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Figure 5 Estimated range of dilation as a function of GSI

In soil mechanics, where the linear Mohr-Coulomb envelope adequately describes the strength, the
post-peak (residual) properties often consist of zero cohesion and tension, and a reduced friction angle as a
result of changes in the soil micro-structure orientation. In a jointed rock mass, the post-peak properties
can result from shear behaviour along the joints in combination with some intact rock block failure. For
relatively intact rock in which shear behaviour dominates, the formation of fractures can result in the
evolution of a blocky rock mass around the tunnel. With very large displacements around a tunnel, the
behaviour can degrade until loosening and gravity loading begins to dominate displacements. For a tunnel
in which displacements are controlled adequately by the excavation sequence and support system, the
yielded rock mass should maintain significant integrity beyond peak strength (a fundamental objective of
support design).

The disturbance factor, D, has been used to provide a rationale for quantifying post-peak strength
properties. By setting D to an appropriate value and using s =0.0001, a reasonable Hoek—Brown based
post-peak strength envelope can be obtained. An example of envelopes for D =0.5 and 1, using s = 0.0001,
are shown in Figure 6 along with the peak strength envelope. It can be seen that these envelopes
correspond to an average post-peak strength drop of approximately 75 and 50%, respectively.
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Figure 6 Relation between peak (6 = 100 MPa, GSI = 50, m; = 15) and post-peak properties
derived based on Hoek’s disturbance factor, D

Weak and heavily jointed rock masses tend to behave in a perfectly plastic manner, while sparsely jointed
rock masses tend to be brittle. Therefore, a loose relation between GSI and the value of D used to
determine post-peak strength parameters is suggested as shown in Figure 7. This plot indicates more or
less perfectly plastic behaviour below about GSI = 30. A residual tensile strength of zero, or some very low
non-zero value for improved numerical stability, is probably appropriate for most conditions. Again, this is
provided merely as a starting point; factors such as stress range and rock type should be given
consideration.
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Figure 7 Preliminary guide to determine post-peak strength parameters based on Hoek’s
disturbance factor D (with s = 0.0001) as a function of GSI

Alternatively, the idea of strain softening friction-hardening rock mass behaviour would result in post-peak
properties similar to broken rock, e.g. ¢=0, ¢=45. This post-peak envelope can allow for collapse
behaviour to occur in a continuum model while reasonably limiting the propagation of yielding away from
the tunnel boundary.

3 Preliminary ground/tunnel behaviour assessment

The importance of identifying the dominant mode of failure around tunnels has been recognised by many
engineers as key to support design. Defining quantifiable criteria that can be used to distinguish between
the different modes of failure is a challenge; however, there are several classification schemes that can be
used to help with this task. Even where a clear distinction is defined, the challenge of how to analyse
transitional behaviour between different modes of instability remains. Based on current analysis
techniques, identification of the instability mode is an important first step in the path to a rational support
design approach.

Martin et al. (2003) proposed a ‘decision tree’ to aid in identifying the dominant mode of failure (Figure 8).
Weak rock masses were defined as having GSI < 30, while potentially brittle hard rocks were defined as
having GSI> 40. Within each class, rock mass failure versus gravity-induced block movement was
differentiated by strength, i.e. the stress ratio. This decision tree generally is applicable to jointed rock
masses, although there are conditions where this approach does not strictly apply, such as horizontally
bedded rock masses or unjointed, very weak rocks. The recommended methods of analysis for each mode
of tunnel instability are listed in Table 1.
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Figure 8 Instability mode based on rock quality (GSI), intact rock strength and stress level
(Martin et al., 2003)

Table1z Recommended analysis methods for each mode of tunnel instability

Instability Mode

Analysis Weak Rock Structurally
Approach Shear Failure Controlled Instability Brittle Rock Failure
Empirical Hoek squeezing chart (Hoek Martin’s empirical d¢
and Marinos, 2000), Chern (Martin et al., 1999)
(Kaiser et al., 2000)
Analytical Plasticity based closed-form Limit equilibrium Elastic Closed form solutions for
solutions (Duncan-Fama, (Hudson and Harrison, stress (Kirsch, 1898)
1993; Carranza-Torres and  2000) (e.g. UNWEDGE)  with constant deviatoric criterion
Fairhurst, 1999) (Martin et al., 1999)
Numerical Two- and three-dimensional Two- and Two- and three-dimensional
Modelling continuum methods three-dimensional continuum methods and
discontinuum discontinuum methods
methods
4 Simulation of tunnel advance in two dimensions

