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Evaluation of instability in fractured rock masses

using numerical analysis methods:

Effects of fracture geometry and loading direction

Xing Zhang and David J. Sanderson

T. H. Huxley School of Environment, Earth Sciences and Engineering, Imperial College of Sciences, Technology

and Medicines, London, England, United Kingdom

Abstract. Numerical modeling, using two-dimensional distinct element methods, is used to
examine the effect of stress on the stability of a fractured rock mass. The critical stress state
depends on the differential stress, mean stress, and fluid pressure and is represented by a
surface which bounds all stable stress states. By examining the critical stress states under
different loading conditions it is possible to define the stability/instability in terms of the far-
field differential stress and effective mean stress. Thus the strength of fractured rock can be
represented by a macroscopic frictional component (W,) and a cohesion (C;), which differ
from the corresponding parameters for individual fractures. A series of simulations are used
to examine the effects of fracture network geometry, such as fracture density, fracture length,
and fracture network anisotropy, on the instability strength. A steady decrease in equivalent
frictional strength (J1.) with increasing fracture density was found. For the same fracture
density, rock masses with fewer, but larger, fractures had lower instability strength. As
networks became more anisotropic, the orientation of the fractures in relation to the loading
direction had a considerable impact on the instability strength and deformation pattern. The
effects of loading direction in relation to fracture set orientation have been examined for two
fracture networks with different anisotropy coefficients. Where the directions of the principal
stresses were parallel to the fracture sets, extensional deformation was observed. Otherwise,
dilational shear deformation modes develop, within which sliding, opening, and block

rotation occur.

1. Introduction

A range of phenomena from earthquakes to hydrocarbon
migration and hydrothermal ore deposits are directly related to
faulting, fluid flow, and their interaction. Direct evidence for
this interaction includes natural and reservoir-induced seis-
micity, earthquakes triggered by fluid injection, forced oil
recovery, and waste disposal [Healy et al., 1968; Raleigh et
al., 1976; Das and Scholz, 1981; Talwani and Acree, 1985].

In many investigations it is necessary use the fracture ge-
ometry to characterize rock masses and their bulk properties
[e.g., Dershowitz and Einstein, 1988]. Fractures of all sizes
have a major effect on the physics of the upper crust, such as
the mechanical, hydraulic, thermal, and seismic properties.
The deformability and permeability do not follow a smooth,
progressive change at all scales of space and time in the upper
crust. Instead, they may increase nonlinearly with increasing
fracture density, fracture length, orientation, roughness and
connectivity [e.g., Zhang and Sanderson 1994].

Most work on fractures and fluid flow treats the fracture
network as a passive system, with fractures having a fixed
transmissivity. Recently, it has been recognized that flow is
greatly enhanced in critically stressed fractures, usually identi-
fied on the basis of their orientation with respect to the in situ
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stress field [Barton et al., 1995] or by coupled modeling of
flow and deformation [Zhang and Sanderson, 1997; Sander-
son and Zhang, 1999]. It is this stress sensitivity that is exam-
ined in this paper.

The localization of deformation in fractures and shear
zones is of fundamental importance to many topics in the
earth sciences [Cox, 1999; Sanderson and Zhang, 1999]. The
onset of localized deformation is a critical point phenomenon
at which the mechanical and hydraulic behavior of the system
suddenly changes, usually involving a huge increase in hy-
draulic conductivity and deformation [Zhang and Sanderson,
1997; Sanderson and Zhang, 1999]. Laboratory tests, field
observation, numerical analysis, and case studies demonstrate
that the deformation and strength of fracture rock masses are
largely influenced by fractures at all scales [Lajtai, 1969;
Hoek and Brown, 1980; Einstein et al., 1983; Gerrard, 1986;
Zhang, 1993]. For example, fracture interconnections allow
the development of macroscopic deformation [Chelidze,
1986] when fracture density increases during tectonic proc-
esses.

Rock masses may experience very different loading histo-
ries, involving both the magnitude of the principal stresses
and their orientation in relation to the fracture sets. Human
activity may alter the stress state in a fractured rock mass. For
example, the fluid pressure, and hence effective stress, may be
changed by injection or extraction of fluid [Harper and Last,
1990; Santarelli et al., 1992; Zhang et al., 1999a]. Engineer-
ing practice has demonstrated that a regional stress release
exists around an underground excavation, and this may cause
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changes in permeability and stability [Jaeger and Cook, 1979;
Hudson, 1987; Pusch, 1989; Zhang et al., 1999b].

