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Abstract Anisotropic rock masses, the behavior of which
is dominated by closely spaced planes of weakness, present
particular difficulties in rock engineering analyses. The
orientation of discontinuities relative to an excavation face
has a significant influence on the behavioral response. At
the present time, discontinuum modeling techniques pro-
vide the most rigorous analyses of the deformation and
failure processes of anisotropic rock masses. However, due
to their computational efficiency continuum analyses are
routinely used to represent laminated materials through the
implementation of a Ubiquitous-Joint model. The problem
with Ubiquitous-Joint models is that they do not consider
the effects of joint spacing, length and stiffness. As such,
without an understanding of the limitations of the modeling
approach and detailed calibration of the material response,
simulation results can be misleading. This paper provides a
framework to select and validate ubiquitous-joint consti-
tutive properties.

Keywords Anisotropic - Ubiquitous-joint - Subiquitous -
Numerical simulation - Discontinuum

1 Introduction

The strength and deformation behavior of a rock mass

is governed strongly by (a) the ‘intact’ strength of the
rock blocks and (b) the presence of planes of weakness
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such as joints, bedding, foliation and other disconti-
nuities. Anisotropic rock mass strength and deforma-
tion behavior is usually observed when a significant
portion of the discontinuities is aligned in a preferred
direction, such as the shale rock masses illustrated in
Fig. 1.

Various discontinuum modeling techniques are avail-
able that explicitly simulate joints and discontinuities
within an anisotropic rock mass. However, due to the
computational intensity of these numerical techniques, it is
not practical to explicitly simulate the joint fabric of an
entire rock mass for routine analyses of large-scale exca-
vations (Riahi and Curran 2008; Karampinos et al. 2015).
To overcome these computational limitations, the contin-
uum-based Ubiquitous-Joint constitutive model is com-
monly used to represent anisotropic and foliated rock
masses (Board et al. 1996; Clark 2006; Leitner et al. 2006;
Sainsbury et al. 2008).

At the present time, there are no established guideli-
nes for assigning material properties for the Ubiquitous-
Joint model. A common misconception is that the
material properties (matrix and joints) are comparable
with the explicit block and joint description used in
typical discontinuum analyses (Leitner et al. 2006). As
demonstrated herein, the selection of matrix and joint
properties based on a direct input of the measured block
and joint strength will result in a material response that
does not represent the true rock mass strength or
deformation profile. This variation occurs since the
Ubiquitous-Joint model does not consider the effects of
joint spacing and joint stiffness. As a result of this,
calibration of a Ubiquitous-Joint model response is
required to provide meaningful modeling results for
engineering design.
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Fig. 1 Examples of anisotropic rock masses; a buckling of shale bedding in an underground drive, b slope angle controlled by shale bedding

planes in an open pit slope
2 Background

2.1 The Ubiquitous-Joint and Subiquitous
Constitutive Models

The Ubiquitous-Joint model corresponds to a Mohr—Cou-
lomb material that exhibits a well-defined strength aniso-
tropy due to embedded planes of weakness. As shown in
Fig. 2, the planes of weakness can be assigned different
orientations for each zone in the model. The criterion for
failure on the plane of weakness consists of a composite
Mohr—Coulomb envelope with a tension cutoff. The zone-
based matrix and joint properties (as outlined in Fig. 2)
must be specified within the model.

The formulation of the Ubiquitous-Joint model assumes
a direction of weakness with no associated spacing or

length. The bending rigidity of the rock layers is also not
considered. As such, a ubiquitous-joint material may miss-
represent the yielding and deformation response of the rock
mass if the response is not calibrated.

The Subiquitous model is a generalization of the
Ubiquitous-Joint model which implements a bilinear
Mohr—Coulomb failure envelope, together with strain
softening/hardening behavior for both the matrix and
joints. Within both the Ubiquitous and Subiquitous models,
general failure is detected first based on the Mohr—Cou-
lomb criteria for the matrix. Once the relevant plastic
corrections are applied, new stresses are analyzed for
failure on the plane of weakness and updated accordingly.

Verification of the response of the Ubiquitous-Joint
model formulation is often provided by comparison with
the single plane of weakness analytical solution developed

Zone Matrix

- Elastic Bulk Modulus (K,)

- Elastic Shear Modulus (G,,)
- Density (p)

- Cohesion (c,,)

- Friction Angle (#,,)

- Dilation Angle (,,)

- Tension Limit (6*,)

Ubiquitous Joint
-Joint dip/dip direction

- Joint Cohesion (c;)
-Joint Friction Angle (@)
- Joint Dilation Angle ()
-Joint Tension Limit (&%)

Fig. 2 Zone-based matrix and ubiquitous-joint properties (modified after Sainsbury et al. 2008)
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by Jaeger (1960) and later described by Jaeger and Cook
(1976). The solution states that slip on the discontinuity
will occur, provided 1 —tan ¢ptan f > 0 if the following
condition is satisfied:

2(c + 03 Tang)
(1 — Tan¢ Tanp) Sin 23

01203+

where c is the cohesive strength of the discontinuity, ¢ is
the angle of friction and f is the angle of the discontinuity.