An important consideration in performing tunnel analysis is determining the correct amount of tunnel
closure that occurs prior to installation of ground support. In order to simulate the excavation and ground
support sequence correctly, a methodology has been developed to account for three-dimensional tunnel
advance using two-dimensional numerical models or closed-form solutions. The technique involves
generating two curves: one that relates internal support pressure (p;) to tunnel displacement, known as the
ground response curve (GRC); and a second that relates tunnel displacement to distance from the
excavation face, known as a longitudinal tunnel-displacement profile (LDP). Using both of these curves, a
relation between distance from the face and p; is obtained that can be used to simulate the
three—-dimensional effects of tunnel advance using two-dimensional analysis methods. This approach can
be seen conceptually in Figure 9, which shows how reducing tunnel wall pressure can represent tunnel
behaviour during face advance and a typical GRC. The ratio pi/po is referred to as the relaxation factor (Ry).
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The GRC can be developed for a given cross-section and tunnelling condition by calculating and plotting
tunnel closure for a range of internal support pressure (p;). The incremental reduction of the internal
support pressure represents the effect of the advancing tunnel face. Knowing the installed support distance
from the tunnel face and having the LDP, we can estimate the amount of tunnel deformation that occurs
prior to support installation. The LDP can be determined by several means: empirical, analytical and
numerical. Vlachopoulos and Diederichs (2009) show that the characteristic shape of the LDP is strongly
related to the extent of the yielded zone around tunnels, particularly when yielding around the tunnel
periphery is influenced by yielding near the tunnel face. For tunnels with an extensive zone of failure, i.e.
radius of plastic zone exceeds two tunnel radii, significant errors can be introduced by not accounting for
the interaction of face and tunnel periphery yielding. The chart in Figure 10, developed for circular tunnels,
provides LDP curves. The equations for the curves can be found in Vlachopoulos and Diederichs (2009). For
more complex tunnelling conditions involving non-circular tunnels, non-hydrostatic stress fields or when
face stability must be accessed directly, three-dimensional numerical modelling may be required. When
using two-dimensional models in conjunction with LDP, a numerical GRC is required.

<+—— Advancing tunnel
S X DO

[l

Convergence
TN

Support pressure p.

Support
reaction line

0 Radial convergence &

Figure 9 Schematic of the internal stress-reduction technique used to simulate 3D tunnel
advance using 2D models (top) and a typical GRC (bottom)
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Figure 10 Longitudinal displacement profile as a function of the extent of plastic zone around a
tunnel (Vlachopoulos and Diederichs, 2009)

5 Weak rock shear failure

The term weak rock mass refers to more than a low strength-to-stress ratio; it also refers to a shear-
yielding dominated mode of failure. From this perspective, weak rock masses consist of either weak intact
rock or heavily jointed rock masses, both of which fail in a shear mode under high stress. The shear mode of
yielding can be identified based on rock mass quality and strength-to-stress ratio, as shown in Figure 8.
Tunnels in highly stressed weak rock often experience large tunnel strain that can pose challenges for
support design. Under these conditions, the tunnel support system must be capable of accommodating
large strains while maintaining tunnel stability.

Although shear failure is well understood in an engineering sense, the behaviour of weak rock can be very
complex. Tunnel closure in weak rock often has a time-dependent component due to creep,
time-dependent strength degradation, pore pressure redistribution, swelling or other mechanisms. It often
is difficult to determine precisely which mechanism is occurring, and typically large tunnel deformations in
weak rock are due to some combination of mechanisms. In general, the large, inward tunnel deformations
in weak rock are divided into two classes: swelling and squeezing. Several authors (summarised by Barla,
1995) have proposed definitions for these two mechanisms, but it has been suggested that a precise
definition of the mechanism is not practical for the tunnelling engineer (Panet, 1995; Aydan et al., 1993).
Materials that are prone to significant swelling are of less interest for the mining tunnels being considered
in this paper; for the most part, this section concentrates on the plastic yielding/squeezing mechanism.

Tunnel strain curves based on Monte Carlo simulations using closed-form solutions (Hoek and Marinos,
2000) and continuum modelling (Hoek, 2001) provide a useful and straightforward first-approximation for
predicting the tunnel strain that can be anticipated for an unsupported circular excavation within weak rock
masses, i.e. low GSI, under an isotropic stress field. In the time since Hoek proposed these curves, there
have been changes to the method of estimating E,, and o, that affect the use of these curves.