In this paper, numerical modeling methods are used to
simulate the deformation of fractured rock masses. The criti-
cal stress state at which instability occurs was found by moni-
toring the displacements and unbalanced force within the sys-
tem. The critical state is that at which the rock mass becomes
unstable by the action of a small increment of stress. The ef-
fects of fracture network geometry and loading direction on
the instability strength and deformation behavior have been
investigated for a series of simulated fracture networks, which
allow different features of the fracture network geometry and
applied stresses to be assessed.

2. Stress States Surrounding Fractured
Rock Masses

Since most shallow seismicity is associated with slip along
preexisting fractures [Rummel et al., 1986; Spicak et al.,
1986], the instability of the upper crust is mainly controlled
by the slip of fractures. For a single fracture the shear strength
may be expressed by the Coulomb failure criterion

T=(0,- P)tan 0+ C, N

where 7 is the shear stress along the fracture, G, is the normal
stress acting across the fracture surface, Py is the fluid pres-
sure, ¢ is the fraction angle, and C is the cohesion.

It is difficult to determine the stability of a system of frac-
tures by an analysis using the Coulomb criterion due to the
variation of local stress state within the rock mass. More im-
portantly, failure locally within the system will change the
stress and may either promote or suppress deformation in
surrounding areas. This is now widely recognized in seismic
hazard studies [e.g., Scholz, 1990; Harris, 1998].

The stress state surrounding an equilibrium system of frac-
tured rocks is expressed with the principal effective stresses
(o)’ and ©3') and orientation (0), where the Coulomb failure
stress (CFS) is

CFS=flo/, 6i,0). 2)

A change in the Coulomb failure stress, ACFS, can be ob-
tained by any change in the principal stresses:

ACFS = flAc/', Acy/, 6). 3)

If ACFS > 0, the region becomes closer to instability,
whereas if ACFS < 0, it moves farther from instability. For
some examples, spatial patterns of static stress changes calcu-
lated for mainshocks correlate well with spatial patterns of
aftershocks [e.g., Reasenberg and Simpson, 1992; Harris,
1998; Toda et al., 1998]. An important question is when will
the stress state in a fractured rock mass attain the critical state
at which a small positive change in ACFS is likely to trigger
instability.

3. Determination of Critical Stress States
Using Numerical Methods

The distinct element method was implemented using the
UDEC code (Universal Distinct Element Code) [Cundall et
al., 1978]. This incorporates a Mohr-Coulomb model for the
intact blocks, a Coulomb-slip model and stress-related aper-
ture for the fractures, and the cubic law for fluid flow through
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the fractures. The rock blocks generally behave elastically and
may be divided internally into triangular elements and stresses
calculated by finite difference methods. The Coulomb-slip
model incorporates several important features of the physical
response of fractures. In the normal direction, the stress dis-
placement relation is assumed to be linear and governed by
the stiffness &, such that

Acn’ = 'kn A”n s (4)

where Ao, is the effective normal stress increment and Au, is
the normal displacement increment. Similarly, the response in
shear is controlled by a constant shear stiffness k,. The shear
stress 7T is limited by a combination of cohesion C and friction
angle ¢ (equation (1)). Thus, if | T| < Tya, then

AT = -k Al %)
or else, if | T| > Ty slip occurs, and then
Ts = sign (Au;) Tna (6)

where Au’; is the elastic component of the incremental shear
displacement and Au; is the total incremental shear displace-
ment. The models allow large finite displacement and defor-
mations with the UDEC code recognizing new contact geome-
tries that may arise during the deformation [Cundall et al.,
1978].

A simulated two-dimensional fracture network of 10 x 10
m (Figure 1) was used to represent a horizontal plane within a
rock mass containing vertical fractures (Figure 2). The net-
work in Figure 1 will be used to explain the procedures for
determining the critical stress. The fractures are well con-
nected, with a density of 7.85 m™ (defined as total fracture
length per unit area) and an average length of 1.15 m. The
properties of the fractures have a dominant effect on the total
deformation behavior with the effective elastic modulus of the
rock mass being determined by the properties of the fractures
and the intact rock (Table 1).

The rock has a density of 2600 kg m™ and is subject to an
overburden stress, 6, = 13 MPa, corresponding to a depth of

:_rli .