The simple solution only permits two independent fail-
ure modes (a) failure along the discontinuity and (b) failure
through intact material. If 1 — tan ¢ tan <0, joint slip
cannot occur, and the only alternative is failure of the rock
matrix. Figure 3a illustrates the form of Jaeger’s solution
that results in a ‘U-shaped’ curve with shoulders. In this
solution, failure along the plane of weakness is not possible
for f < ¢ and § = 90°. Figure 3b compares results of the
Ubiquitous-Joint model as implemented in FLAC’ (Itasca
2011) to Jaeger’s solution. A close match to the analytical
compressive strength predictions is observed.

Hoek and Brown (1980) and Brady and Brown (2004)
report that this analytical solution, while suitable for cases
in which a single well-defined orientation of discontinuity
is present in a rock specimen, is oversimplified and does
not adequately describe the behavior of naturally occurring
anisotropic rocks which exhibit continuous strength varia-
tion with increasing f§ angles. In reality, rocks usually
exhibit a spread of orientation for the plane of weakness.

Laboratory triaxial testing on intact specimens reported
by Donath (1972) and McLamore and Gray (1967) is
presented in Fig. 4.

A review of these studies shows that strength does
indeed vary continuously with the average weak plane

orientation f. This observation of continuously variable
strength with f has also been confirmed by many
researchers who have studied the anisotropic behavior of
rocks such as shales, slates, sandstone, gneisses and phyl-
lites (Brown et al. 1977; Salcedo 1983; Singh et al. 1989)
together with synthetic cement-based anisotropic speci-
mens (Tien et al. 2006).

Al-Harthi (1998) provides a summary of the different
idealized anisotropic curves reported throughout the liter-
ature. Ideally, a single plane of anisotropy, such as joint
plane or bedding plane (Fig. 5, case I—solid line), pro-
duces a single U-shape curve with two shoulders which,
accordingly, can be termed a shoulder-type anisotropy
curve. A more realistic set of discontinuities such as lam-
ination, foliation or cleavage, on the other hand, produces a
U-type anisotropy curve with no shoulder (Fig. 5, case II—
dashed line).

2.2 Cosserat Plasticity Models for Layered Rock

To overcome the limitations of the Ubiquitous-Joint model
(where effects such as block interlocking, internal moments
and rock layer bending stiffness are neglected), several
researches have implemented user-defined Cosserat plas-
ticity models into finite difference and finite element codes
(Dawson and Cundall 1992, 1996; Miihlhaus 1993;
Adhikary 2010; Riahi and Curran 2009). Cosserat contin-
uum models contain additional rotational degrees of free-
dom not present in the Ubiquitous-Joint model and allow
for moment stresses and a non-symmetric stress tensor. All
the Cosserat models presented in the literature show
accurate comparisons with discontinuum analyses of ani-
sotropic rock masses. However, due to technical difficulties

Figi 3: alJaelgetF,S (fl 9631) ffect a Treclue :
analytical solution for the effec of rock i | f
of a single joint plane of . slip on plane o i
weakness; b comparison of ! material weakness Jaeger, 1960 solution (red).
uniaxial compressive strength A
values—Ubiquitous-Joint model
versus analytical solution s D el L
|
I
I
I FLAC?0
: e ubiquitous
" ie=i  joint
! “+=1 solution
| (blue) \
[ )
| |
) | -
> NeAsk vlo*y
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Fig. 4 Laboratory testing conducted on anisotropic intact laboratory samples (modified after Donath 1972; McLamore and Gray 1967)

Fig. 5 Typical strength
anisotropy curves for samples
with single, one set and two
discontinuities [Al-Harthi
(1998) modified after Hoek and
Brown (1980)]

Casel
Single discontinuity

o;| w B
Y
) .-

/ &2 G3

which include modification of grid points to be given
additional rotational degrees of freedom, additional stress
terms (couple stresses) and modification of the equations of
motion, to date, a generalized Cosserat constitutive model
has not been implemented in a commercial modeling code.
As such, the Ubiquitous-Joint and Subiquitous models are
still the most common constitutive models used for routine
analysis of layered and anisotropic rock masses. The
implementation and limitations of such models are
explored herein.

3 Comparison Between Discontinuum
and Ubiquitous-Joint Modeling Approaches
in a Simulated Laboratory Environment

Naturally, discrete modeling techniques provide the most
accurate description of discontinuous materials (Riahi and
Curran 2009). Numerical experiments using discontinuum
techniques provide significant insight and understanding
into rock mechanics processes that are difficult to test in the

@ Springer
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laboratory (Fairhurst et al. 2006; Damjanac et al. 2007;
Gao and Stead 2014).

Within this paper, a discontinuum model of a rock mass
that is modeled at a size comparable to or above the rep-
resentative elemental volume (REV) is considered to be the
most accurate representation of the strength and deforma-
tion response of the sample. Implementations of the
Ubiquitous-Joint model have been applied in its simplest
form (two-dimensional, no strain softening) and most
complex form (three-dimensional, strain softening) to
represent the material response generated and compared to
the discontinuum model results for comparison.