The standard tunnel strain curve has been revised to include the updated parameters described above, and
refined it to include a wider range of properties and in situ stresses ratios (k) using the statistical-based
design of experiment (DOE) technique. Details of the technique and resulting design curves are provided in
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DeGagné et al. (2011). In addition to the revised tunnel strain curve, a series of equations was derived to
predict tunnel strain based on more detailed input parameters (GSl, oci, m;, o1 and k) for three tunnel
shapes: circular, horseshoe and square. This technique was used to develop a best-fit curve similar to
Hoek’s, but based on the revised parameters and plotted in terms of the theoretically calculated Omax,

which is calculated assuming elastic behaviour around an equivalent circular tunnel. The best-fit of all data
(all shapes, stresses, properties, etc.) was used to fit the tunnel strain curve:

&= 0.4(0'cm/0'max)-13 (14)

The tunnel strain curve, shown in Figure 11, is similar to those previously published by Hoek (2001) and
Hoek and Marinos (2000). At high cn/0max , the yield zone around the tunnel is small, and displacements
are affected more strongly by rock mass stiffness, which is lower using the revised method of
approximating weak rock mass stiffness (‘simplified’ Hoek and Diederichs method (2006)).
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Figure 11 Tunnel strain curve based on numerical model results of a wide range of properties and
stress conditions

Gravity induced structurally controlled failure

Simple limit equilibrium methods (LEM) techniques that can be used for wedge stability are available in
many rock mechanics textbooks (e.g. Brady and Brown, 1993). These calculations can be made for
individual wedges. Computer software, such as the LEM-based code UNWEDGE, can be used to carry out
these calculations efficiently. The software can identify potentially unstable wedge-shaped blocks rapidly
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for a given excavation shape, orientation and series of joint sets, and calculate the FoS of all potential
wedges. The software also can take into account in situ stresses, and can be used for statistical analyses
and sensitivity calculations. Finally, the software can account for rockbolt and shotcrete support in the FoS
calculation. This is sufficient analysis for most practical problems. Figure 12 shows an example of the
UNWEDGE software. More advanced programs, e.g. Elmouttie et al. (2010), allow for the use of all
properties associated with a three-dimensional DFN, including the spatial distribution of joints and other
structures. The analyses are not limited to statistical representations of these structures, but include
representations of the actual structures mapped in the field across (potentially large) exposures. Further,
the polyhedral blocks analysed can have unlimited number of faces or shape, therefore accommodating
more realistic DFN generation.

Roof wedge
Weight 44.4 t
FS=0

Left wall wedge Right wall wedge

Weight 3.3 t Weight 5.2 t )
FS =0.40 FS =0.37 ]
|
|
Floor wedge >
Weight 181 t
Stable

Figure 12 Wedges formed around a tunnel with three joint sets along with LEM-calculated FoS
for an unsupported tunnel

It should be pointed out that UNWEDGE calculates FoS based purely on a ‘punching’ shear-failure mode of
shotcrete failure. Note that the punching mode of shotcrete failure is often not the critical failure model;
instead, a bending mode of failure is often the critical failure mode for wedge instability. Bending-induced
shotcrete failure can occur at much lower strengths, i.e. lower FoS, than punching failure.

6.1 Numerical modelling

Distinct Element Method (DEM) codes are particularly well suited to modelling tunnels in jointed rock
masses where the geological structure dominates the problem. Two- and three-dimensional DEM codes
simulate a jointed rock mass by breaking up the continuum into a series of blocks that are internally
discretised into finite difference or finite element zones. Movement and failure can occur between blocks,
along joints or within blocks as determined by the stress—strain behaviour and failure criterion. The
interaction between blocks is controlled by joint material models, e.g. Mohr—Coulomb; the behaviour
within the blocks is controlled by zone/block material models, e.g. Mohr—Coulomb. The numerical scheme
allows for large deformations and detachment of blocks to occur within the model while achieving accurate

solutions.
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In addition to being able to simulate the rock mass adequately, for the purposes of tunnel support design,
the simulations also must have the capability to include the individual ground support components, such as
rockbolts and shotcrete liners.

For problems where the dominant geological structures can be captured reasonably well in two
dimensions, UDEC, Phase? or any other software that can simulate jointed rock, can be used to simulate the
problem. For example, horizontally bedded sedimentary rock can be simulated as shown in Figure 13.
Failure and complete separation of blocks along bedding planes is accounted for directly in the model.
Under high horizontal stresses, buckling of roof beams also is taken into account.