2 T

Figure 1. The simulated fractured rock mass of 10 m by 10 m
used in the initial analysis. This consists of two orthogonal
sets of fractures with a density of 7.85 m™ and an average
length of 1.15 m.
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(a)

Top surface

g
S
Initial fluid pressure (Pf) =5 MPa Q)
G, =13 MPa
ﬁ}l FEAN >
| | )
Initial
o= 11.7MPa

Initial G = 14.3 MPa

(b)

Figure 2. (a) Initial stresses selected in modelling with an
overburden (6,) of 13 MPa, a major horizontal principal stress
() of 14.3 MPa and a minor horizontal principal stress (0;)
of 11.7 MPa. (b) Loading directions of principal horizontal
stresses (G5) and location of monitoring system (M1-M8).

~500 m. The initial major and minor horizontal principal
stresses, Oy and ©, were set at 14.3 and 11.7 MPa, respec-
tively (Figure 2a), with a hydrostatic fluid pressure of 5 MPa.
The directions of the principal stresses and monitors for dis-
placement are shown in Figure 2b. The rock mass was al-
lowed to reach an equilibrium state under the action of the
initial stress field. During the equilibration, the system was
brought to a stable state, indicated by the displacements at the
eight monitoring points (Figure 2b) approaching steady val-
ues.

The model was then loaded by increasing the differential
stress or the fluid pressure or decreasing the mean stress or
some combination of these. Initially, an increment of 1 MPa
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in differential stress was used with the fluid pressure and the
mean stress unchanged; smaller changes were used in search-
ing for the critical state.

After application of a ACFS increment, displacements of
the monitoring points and unbalanced forces exist. Prior to
instability the displacements rapidly attain a constant value
(Figures 3a and 3b, right) and the magnitude of the unbal-
anced forces approaches zero (Figure 3c). At the critical state
(differential stress, ¢ = 10.6 MPa), the system becomes unsta-
ble as indicated by accelerating displacements (Figures 3a and
3b, left) and an increase in unbalanced forces (Figure 3c).

The behavior of the system does not change smoothly with
increasing stress. Initially, the shear displacements along
fractures are fairly uniformly distributed through the network
(Figure 4a). Approaching the critical state, the maximum
shear displacement is ~6 mm, and displacement is localized
on a few fractures (Figure 4b). At the critical state, further
increase in ACFS produces instability and shear displacements
>30 mm are highly localized within a throughgoing shear
zone (Figure 4c). This shear zone comprises a complex system
of linked fractures with high shear and opening displace-
ments. The direction of the shear zone is at an angle = 23°
to the major horizontal principal stress 6 (Figure 4¢).

In addition to shear displacement, dilational deformation
also developed during the movements (Figure 5). Initially
apertures are small and fairly uniformly distributed through
the network (Figure 5a) and the resultant flow would be low
and diffuse. At the critical state the linked dilational shear
zone contains fractures with very large apertures (>8 mm, see
Figure Sc) that form jogs between fractures with high shear
displacement. These are likely to lead to a sudden change of
fluid flow from diffuse flow through fractures to highly local-
ized flow often at fracture intersections [Sanderson and
Zhang, 1999].

An increase in conductivity and permeability of rock sam-
ples prior to failure has been observed in laboratory experi-
ments by Patterson [1978). Zhang et al. [1994] report an
increase in permeability of up to 2 orders of magnitude during

Table 1. Parameters Used in UDEC modeling

Model Parameters Value Units
Rock Properties
Density 2600 kgm™
Shear modulus 10 GPa
Bulk modulus 30 GPa
Tensile strength 4 MPa
Cohesion 10 MPa
Friction angle 30 degree
Fracture Properties
Shear stiffness 50 GPam’
Normal stiffness 100 GPam’
Tensile strength 0 MPa
Cohesion 0 MPa
Friction angle 30 degree
Dilation angle S degree
Residual aperture 0.02 mm
Zero stress aperture 0.5 mm
Fluid Properties
Density 1000 kg m*
Viscosity 0.00035 Pas
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Figure 3. Displacement histories at monitoring points (see
Figure 2b) and the unbalanced force within the fractured rock
mass in Figure 1. The positive change in stress was achieved
by increasing the differential stress with a constant mean
stress under a fixed fluid pressure of 5 MPa. At a differential
stress of 10.6 MPa, the fractured rock mass became unstable,
which was characterized with increasingly accelerated move-
ments and unbalanced force within the system. (a) (left) De-
formation in the X direction, (right) the stable displacements;
(b) (left) deformation in the Y direction, (right) the stable dis-
placements; and (c) unbalanced force.
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Figure 4. Evolution of shear on fractures during loading (see
Figure 3). (a) At the initial stress state, small and fairly uni-
formly distributed shear. (b) At the precritical stress state, the
increased shear displacement beginning to localize. (c) At the
critical stress state, greatly increased shear displacement and a
linked dilational shear zone formed at ~23° to .
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Figure 5. Dilation of fractures during loading (see Figure 3).
(a) At the initial stress state, the small and fairly uniformly
distributed dilation. (b) At the precritical stress state, consid-
erably increased dilation particularly at jogs on fractures with
higher shear. (c) At the critical stress state, short dilational
jogs, developed as part of a dilational shear zone.
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(a)