3.1 Response of Two-Dimensional Discontinuum
and Ubiquitous-Joint Numerical Experiments

In order to investigate the strength and deformation
behavior of an anisotropic, sedimentary rock mass, the
two-dimensional distinct element code UDEC (Itasca
2011) has been used. Rock mass joint fabric has been
explicitly modeled within a simulated large-scale (10 m
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high) unconfined compressive test. Separate analyses have
been conducted simulating a joint spacing of 0.1 and
0.25 m, respectively. Randomly located orthogonal cross
joints have been included to represent the discontinuous
nature of a naturally occurring global response of a sedi-
mentary rock mass. The model geometry is presented in
Fig. 6. The properties used in the simulation are presented
in Table 1.

A comparable Ubiquitous-Joint model has also been
developed. The explicit block and joint properties outlined
in Table 1 have been used directly as the matrix and
ubiquitous-joint inputs to the Ubiquitous-Joint model that
have also been run in UDEC. Both numerical experiments
simulate a frictional interface between the specimen and
loading platen. The anisotropic strength response of the
discontinuum and Ubiquitous-Joint models is illustrated in
Fig. 6.

As expected, the discontinuum models follow a con-
tinuously variable strength curve with increasing f§ angles.
The Ubiquitous-Joint model does not show any effect of
the weakness planes at f§ angles less than 27° which rep-
resents the friction strength of the joint. The post-peak
softening response is also not well represented (Fig. 7b) at
these angles in the Ubiquitous-Joint models. The effect of
increased joint spacing (0.25 m) within the discontinuum
model can be observed to increase strength at § angles less
than 45°—bringing the results closer to the Ubiquitous-
Joint model. The shoulders on the Ubiquitous-Joint
U-curve clearly shows a limitation of this approach when
the loading direction is sub-perpendicular (i angles less
than 45°) to the predominant joint orientation.

The individual stiffness and stress—strain responses of
the discontinuum and Ubiquitous-Joint models for varying
p angles are presented in Fig. 7. Clearly, when the rock
block elastic parameters are used directly in the Ubiqui-
tous-Joint model, the resulting deformation modulus is
significantly higher than the discontinuum response
(Fig. 7a). This is most noticeable at f§ angles of 60° when
only the joints are being mobilized. This variation in
stiffness response between the Ubiquitous-Joint and dis-
continuum models is a direct result of the ubiquitous-joints
not having a stiffness associated with them. Care should be
taken when using this approach for engineering design,
since the stiffness response of the system will be over-
represented most notably at f§ angles 50°-60°.

Based on the bedding thickness simulated in the UDEC
models that ranged from 0.1 to 0.25 m, it may be appro-
priate to apply the Ubiquitous-Joint model (as demonstrated)
with the explicit block and joint properties used directly as
the matrix and ubiquitous-joint inputs when bedding spaces
greater than those simulated are measured and cross-jointing
is not observed in the rock mass specimen. This is almost
never the case. Scale effects, in relation to the size of the
excavation and the rock mass bedding thickness, are likely
to play a role in the response here. It is therefore recom-
mended that explicit block and joint properties never be used
as direct inputs for the matrix and ubiquitous-joint proper-
ties. In order to use a Ubiquitous-Joint model to produce
meaningful results, calibration of the matrix and ubiquitous-
joint parameters is required to match the discontinuum
response. This calibration is further explored for a complex
three-dimensional sample below.

—#— Ubiquitous-Joint Model

Fig. 6 Anisotropic strength of 30
discontinuum and Ubiquitous- B - —
Joint models
25
20
&
=3
= 15
o
5
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5
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20
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Table 1 Rock and joint
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Fig. 7 a Deformation modulus of discontinuum and Ubiquitous-Joint models, b stress—strain response of discontinuum and Ubiquitous-Joint

models

3.2 Calibration of a Two-Dimensional Subiquitous
Material

The Subiquitous model offers greater flexibility associated
with modifying matrix and ubiquitous-joint parameters
than the Ubiquitous-Joint model. Through the implemen-
tation of a bilinear softening relation, better representation
of the strength and deformation behavior of layered and
anisotropic rock masses can be achieved with a Subiqui-
tous model in comparison with the Ubiquitous-Joint model.
A systematic procedure has previously been developed
(Sainsbury et al. 2008, 2016a, b; Sainsbury 2012; Sains-
bury and Sainsbury 2013) to calibrate Subiquitous model
properties to the response of an equivalent discontinuum
numerical experiment.

The methodology for selecting and validating material
responses has previously been applied and validated at the
Palabora Mine in South Africa (Sainsbury et al. 2008;
Sainsbury et al. 2016a, b) through a large-scale imple-
mentation. An example of the complex damage behavior
that can be represented within a subiquitous sample with
three joint sets is presented in Fig. 8. It can be seen that

@ Springer

during the early stages of sample loading ubiquitous-joint
tensile and shear failure are the dominant yielding modes
within the sample. As the sample reaches the peak strength
of the rock mass, matrix shear commences resulting in
degradation of the intact rock blocks and collapse of the
sample.