The code 3DEC can be used when the geological structure relative to the tunnel orientation requires
three—-dimensional evaluation. An illustration of a 3DEC model of a tunnel excavation in jointed rock mass is
shown in Figure 14. Slippage along joints and wedge failure can be captured directly in the simulation.
Moreover, it can account for stress changes during mining of the tunnel and adjacent excavations. In
addition, the stress changes due to failure along joints and within rock blocks can be accounted for directly
in the model.

-2.500E-01
-2.000E-01
-1.500E-01
-1.000E-01
-5.000E-02

b) vertical displacement (contours) and
4 \ bed separation (bars)

T 1.000E+04
i 2.000E+04
] 3.000E+04

I 4,000E+04
T 1 5.000E+04

%7 P_Hfg'—ﬂ_FH'H_H 6.000E+04

T 7.000E+04

a) model geometry c) deviatoric stress contour (elastic model)

Figure 13 A mine excavation in horizontally bedded sedimentary rock simulated using UDEC
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Figure 14 Example of a 3DEC model of a tunnel with an unstable roof wedge

7 Stress-induced brittle behaviour

As mentioned in the introduction, stress-induced brittle failure takes two forms, namely massive-brittle and
jointed brittle. Modelling of massive-brittle behaviour by continuum models is presented by Corkum et al.
(2012) and is not discussed here. Jointed brittle behaviour is more common in mining environments and
modelling of this behaviour typically involves strain softening behaviour as discussed in the following
examples.

71 Two-dimensional tunnel analysis

In this example, an isolated tunnel is studied to determine the support deformation compatibility for an
isolated horseshoe-shaped tunnel (4.5 m wide x 4.75 m high). The in situ stresses are 21 MPa (in-plane
horizontal), 16 MPa (vertical) and 27 MPa (horizontal out-of-plane). The rock mass parameters shown in
Table 2 were used in a strain softening model, as described in Section 2. The in situ stresses, GSI and
unconfined compressive strength suggest jointed brittle behaviour. The residual behaviour is assumed to
result in a cohesionless material with a friction angle of about 45°.

Table2 Rock mass parameters for example tunnel exhibiting jointed brittle behaviour

GSI =50
o, =55 MPa
Peak Parameters m =20
E, =25GPa
m, =4.33
Residual Parameters s, =0
a =1

The procedure outlined by Vlachopulous and Diederichs (2009) is used to estimate that the internal
pressure, p;, at the time the support is installed about 3 m behind the face is 1.8% of the initial in situ stress.
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The bolt parameters, including bolt/rock interface properties were determined using the following
procedure taking into account the age of the grout at the time of installation. The elastic modulus and
annular thickness of the grout were used to calculate the stiffness (Kwona) for the bolt/rock interface as
shown in Equation (15) modified from St. John and Van Dillen (1983):

Koog = Lgmzutt
10In(1+ 2] s
Where:
Ggrout = shear modulus of the grout.
t = annular thickness between bolt and rock.
D = bolt diameter.

The grout shear strength was determined from pull-out tests to be 800 kN/m.

Figure 15 shows the resultant plastic zone and rockbolt force distribution. The resultant axial bolt load and
strain for all bolt segments are shown in Figure 16 versus the load—deformation characteristics of the
rockbolt. The maximum load in all the bolts is found near the tunnel crown and corresponds to the yield
strength of the bolt (160 kN). The maximum deformation (0.22%) is well below the rupture strain, and
therefore, the strain compatibility of the rockbolt support is considered acceptable, even though there is
some yielding of the bolts near the crown.
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©2012 Itasca Consulting Group, Inc.
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Figure 15 Plastic zone and axial bolt loading
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Figure 16 Bolt load and axial strain from numerical model plotted versus the load-deformation
characteristics of the proposed bolt

72 Cavern analysis

In this example, a crusher chamber below a cave mine is studied in three dimensions to determine the
support deformation compatibility. The cavern (approximately 14 m wide and long) is supported by
rockbolts and cables as shown in Figure 17. The simplified model was created by extruding a
two-dimensional section. The rock mass properties and constitutive relation are the same as used in the
previous example. The excavation and support installation was simulated sequentially using the continuum
code FLAC3D. The stresses at the time of cavern construction were modified later by straining the model to
simulate caving, which increased the horizontal stresses and decreased the vertical stress (Table 3). The
resultant plasticity for both conditions is shown in Figure 18. Figure 19 shows the load and strain in cable
segments before and after caving. The results show that all cable elements are below the rupture limit and
therefore acceptable.