The critical stress state

The initial stress state

ol

(b)

1t The critical stress state

The initial stress state

The critical stress state

T=u, 0+ Cq
puz=0.711; Cz=0.51 MPa

(d)
T

c: loading scheme three

R’=0.996

Initial stress condition

a: loading scheme one

b: loading scheme two

Figure 6. Schematic illustration of Mohr circles for the three
loading schemes used in the modelling. (a) Loading scheme 1.
The mean stress and fluid pressure are kept constant and the
differential stress increased by increasing Gy and decreasing
o;. (b) Loading scheme 2. The fluid pressure is increased,
keeping oy and G, (and hence differential stress) constant with
the mean stress decreasing. (c) Loading scheme 3. The major
principal stress (Op) is increased so the differential and mean
stresses also increase. (d) Instability strength defined by the
Mohr circles at the three critical stress states, which produce a
failure envelope with a frictional coefficient of 0.73 and cohe-
sion of 0.4 MPa.
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deformation of Carrara marble, which they attribute to micro-
crack development.

The critical phenomenon may also be explained by a me-
chanical percolation model [Chelidze, 1986; Reuschle, 1998].
Rock failure may be understood on a microscopic scale by a
statistical consideration of microcracking within a specimen.
The resulting macroscopic failure is highly localized at the
critical stage even though the microdamage may be described
by a percolation model and is characterized by nonlocalized
features.

4. Instability Strength of Fractured
Rock Masses

In the previous model a positive change in stress, ACFS,
was obtained by increasing the differential stress while the
mean stress and fluid pressure remain constant (Figure 6a). A
positive ACFS could also be obtained by altering other stress
components, such as the fluid pressure (loading scheme 2,
Figure 6b) and the maximum horizontal stresses (loading
scheme 3, Figure 6¢). These produce three different critical
stress states as follows: scheme 1, fluid pressure of 5 MPa,
differential stress of 10.6 MPa, abd mean stress of 13 MPa;
scheme 2, fluid pressure of 11.3 MPa, differential stress of 2.6
MPa, and mean stress of 13 MPa; scheme 3, fluid pressure of
5 MPa, differential stress of 20.6 MPa, and mean stress of 22
MPa.

These are specific cases of all possible states of stresses,
which may be understood by reference to a state boundary
surface (Figure 7) plotted with axes ¢ = oy - o, (differential
stress), p = (O + ©,)/2 (mean stress), and P, (fluid pressure).
The importance of the state boundary surface is that it repre-
sents a surface below which the rock mass is stable and above
which it is unstable on application of a small positive ACFS.

It is common in the literature to state the Coulomb failure
stress change without detailing the assumptions regarding
fluid behavior. Mohr circles can be used to represent the criti-
cal stress state, as shown in Figure 6d, where the failure sur-
face is tangential to each Mohr circle. In this case, the strength
of the fractured rock mass can be described by a friction coef-
ficient (L, = tan@, = 0.73; @. = 36°) and a cohesion (C. = 0.4
MPa). Note that the frictional coefficient is slightly higher
than that used for individual fractures in the modeling, and
that a higher effective cohesion developes (see Table 1).

For intact rock the shear strength is generally described by
a friction coefficient and a cohesion [e.g., Bernaix, 1969;
Jaeger and Cook, 1979]. For a smooth, single fracture, shear
strength can be defined by a friction coefficient. For fractured
rocks and single fractures with rough surfaces, laboratory tests
show that shear strength can be described by a friction angle
(plus a dilation angle) where the confining stress was low
[e.g., Byerlee, 1978; Hung and Lee, 1990; Bro, 1992] but
requires both a friction angle and cohesion where the confin-
ing stress was high [e.g., Byerlee, 1978; Bro, 1992] or where
fractures are not throughgoing [e.g., Hung and Lee, 1990].
Similarly, both a friction angle and cohesion are necessary to
describe the strength of large volumes of fractured rock
masses [e.g., Viokh et al., 1987; 1990].