Assumptions used in the subiquitous calibration proce-
dure include:

(a) The results of the discontinuum analyses accurately
quantify rock mass anisotropic behavior.

The measured or observed bedding plane cohesion
and friction angle must be used to describe the peak
ubiquitous-joint strength. This ensures the synthetic
sample provides a close match to the shear strength
of the rock mass under planar sliding conditions.
Joint cohesion is softened to zero at the same
softening rate as the matrix cohesion.

The matrix strength and deformation response must
be calibrated to compensate for the length scale and
lack of stiffness parameters in the ubiquitous-joint
formulation. This is completed through the inclusion

(b)

(©)
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of an orthogonal ubiquitous-joint set and matching
the post-peak response of the discontinuum analyses
stress—strain curve through modification of the
matrix strength and softening rate.

Orthogonal ubiquitous-joint set

Through an initial Subiquitous model calibration
process, the authors discovered that in order to better
represent a naturally occurring anisotropic rock mass
strength and deformation response, some ubiquitous-
joints within the rock mass that are randomly seeded
should be re-orientated orthogonal to the dominant
joint/bedding fabric. The inclusion of orthogonal
ubiquitous-joints promotes continuously variable
strength with increasing average [ angles within
the sample (i.e., resolves the artificial shoulders in
the strength U-curves). Furthermore, heterogeneity is
introduced into the ubiquitous-joint system that
limits artificial yielding/banding (presented in
Fig. 11) while still capturing and maintaining the

Fig. 8 Stages of damage within a calibrated Subiquitous model including matrix cohesion degradation and ubiquitous-joint failure

global anisotropic response. The actual percentage of
re-oriented orthogonal joints should be varied to
calibrate the desired stiffness results. The authors
have achieved acceptable results with values of re-
oriented joints between 5 and 20% (Sainsbury et al.
20164, b).

Matrix strength and softening

The peak strength of a Subiquitous specimen at f3
angles of 0° and 90° is dependent on the matrix
cohesion, friction and tensile strength. These
strength parameters are selected based on a calibra-
tion of the matrix material response to the discon-
tinuum strength at a 5 angle = 0°. In the interest of
simplicity, it is assumed that cohesion and tension
soften to zero with accumulated plastic strain. The
rate at which softening occurs is calibrated to the
post-peak response of the equivalent discontinuum
experiment. It is important to note that when
introducing softening into the constitutive model, it

@ Springer
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is important to ensure that the zone size used in the
numerical experiment is the same used in the
subsequent large-scale simulations.

Throughout the calibration process, both the strength and
stiffness parameters are honored along with the fail-
ure/damage evolution within the samples. Failure mecha-
nisms within the discontinuum and Subiquitous models are
compared and categorized as tensile spitting along discon-
tinuities (loading sub-parallel to bedding, f ~ 90°), sliding
failure along discontinues (f ~ 60°) and sliding and tensile
failures across discontinuities (characterized by matrix and
ubiquitous-joint failure). Confirmation of the correct failure
mechanism within the subiquitous sample is completed
through the monitoring of progressive matrix degradation,
joint slip and joint dislocation during failure. Generalized
guidelines for the calibration of a Subiquitous model to a
synthetic sample and/or field and laboratory measurements
are provided in Table 2. The development and validation of
these values are documented in Sainsbury (2012).

The two-dimensional numerical experiments outlined in
Sect. 3.1 have been recreated with a calibrated Subiquitous
model. Table 3 provides a summary of the calibrated
subiquitous material properties used to represent the dis-
continuum material with 0.1 m joint spacing. An orthog-
onal joint set that represents up to 10% of the ubiquitous-
joint zones has been represented in the model.

The anisotropic U-curves of the discontinuum and
subiquitous responses are presented in Fig. 9. The original
Ubiquitous-Joint model results are also provided for
comparison.

The calibrated Subiquitous model provides a close match
to the continuously variable strength response developed in

the discontinuum analysis. Individual stiffness and stress—
strain responses for the calibrated subiquitous material at
selected f angles are presented in Fig. 10. A close match to
the deformation modulus and post-peak response of the
discontinuum model is also achieved.

4 Analysis of the Performance of a Two-
Dimensional Circular Tunnel
with Discontinuum, Ubiquitous-Joint
and Subiquitous Models

To demonstrate the performance of the calibrated Subiqui-
tous model developed in Sect. 3.2 in a more complex stress
field, the calibrated response has been exercised in a simple
two-dimensional tunnel model that has been developed in an
isotropic stress field, with zero gravity. For comparison of the
model results, a discontinuum model with 0.1 m spacing and
equivalent Ubiquitous-Joint model have been simulated. The
tunnel has a diameter of 4 m. Figure 11 compares the yield
state, displacement and major principal stress within each
model at the completion of the tunnel excavation.