Table 3 Stresses (MPa) at the cavern location

Condition Oxx Oyy Oz
Construction 29 22 18
End of Caving 36 22 10
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Figure 17 FLAC3D model of crusher chamber (left) and support (right)

X Y X Y

Figure 18 Plasticity at the end of construction (left) and at the end of caving (right)
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Figure 19 Plot of modelled axial load and strain in cables before (diamonds) and after caving
(squares) versus load deformation characteristics of actual cables

8 Mesh size and localisation

The design of a suitable grid depends on the purpose of the simulation. If the process of localisation, i.e. the
deformation in the material is non-uniform and concentrated in narrow bands, is to be studied, then the
finest possible grid should be used. Further, several different orientations of grid relative to the problem
geometry should be examined in order to get average results that are independent of grid orientation. If
the requirement is simply to represent the ‘smeared’ effects of plasticity, then the grid only needs to be
fine enough to accommodate several elements across the plastic region. We have found that 20 to 25
zones per excavation dimension typically provide reasonable results in many cases. We also have found
that both fine and coarse mesh models show approximately the same plastic zone geometry. This
observation is supported by Varas et al. (2005) who showed that the overall response, e.g. tunnel
convergence, is not affected much by localisation. That is, you can use different mesh densities and get
similar results. In coarse meshes, the shear bands are implicit within the plastic zone. In fine meshes, the
shear bands are explicitly seen. These comments apply mainly to the perfectly plastic models; if
strain—-softening models are used, with high rates of softening, then localisation will probably occur even
for very coarse grids. If localisation does occur, the critical plastic shear-strain should be adjusted, as noted
in Section 2.4. The best approach is to calibrate the model against the behaviour of a known case. Similar
cases with similar grids may be expected then to give reasonable results (in a qualitative sense).

9 Support acceptability criteria

The primary purpose of support in most situations is to keep loose rock from falling into the opening.
Numerical models, especially continuum models, are not usually capable of realistically simulating the
disaggregation of the rock mass as it deforms. Therefore, the rock to be supported often is determined
empirically and/or taken to be the amount of loosened rock, as determined from the plastic depth (except
in the case of structurally controlled wedge failures). The primary use of numerical models, therefore, is to
demonstrate strain compatibility between the selected support and the deformations resulting after the
support is installed. Rockbolts and cables represent the major support components in mining applications.
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Figure 20 Maximum capacity and deformation characteristics of typical rockbolts (Hoek, 2010)
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Depending upon the rockbolt type used, the acceptability criterion for support capacity can vary greatly as
shown in Figure 20. All the rockbolts behave elastically up to a strain defined by their modulus and yield
point (ignoring the bedding-in deformation, which occurs in situ). In all cases, the post-yield behaviour
tends to show strain hardening over an extended deformation range. Some practitioners base acceptability
on the strain at which the rockbolt or cable deviates from elastic behaviour. This is grossly conservative,
because it ignores the high-deformation capacity of grouted rockbolts and of tied back cables in which a
length of cable is debonded to allow for large deformations. A more rational acceptability criterion
considers the rupture strain.

10 Conclusions

If the strength of the rock mass surrounding an excavation is exceeded, support cannot be used to prevent
rock mass failure. Nevertheless, effective excavations can be constructed under such conditions if
appropriate reinforcement and support systems are designed. Numerical models and analysis provide
helpful insights into anticipated excavation behaviour. The use of two-dimensional models for design is
most common. With careful preparation of the model, two-dimensional simulations can be very effective in
carrying out a rational design that takes into account most of the practical issues that are encountered in
such a design. The most severe limitations are related to the two-dimensional representation of a
three-dimensional problem and this makes it difficult to take into account the actual sequencing of the
excavation and support installation that occurs during excavation, particularly caverns. In critical designs, it
is appropriate to use full three-dimensional analyses for the final support design, including the time effects
related to the development of grout and shotcrete properties.

Although emphasis is given to the rapidly developing use of numerical models, our ability to rigorously
analyse all potential failure modes is currently limited. The continuing importance of empirical procedures
(and the practical information on which they are based) should not be overlooked. Careful observation,
monitoring and back-analysis of constructed excavations are also important. There is no doubt that
progress toward more rational mechanics-based support design will continue, and lead to improved
procedures in the future. However, we recognise that tunnel engineers must solve design problems with
current technology. It is hoped that these guidelines acquaint the mining engineer with the best available
procedures for tunnel design today, and form a basis for which to use improved methods based on
numerical modelling as these become available.
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