In the present study, no single fracture spans the model and
failure occurs by the production of a zone comprising numer-
ous sliding and opening fractures in different directions (Fig-
ures 4 and 5). Analysis of the resulting failure stresses implies
a small cohesion (C,) (see Figures 6 and 9). Thus the instabil-
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Figure 7. State boundary surface with axes g, p, and Py where ¢ = Gy, - 0 is the differential stress, p =
(o + ©,)/2 is the mean stress, and P, the fluid pressure. Line GF represents all possible states of insta-
bility at the hydrostatic pressure, and line CD represents them at a higher fluid pressure. Lines DF and
CG are critical state lines at a low and high mean stress, respectively. The points a (¢ = 10.6, MPa, p =
13 MPa, P;= 5 MPa), b (g = 2.6, MPa, p = 13 MPa, P, = 11.3 MPa) and ¢ (g = 20.6, MPa, p = 22 MPa,
P;= 5 MPa) correspond to the critical stress states for the model in Figure 1, under the three loading

schemes in Figure 6.

ity strength of the rock mass as a whole can not be described
adequately by the Coulomb failure criterion for a single frac-
ture.

In theory, for a homogenous continuum the failure surface
makes an angle of B= (90° - ¢)/2 with the major principal
stress. In this modeling (Figure 6d) the predicted failure sur-
face had an angle of B = 27.3° (45° - ¢./2). At lower effective
mean stress, the angle of B was smaller (23°, Figures 4c and
8a) than that under a higher effective mean stress (28°, Fig-
ure8b). The associated dilational deformation is also different.
Under low effective mean stress, the shear zones have signifi-
cant dilational jogs or pull-aparts (Figures 5a and 8c), whereas
under a high effective mean stress these are much less devel-
oped (Figure 8d).

To further examine the instability behavior, two more ini-
tial boundary conditions were used, corresponding to greater
depths of 1000 m and 1500 m. Again, the directions of the
resulting shear zones at different depths were slightly differ-
ent. At a depth of 1000 m, B = 24° (Figure 8¢), whereas at a
depth 1500 m, B = 28° (Figure 8f).

The three initial boundary conditions, corresponding to
depths of 500, 1000, and 1500 m, where each subject to the
three loading schemes, giving a total of nine critical stress
states. The Mohr circles at these nine critical stress states
indicate an instability strength envelope, as shown in Figure 9.
The frictional coefficient (l,) was estimated to have a value of
0.73 (friction angle, @. = 36°), and the cohesion (C.) was ~0.4
MPa. These estimates are in agreement with field data ob-
served by Barton et al. [1995] and Zoback et al. [1996], for
which friction coefficients between 0.6 and 0.9 are reported.

5. Determination of Normalized Stability

In practice, it is difficult to determine the shear and normal
stress along a potential shear zone because the zone is made
up from an array of linked fractures. On the other hand, the
differential stress (g) and effective mean stress (p') are easy to

estimate at the critical state in the model. By plotting ¢/2
against p', an equivalent friction coefficient (i) and an
equivalent cohesion (C,) may be determined from the best fit
straight line (Figure 9). The equivalent friction coefficient [,
= 0.58 is less than p. = 0.73 and provides an alternative esti-
mate of the instability strength.

Using plots of g against p/, it is possible to determine the
stability under various stress conditions. For example, the
stability of the fractured rock mass in Figure 1 at various
depths between 500 and 2000 m is shown in Figure 10. In this
case, 05 was selected to be 1.2 times the vertical stress, and o,
was selected to be 0.65 times the vertical stress. For each
depth the stresses assuming hydrostatic pressure and 1.35
times hydrostatic pressure are plotted. Under hydrostatic pres-
sure the rock mass is stable at depths between 500 m and
2000 m. However, at 1.35 time hydrostatic it is unstable at
depths greater than ~1000 m.

Another way to compare the stability of a fractured rock is
to define a normalized stability factor (S,) (Figure 11). For a
specific stress state (p’ and ¢) an associated, critical stress
state (p,' and ¢.) could be determined according to the insta-
bility strength line at which the two stress states had the short-
est distance. Then S, can be obtained by the ratio of the two
slopes:

S,=SAg./ p.)/ S(g ! p') =tan o/ tan . )

For a stress state within the unstable domain, S, < 1,
whereas in the stable domain, S,, > 1.