The discontinuum model shows minor yielding of the
intact blocks in the sidewalls of the tunnel with joint slip
extending approximately 1.5 m from the roof and floor of
the tunnel—perpendicular to the major joint set (Fig. 11a).
The maximum displacement in roof and floor of the dis-
continuum model is approximately 8 mm (Fig. 11b).

The Ubiquitous-Joint model (which uses the explicit
block and joint properties directly for the matrix and ubig-
uitous-joint input parameters) shows no matrix failure but
significant ubiquitous-joint tensile failure extending in bands

Table 2 Generalized input

o . Matrix
parameters for the calibration of

a Subiquitous model Deformation modulus
Poisson ratio
Cohesion

Tension

Friction (°)

€orit
Joint
Cohesion
Friction

Tension

ps

Eerit

10% of intact modulus measured in laboratory

0.25 based on Hoek et al. (1995)

50% intact value estimated from HB strength criteria with GSI 100
10% matrix cohesion

42-45° based on fully bulked and intact value

—0.0142GSI + 1.3967 based on Sainsbury (2012) and scaled for zone size

Direct input of observed values
Direct input of observed values
0

1-100% matrix value

Table 3 Calibrated subiquitous

. . Matrix properties
mechanical properties prop

Ubiquitous-joint properties

E (GPa) v ¢ (MPa)

¢ () o MPa) & (%) cMPa) ¢ () o (MPa) ¢

cri

ps
cri

(%)

10 02 64

45 0.64 0.016 0.1 27 0

0.016
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Fig. 9 Anisotropic strength of 30
discontinuum and calibrated
Subiquitous model
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Fig. 10 a Deformation modulus of discontinuum and calibrated Subiquitous models, b stress—strain response of discontinuum and calibrated
Subiquitous models

approximately one tunnel diameter (4 m) from the roof and  stiffness of the individual layers of rock. Figure 12 illus-
floor (Fig. 11d). The ubiquitous-joint tensile failure causes  trates the deformed blocks of the discontinuum model that
significant stress redistribution around the yielded zones in ~ have been magnified 100 times. Bending of the rock layers

roof and floor of the model (Fig. 11f). The maximum dis-  can be clearly observed in the roof and floor of the tunnel.
placement in the model is significantly lower than the dis-  The interlocking of the rock layers with finite joint spacing
continuum model (Fig. 11e). The artificial ubiquitous-joint ~ gives rise to moments that resist the imposed distortions.

tensile failure mechanism is caused by the inability of the The results of the calibrated Subiquitous model show a

ubiquitous-joint formulation to account for the bending  response that is closer to the discontinuum model. Minor
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Fig. 11 Yielding, displacement and major principal stress around 4-m-diameter tunnel

yielding of the matrix is predicted in the sidewalls of the
tunnel with ubiquitous-joint slip and tensile failure
extending approximately 2.0 m from the roof and floor of
the tunnel (Fig. 11g). Re-orientation of 20% of the ubiq-
uitous-joints orthogonal to the average joint orientation
assists in introducing some bending resistance within the
system. However, this does not resolve the effect of block
interlocking. The reduced ubiquitous-joint yielding pro-
vides a more representative stress redistribution around the
tunnel (Fig. 11i), and the displacement profile is more
consistent with the discontinuum model.

5 Analysis of a Two-Dimensional Anisotropic
Open Pit Slope Failure
Several of the rock mass units encountered in the Pilbara

region of Western Australia exhibit clear rock mass
strength and deformation anisotropy, generally due to the
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presence of relatively weak bedding planes and shale
bands. Past slope failures in the Pilbara iron ore operations
have often been controlled by the presence of these dis-
continuities. Figure 13 illustrates a banded iron formation
(BIF) rock mass with high intact strength and relatively
weak bedding plane shear strength.

The basic rock mass parameters used to describe a
generic BIF material are presented in Table 4. These
material properties have been developed based on exten-
sive laboratory testing and in sifu characterization across a
number of sites.

5.1 Discontinuum and Subiquitous Large-Scale
Loading Simulation of BIF Material

In order to provide greater understanding of the anisotropic
rock mass strength and deformation behavior of the generic
BIF material, a series of large-scale (10 m) simulated
compression tests have been conducted within the three-
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Z ‘12.5 MPa

12,5 MPa

Bending of
rock layers

Fig. 12 Deformed blocks within discontinuum model, magnified 100
times

dimensional distinct element code 3DEC (Itasca 2007).
Bedding plane spacing of ~0.2 m was assigned together
with two orthogonal, non-persistent joint sets. The spacing
and persistence of the joint sets was assigned to ensure the
average block volume within the sample is ~0.3 m’,
which is consistent with an observed average GSI of 60
(Cai et al. 2007).

To account for the significant impact that micro-flaws
(pores, open cracks, veins) and weathering/alteration can
have on the strength scale effect, the simulated rock block

.:i“ g
R

Fig. 13 Generic BIF material

W

strength was 80% of the o; for the intact BIF. This value is
based on an empirical scale effect relation developed by
Hoek and Brown (1980) and extended by Yoshinaka et al.
(2008). Figure 14 illustrates the UCS response of the
generic BIF material at a  angle of 0°.

In order to develop robust calibrated subiquitous mate-
rial properties, the same procedure as described in Sect. 3.2
was conducted in FLAC’®. Figure 15 illustrates a com-
parison of the anisotropic strength achieved in both the
three-dimensional discontinuum and Subiquitous models.
At each simulated f angle, both the peak strength and
failure mode within the discontinuum and subiquitous
samples were honored.

5.2 Discontinuum and Subiquitous Simulation
of Anisotropic Pit Slope Failure

The occurrence of slope failure mechanisms controlled by
the orientation of weak bedding planes at BHP Billiton’s
Mt Whaleback Mine was first reported by Kale and Tru-
dinger (1975). Figure 16 illustrates a schematic design
section used to assess slope stability within a BIF material.
The overall bedding is favorably oriented for stability with
exceptions that occur in the synclinal keel areas designated
as failure surfaces A, B and C.

In order to demonstrate the behavior of the calibrated
Subiquitous model when applied to a slope stability prob-
lem, a FLAC’” model was developed to simulate the basic
geometry and failure mechanisms reported by Kale and
Trudinger (1975). Figure 17 illustrates the 1-m thick
FLAC’® model where the ubiquitous-joints have been

Table 4 Basic parameters used

. . Rock i
to describe BIF material Ock mass properties

GSI 0. (MPa) m;

Joint properties

Bedding spacing (m) ¢ (kPa) ¢ (©) o, (MPa)

60 150 10

0.2 44 33 0.0
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a Sample Geometry b Failure State

Shear

10m

Fig. 14 3DEC model of simulated BIF material, f§ = 0, 03 = 0 MPa

Fig. 15 Anisotropic strength of 120
three-dimensional discontinuum
and calibrated Subiquitous

model
100

80

60

o, - 63 (MPa)

—a—UJRM- 53 = 0 MPa
—=—UJRM-s3 =2 MPa
-~ ~3DEC-s3=0MPa

3DEC-s3=2 MPa

40

20

assigned based on a number of conceptual bedding traces.
To provide confidence in the Subiquitous modeling results,
a two-dimensional UDEC model was also constructed. The
bedding and cross joints have been simulated explicitly
within this model. The simulation results are presented in
Fig. 17 for each of the models.

The FLAC?P Subiquitous model predicts failure of the
synclinal keel areas within the upper portion of the slope
providing a close match to the response of the discontin-
uum model. This demonstrates that emergent failure
mechanisms due to changing stress conditions within a
subiquitous model can be simulated with confidence.
Failure mechanism associated with block toppling and
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wedge failure using this approach has previously been
explored in Sainsbury and Sainsbury and Sainsbury (2013)
and Sainsbury et al. (2016a).

6 Analysis of Three-Dimensional Anisotropic
Deformation in an Underground Excavation

6.1 The Ballarat Gold Project
The Ballarat Gold Project is owned and operated by

Castlemaine Goldfields Limited and is located in the city of
Ballarat, Victoria, Australia. Cut and fill and stoping
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mining methods are used to extract gold from mining
compartments that range from depths of 450 m to 695 m.
Historical stress measurements conducted at the site sug-
gest that the principal stress magnitudes are 2:1 (horizontal
to vertical) and are aligned with the dominant bedding
orientation that strikes approximately north—south and has
a sub-vertical dip. The inter-bedded sandstone, siltstone,
shale and quartz rock mass domains exhibit anisotropic

Failure Surface A

Failure Surface B

Failure Surface C

Stable Surface
_ [

Stable Surface
Fig. 16 Failure surfaces within a typical design section (after Kale

and Trudinger 1975)

FLAC3D - UJRM Model

(redlines)

Model Geometry

ModelStep

Total Displacement (m)

Fig. 17 Comparison of Subiquitous and discontinuum slope response

Bedding tracesusedto
define joint orientation

deformation responses during excavation development.
Standard excavation profile is arched: 5.0 m width by
5.3 m height.

The Woah Hawp decline was developed for explora-
tory access at a depth of approximately 650 m. The
decline was developed parallel to the main bedding fabric.
Immediately after excavation, anisotropic deformation
mechanisms were observed and rehabilitation due to
excessive sidewall convergence was required. The typical
performance of excavations at the Ballarat Gold Project
driven parallel and perpendicular to the bedding is pre-
sented in Fig. 18.

Good ground conditions are usually encountered per-
pendicular to the bedding with only mesh and bolts
required. Little rehabilitation is required in these drives.
Excavations parallel to the bedding require significant
rehabilitation due to over-break (that occurs during scaling
and the installation of ground support). Shotcrete and
additional bolting is usually required over the mesh.

Typical rock mass properties for the inter-bedded
sandstone, siltstone and shale rock mass in the vicinity of
the Woah Hawp decline around the 650 Level are pre-
sented in Table 5. These material properties have been
developed based on laboratory testing and in situ
characterization.