On the basis of the data in Figurel0 the stability factor S, at
various depths has been calculated (Figure 12a). At a depth
of 500 m the rock mass had S, = 1.51 under the hydrostatic
pressure and S, = 1.19 under 1.35 times hydrostatic pressure.
On the other hand, at a depth of 2000 m the rock mass was
stable with S, = 1.24 at hydrostatic pressure but unstable with
S, = 0.94 at 1.35 times the hydrostatic pressure. Also, the
degree of stability of the fractured rock mass was very differ-
ent under different in situ stress (Figure 12b).
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Figure 9. Instability strength defined by Mohr circles at the critical stress states at depths of 500, 1000,
and 1500 m, with three loading schemes. The Coulomb failure envelop (A) corresponds to a frictional
coefficient of 0.73 and cohesion of 0.4 MPa. The line B represents the maximum shear stress (g/2) at
various mean effective stresses (p') and defines the equivalent friction coefficient L, = 0.58 and equiva-

lent cohesion C, = 0.55 MPa.

6. Effects of Fracture Network Geometry

Simulated fracture networks allow a systematic study of the
interplay and relative importance of the two key factors: frac-
ture network geometry and applied stress state. Fracture net-
works have been simulated within a square of 10 x 10 m. All
models comprise two sets of parallel, orthogonal fractures.
The fracture density, fracture length, and anisotropy of frac-

351 q:1.16p’+1.1MPa\
%7 e --- Depth
25 | Unstable stress state ° ¢ at 2000 m
Gl @ .. Depth
i --- Dep
E 20 at 1500 m
—’ . [ J
T 151 ° ® - Depth
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10 A )
® & __ Depth
5 1 at 500 m
J Stable stress state
0 T T 1
0 10 20 30
p'(MPa)

o - Hydrostatic; & ---1.35 times hydrostatic

Figure 10. Plot of differential stress () against mean effec-
tive stress (p') with increasing depth for model in Figure 1 at
hydrostatic (circles) and 1.35 x hydrostatic (diamonds) fluid
pressures. The solid line represents the instability strength
determined in Figure 9.

ture networks are systematically varied. The modeling in-
volves procedures similar to those described by Sanderson
and Zhang [1999, in press], but here the instability is exam-
ined in terms of the equivalent frictional coefficient L.
Fractures were generated sequentially, with the coordinates
of their centers randomly selected from a uniform distribution.
A procedure of self-avoiding generation was used, such that
new fractures were selected only if they were located at a
minimum distance to previously generated fractures. The
minimum distance can be varied but was set at 50 mm (i.e.,
0.5% of the size of the square) in this study. Trace lengths
were sampled from a power law distribution where the num-
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O
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Figure 11. Definition of normalised stability factor S, from a
plot of g/2 against p’ (for further explanation see text).
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tween 500 and 2000 m under different fluid pressures (dia-
monds hydrostatic pressure; squares 1.35 hydrostatic pres-
sure). (b) Normalized stability factor plotted against principal
stress ratios for different depths.

ber of fractures (N) of length (L) had a form N e aL®. The
exponent (£) was set to 1.2 and the fracture trace length var-
ied from a fixed upper limit of 2.5 m to a lower limit of be-
tween 0.1 m and 2 m. For each simulated facture network,
three loading schemes were used, as shown in Figures 6a-6c¢;
initially, the loading direction was fixed at 6, = 30°.

6.1. Fracture Density

In this group of simulations both fracture sets are equally
represented and have an average fracture length of 1.15 m
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(range 0.5 and 2.5 m). The overall density was varied between
4.3 and 11.6 m™', the former (Figure 13a) corresponding to the
percolation threshold, below which the fracture network con-
sisted of individual fractures and locally connected clusters,
with no spanning (or critical) cluster [e.g., Stauffer and Ahar-
ony, 1991; Zhang and Sanderson, 1994, 1998]. At the higher
fracture density of 11.6 m™ (Figure 13b) the fractured rock
was highly fragmented.

Figures 13c and 13d show the dilation at the critical stress
state for two rock masses with different fracture densities
under loading scheme 2. At low fracture density, displacement
developed along only a few paths and dilational jogs are large
(Figurel3c). The critical stress state required a high fluid pres-
sure of 16 MPa. At higher fracture density, most fractures
contribute to the spanning cluster, and hence there are more
potential slip paths. However, only one dilational shear zone
formed, which followed a fairly straight path with small jogs
(Figure 13d). The critical state is reached at a lower fluid pres-
sure of 11.5 MPa.

Figure 13e shows that the equivalent frictional strength i,
decreases from 0.74 to 0.44, as fracture density increases from
4.3 to 11.6 m™". This confirms results from experimental study
of deformability of a percolating system [e.g., Benguigui,
1984], who showed that the deformability increased with in-
creasing the porosity.