UDEC — DEM Model

X

Explicit representation of
bedding and cross joints

ModelStep
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Fig. 18 Observed anisotropic
rock mass a parallel and
b perpendicular to excavation

Table 5 Basic parameters used

to describe inter-bedded rock Rock mass properties

mass GSI o.; (MPa) m;

Joint properties

Bedding spacing (m) ¢ (kPa) ¢ (°) o, (MPa)

48 50 6

0.05-0.2 44 18 0.0

6.2 Discontinuum and Subiquitous Large-Scale
Loading Simulation of the Inter-bedded Rock
Mass

A series of large-scale (10 m) simulated compression tests
have been conducted within the three-dimensional distinct
element code 3DEC (Itasca 2012). A bedding plane spac-
ing of approximately 0.05-0.2 m was assigned to the inter-
bedded sandstone, siltstone, shale and quartz rock mass,
together with two orthogonal, non-persistent joint sets. The
spacing and persistence of the joint sets was assigned to
ensure the average block volume within the sample was
approximately 0.01 m? (after Cai et al. 2007) that is con-
sistent with an observed GSI of 35. The rock block strength
in 3DEC was simulated at 80% of the o, for the intact
material based on drive-scale observations. The 3DEC
model used to simulate a REV of the rock mass is illus-
trated in Fig. 19.

A summary of the properties used to characterize the
rock mass are presented in Table 6. They are based on the
laboratory testing and in situ characterization data provided
in Table 6 and in situ geotechnical observations.

Figure 20 illustrates the UCS stress—strain response of
the simulated material with f§ angles of 15° and 75°.

In both of these samples, the strength and deformation
behavior observed in the Woah Hawp decline are honored.
For example, loading sub-perpendicular to bedding
(B = 15°) results in a stiff, brittle response as shear failure
causes failure of the intact rock blocks. Sliding along the
discrete bedding planes at a f angle of 75° results in a
weak, ductile loading response.

In order to derive subiquitous material properties, the
same calibration procedure described in Sect. 3.2 was
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conducted in FLAC?”. Figure 21 illustrates a comparison
of the anisotropic strength achieved in both the three-di-
mensional discontinnum and subiquitous laboratory
experiments.

Table 7 provides the calibrated Subiquitous material
properties used to represent the discontinuum material.

A summary of the measured/estimated and calibrated
subiquitous properties for the Ballarat Gold Project is
provided in Table 8. These values are consistent for each of
the calibrated subiquitous rock mass materials presented
herein.

7 Tunnel-Scale Discontinuum and Subiquitous
Simulation of the Inter-Bedded Rock Mass

The tunnel-scale response of the inter-bedded sandstone—
siltstone—shale discontinuum and calibrated subiquitous
material has been investigated through the development of
a localized tunnel-scale model. Each of them is illustrated
in Fig. 22.

A comparison of the simulated excavation responses
using each of the techniques is provided in Fig. 23.
The explicit (3DEC) model is considered to be the
most rigorous representation of this rock mass. How-
ever, the calibrated Subiquitous model (developed in
FLAC?P) provides a close match to the anisotropic
deformation, stress redistribution and yielding response
observed in the discontinuum model. This provides
confidence in being able to apply the more efficient
calibrated subiquitous modeling technique to larger,
regional modeling applications as discussed in
Section 5.4.
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Fig. 19 3DEC model
geometry—REYV of inter-
bedded sandstone, siltstone and
shale rock at the Ballarat Gold
Project

Bedding Planes

£
S
Shale / Siltsone /
Sandstone
Quartz Vein /
y
z
L.
‘X‘
Table 6 Rock and.Jomt Block properties Joint properties
mechanical properties
E (GPa) v cMPa) ¢ (°) o,(MPa) kn (PGa/m) ks (GPa/m) c¢ (MPa) ¢ (°) o, (MPa)
85 0.25 30.5 31 35 100 10 0.02 18 0.0

7.1 Subiquitous Simulation of the Inter-Bedded
Rock Mass Within the Woah Hawp Decline

As discussed, it is currently not practical to explicitly
simulate the joint fabric of an entire rock mass in a dis-
continuum model for the analyses of large-scale excava-
tions. In order to simulate the anisotropic rock mass
response of an intersection within the Woah Hawp decline
at the Ballarat Gold Project, a FLAC?” model was con-
structed which includes approximately 110 m length of the
decline, as illustrated in Fig. 24.

The calibrated subiquitous material properties derived
for the inter-bedded sandstone—siltstone—shale presented in
Table 6 were assigned. Progressive excavation of the
Woah Hawp decline was simulated in 2.4 m advances
within the model that is consistent with the development
advance during excavation. The anisotropic deformation
response of the model at the completion of development is
presented in Fig. 25 along with in situ observations.