6.2. Fracture Length

In this group of simulations the fracture density was con-
stant at 7.85 m™', and the average length of both sets of frac-
tures varied. This was achieved by setting an upper limit of
2.5 m and selecting lower limits at 0.1, 0.2, 0.5, 1, 1.5, and 2
m to produce a variation in average fracture length between
0.61 and 2.11 m.

For shorter fracture lengths a higher fluid pressure (14
MPa) was needed to reach the critical stress state and the
shear zone had large jogs due to the short fractures (Figure
14a). For longer average lengths the critical fluid pressure
was lower (12 MPa), and the shear zones were relatively
straight (Figure 14b). The equivalent frictional strength (u,)
decreases from 0.67 to 0.47 (Figure 14c¢).

6.3. Anisotropy

In this group of simulations the total fracture density was
kept constant at 7.85 m™', but the average fracture lengths in
the x and y direction varied independently between 0.1 and 1
m. This produced an anisotropy, in which the ratio of fracture
densities of the two sets [Zhang and Sanderson, 1995] varied
between 0.3 and 3.35 (Figure 15).

As the anisotropy varies, the deformation style and instabil-
ity strength differ significantly. At lower anisotropy (0.3, Fig-
ure 15a), longer fractures at 60° to Gy link to produce dila-
tional shear zones at 45°-50° to Gy, with large jogs (see Fig-
ures 15c and 2b). At the critical stress state the fluid pressure
was 16 MPa. At high anisotropy (3.35, Figure 15b), the longer
fractures are at 30° to 6, and the dilational shear zones form
at a relatively small angle (26°) to oy (Figure 15d). In this
case, the fluid pressure was 11.4 MPa at the critical stress
state. The equivalent frictional strength, |L., decreased some-
what, from 0.69 to 0.5 with increasing anisotropy (Figure

15e). Thus, as networks become more anisotropic, the orienta-
tion of the fractures in relation to the loading direction has a
considerable impact on the critical stress state. Because of the
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existence of high anisotropy in fracture networks the process
of instability of a system may not be described with a percola-
tion theory because the deformation is strongly localized at an
early stage rather than a uniformly dispersed over the entire
system, as discussed by Kolesnikov and Chelidze [1985].

7. Effects of Loading Direction

To understand the relations between loading direction and
fracture orientation, further modeling was carried out for two
fracture networks with the same density (7.85 m™) but differ-
ent anisotropy coefficients of 1.08 and 3.35. The loading di-
rection (Gy) was changed at intervals of 15°. For each net-
work, seven different loading directions were tested with three
different loading schemes, mading a total of 42 tests.

7.1. Isotropic Fracture Network

At loading directions of 0 and 90° (Figuresl6a and 16e),
the principal stresses are parallel to the fracture sets, and there
is little shear displacement along the fractures. In both cases
the fluid pressure at the critical state is ~17 MPa, i.e., close to
the value of the minor principal stress (16.9 MPa). Note that
the fractures have a slightly shorter average length in the 90°
direction than at the 0° (anisotropy coefficient of 1.08), which
leads to only a small difference in the critical fluid pressure
and dilation (see Figures 16a and 16¢). For both loading direc-
tions, only those fractures that are parallel to the major princi-
pal stress open.

Where the principal stress axes are not parallel to the frac-
ture sets, the fluid pressure and differential stress at the criti-
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ZHANG AND SANDERSON: INSTABILITY IN FRACTURED ROCK

—~
[s¥)
-

-

0.9 \
0.8 \
0.7

0.6

0.5 T T T T .

0 30 60 90 120 150 180

Equivalent “friction coefficient”, p,

Loading direction (degree)

o~
on
—

N

o AN ;
o\ [\ |

L A
b N
w N N/

Equivalent “friction coefficient”,

Loading direction (degree)

Figure 17. Effects of loading direction on the equivalent
friction coefficient, W, for rock masses with (a) low anisot-
ropy (1.08) and (b) high anisotropy (3.35).

cal state are significantly lower, and the deformation patterns
are different (Figures16b, 16¢ and 16d). In these orientations
the deformation mainly comprises shearing on the fracture set
at the lowest angle to G, linked by dilational jogs utilizing the
other fracture set. Where the loading direction bisected the
two sets of fractures, dilational shearing occurred along the
two sets of fractures, but smaller displacements developed
(Figure 16d). In this study with a rotation interval of 15°, the
minimum differential stress was 24.3 MPa at a loading direc-
tion of 30° (Figure 16c¢).