General observations from the model show that the
greatest deformation is simulated in the walls of the

excavation that strike north—south (parallel to the bed-
ding—Fig. 26a). This is consistent with underground
observations presented in Fig. 26c. Minor damage is sim-
ulated (Fig. 26a) and observed (Fig. 26b) to occur at the
decline—stockpile intersection. Damage within the stock-
pile that strikes perpendicular to the bedding is simulated
(Fig. 26a) and observed (Fig. 26d) to be minimal. A sec-
tion through the model at locations A—A and B-B are
provided in Fig. 27 below.

Section A—A presents the displacement and yielding
results in the decline sidewalls that strike parallel to the
bedding partings. The magnitude of displacement within
the Subiquitous model is consistent with the convergence
observations that are presented in Fig. 27. Approximately
120 mm of displacement is simulated parallel to the bed-
ding within the sidewalls. Less than 20 mm of displace-
ment is simulated (and observed) within the stockpile
(Section B-B). The dominant failure mode within the
decline is shear along bedding partings with joint separa-
tion occurring up to 5 m behind the face. Within the
stockpile, few bedding joints are mobilized due to their
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Fig. 20 UCS stress—strain response of inter-bedded sandstone, siltstone and shale rock mass at § angles of 15° and 75°

Fig. 21 Anisotropic strength of 35
three-dimensional discontinuum

and calibrated Subiquitous

model 30 &

Joint Failure
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confined state. This results in less displacement and a  difference in the simulated damage was observed. This
shallower depth of bedding parting slip/separation. suggests that, in the case of anisotropic rock masses, that

It is also interesting to note in this case that when the the direction of unloading (or decrease in stress) is more
principal stress directions were swapped (rotated 90°) little ~ important than the maximum stress direction.
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Table 7 Calibrated

. . Matrix properties
Subiquitous mechanical prop

ubiquitous-joint properties

properties E (GPa) v c(MPa) ¢ () o (MPa) €% (%) cMPa) ¢ (°) o (MPa) € (%)
7.9 025 1.52 47 0.15 0.021 0.02 18 0 0.021
Table 8 Summary of calibrated Matrix

subiquitous mechanical

properties and their derivation Deformation modulus

Poisson ratio
Cohesion
Tension
Friction (°)

ps
crit

€
Joint
Cohesion
Friction
Tension

ps

Eerit

10% of intact modulus measured in laboratory

0.25 based on Hoek et al. (1995)

50% intact value estimated from HB strength criteria with GSI 100
10% matrix cohesion

45° based on fully bulked and intact value

0.016 based on Sainsbury (2012) and scaled for zone size

20 kPa based on observed values (Tables 4, 5)

18° based on observed values (Tables 4, 5)

0

0.016 based on Sainsbury (2012) and scaled for zone size

Fig. 22 Tunnel-scale model

8o m

8 Discussion of Uncertainties and Limitations

Artificial kink bands in Ubiquitous-Joint models were first
reported by Cundall and Fairhurst (1986). The formation
of kink bands and kink folds are common structures in
thin-bedded sedimentary and foliated rocks. Due to the

16 MPa

\‘ L 24 MPa

/1\ 32 MPa

Discontinuum Model

AT

A,

inability of the ubiquitous-joint formulation to represent
joint spacing and bending resistance, kink band formation
will always be more pronounced in Ubiquitous-Joint
models.

Other failure mechanisms that involve layer bending,
such as slope toppling and roof deflection, require careful

@ Springer
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Fig. 23 Comparison of discontinuum and calibrated subiquitous sliding response

consideration in a Ubiquitous-Joint model. Sainsbury and
Sainsbury and Sainsbury (2013) have previously shown
how block toppling, sliding and non-daylighting wedge
failures can all be simulated with a calibrated Subiquitous
model; however, it is advisable to conduct parallel
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discontinuum analyses of such mechanisms to ensure
meaningful results are achieved.

There is uncertainty as to the effects of zone size on
scale effects within Ubiquitous-Joint or Subiquitous mod-
els. Care should be taken to ensure consistent unit-aspect
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Fig. 24 Model geometry b
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Fig. 25 Anisotropic rock mass deformation in the Woah Hawp decline
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Fig. 26 Sections through Section A-A Section B-B
model at locations A—A parallel
to bedding and B-B
perpendicular to bedding
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ratio zones sizes (i.e., the same dimension in all directions)
are used in both simulated laboratory experiments and
large-scale analyses.

9 Conclusion

The Ubiquitous-Joint models outlined herein show that
without careful calibration of the matrix and ubiquitous-
joint parameters, and consideration of the ubiquitous-joint
formulation, misleading results can be obtained.
Discontinuum analyses will always provide the most
rigorous assessment of anisotropic rock mass strength and
deformation behavior. However, when large-scale analysis
of anisotropic rock masses dictates the need for a continuum-
based Ubiquitous-Joint or Subiquitous model, careful cali-
bration of the material response to a series of discontinuum
numerical experiments provides significant insight, under-
standing and confidence in the modeling results. The use of
the more efficient calibrated subiquitous modeling technique
allows robust large-scale (regional) modeling of excavation
response to be conducted without complex sub-modeling
routines (eg. Perman et al. 2011) having to be performed.
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