The equivalent frictional strength, L, and deformation
mode of a fractured rock mass with low anisotropy (1.08) is
controlled by the direction of loading (Figure 17a). Similar
effects were seen in the modeling of naturally fractured rocks
[Zhang and Sanderson, 1997; Sanderson and Zhang, 1999].

7.2. Anisotropic Fracture Network

The same tests have been applied to a fractured rock mass
with a higher anisotropy coefficient of 3.35. The critical stress
states are considerably different for the extensional deforma-
tion modes (loading at 0 and 90°), and the patterns of exten-
sional deformation are also different. At S;;= 0° (i.e., parallel
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to the longer fractures) the maximum aperture is relatively
small (3.6 mm). At Sy, = 90° (parallel to the shorter fractures)
the maximum aperture is somewhat large (5.7 mm). Other
loading directions produce dilational shear zones, with the
anisotropy having a significant influence to the deformation
patterns. Where oy <45°, shear zones form along a few long
fractures and rock mass is less stable. Where o >45°, more
shear zones formed, each comprising a number of short frac-
tures linked by dilational jogs, and the fractured rock mass
had a higher stability.

The equivalent frictional strength (l1,) at different loading
directions is shown in Figure 17b. Because of the difference
in deformation patterns the stability of a highly anisotropic
fracture network is very variable at different loading direc-
tions. For both extensional and dilational shearing, the stabil-
ity of the rock mass is lower where the loading direction of
the major horizontal principal stress, Gy, is closer to the
longer fracture set.

8. Discussion and Conclusions

The critical stress state at which a fractured rock mass in
the upper crust becomes unstable has been investigated using
two-dimensional numerical modeling methods. The models
involve a connected network of preexisting fractures with no
further initiation or growth of fractures. Instability can be
triggered by a small change in stress (positive ACFS) when
the critical stress state is approached. The modeling shows the
following features:

1. The critical stress state can be described with reference
to a state boundary surface, representing varying differential
stress, mean stress, and fluid pressure.

2. An instability strength has been determined from a se-
ries of critical stress states obtained under different condi-
tions. The strength of a potential shear zone can be described
by a frictional coefficient (l.) and a cohesion (C.), consistent
with Mohr-Coulomb theory.

3. The instability strength can also be represented by an
equivalent frictional coefficient (i) and an equivalent cohe-
sion (C,) based on the stresses applied to the rock mass. This
approach allows the stability/instability to be determined
without knowing the direction of the potential shear zone and
hence the shear and normal stresses on it.

4. The stability at a specific stress state can also be defined
by a normalized stability factor, which is <1 for stable states
and >1 for unstable states.

5. Fracture density has an important effect on instability
strength. For fracture densities between 4.3 and 11.6 m’ the
equivalent frictional strength (lt,) varies between 0.74 and
0.44, respectively.

6. Stability decreased with increasing average fracture
length. For variation of average fracture length between 0.61
and 2.11 m the equivalent frictional strength (u,) changes
between 0. 67 and 0.47, respectively.

7. Fracture anisotropy has a considerable effect on the sta-
bility; higher anisotropy leads to lower instability strength for
a given loading direction. For variation of anisotropy between
0.3 and 3.35 the equivalent frictional strength (1) varies be-
tween 0.69 and 0.5, respectively.

8. Loading direction also has a very important impact on
the deformation. Where a principal stress is parallel to a frac-
ture set, the deformation is entirely controlled by opening of
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those fractures parallel to 6. Otherwise, the deformation is
characterized by shear zones with sliding, opening and block
rotation. There is a direction of loading with o, at about 30°+
15°, at which sliding contributes most to the deformation and
stability is lowest.

9. Extensional deformation requires the highest driving
stress (differential stress or/and fluid pressure). In these cases,
the fluid pressure required ta open the fractures is very close
to the confining stress. For deformation dominated by dila-
tional shearing, the driving stress is much lower.

10. Anisotropy has a considerable effect on stability and
the pattern of deformation. For extensional deformation
modes a large fluid pressure or large differential stress is re-
quired to open fractures. Where 6, <45° to the longer fracture
set, the rock mass has a relatively low stability and shear
zones consist of a few long fractures. Where G, > 45° to the
longer fracture set, the rock mass has a relatively high stabil-
ity, and shear zones consist of a number of short fractures,
linked by large dilational jogs or pull-aparts.

Rocks that are pervasively fractured show significant varia-
tions in strength that are a function of their fracture geometry
(density, length, anisotropy) and loading direction. The mac-
roscopic rock strength results from the composite behavior of
a system of fractures, with the macroscopic friction coeffi-
cient and cohesion of the rock mass differing from that as-
signed to individual fractures.
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