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Synopsis

This paper proposes the further development of a recently identified shear
rupture mechanism (fan mechanism) that elucidates a paradoxical feature
of hard rocks - the possibility of shear rupture propagation through a
highly confined intact rock mass at shear stresses that can be significantly
less than frictional strength. In the fan mechanism, failure is associated
with consecutive creation of small slabs (known as ‘domino blocks’) from
the intact rock in the rupture tip, driven by a fan-shaped domino structure
representing the rupture head. The fan head combines such unique features
as extremely low shear resistance, self-sustaining stress intensification,
and self-unbalancing conditions. Consequently, the failure process caused
by the mechanism is inevitably spontaneous and violent. Physical and
mathematical models explain unique and paradoxical features of the
mechanism, which can be generated in primary ruptures and segmented
faults. The fan mechanism provides a novel point of view for
understanding the nature of spontaneous failure processes, including shear
rupture rockbursts. The process explains, in particular, features of shear
rupture rockbursts such as activation at great depths, generation of new
shear ruptures in intact rock mass, nucleation of hypocentres at significant
distances from the excavation, shear rupture development at low shear
stresses, and abnormal rupture violence.
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Introduction

It has been observed in field and laboratory
conditions that failure of intact hard rocks at
highly confined compression can be
accompanied by abnormal violence. Under
both of these conditions the failure process is
associated with shear rupture development.
David Ortlepp, who acquired more than 40
years of experience in the study of shear
rupture rockbursts in deep and ultra-deep
South African mines, emphasized this
phenomenon (Ortlepp, 1997; Ortlepp et al.,
2005): ‘All rockbursts, by definition, involve
sudden and often violent displacement of rock.
Occasionally however, larger incidents cause
damage of such intense violence that it seems
that our knowledge of the mechanism of
damage is completely inadequate.’ Special field
studies (Gay and Ortlepp, 1979; McGarr et al.,
1979) have revealed that shear ruptures
causing abnormally violent rockbursts are
created in intact rock mass. An important
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feature is that they nucleate in zones of highly
confined compression that are some distance
away from excavation (on the excavation
surface the minor stress is equal to zero). It
was shown that these mine tremors and
earthquakes share the apparent paradox of
failure at low shear stresses, while laboratory
measurements indicate high material strengths
(McGarr et al., 1979).

Recent laboratory studies of post-peak
failure of hard rocks (characterized by uniaxial
compressive strength above 250 MPa) at
highly confined compression (o1 > 0y = 03
when o3 > 50 MPa) support Ortlepp’s idea
about inadequate understanding of the failure
mechanism at these loading conditions
(Tarasov, 2008, 2010; Tarasov and Randolph,
2008, 2011). Some observed abnormalities
that cannot be explained on the basis of
conventional approach are presented in
Figures 1 and 2.

Figure 1 shows two sets of generic stress-
strain curves for different levels of confining
pressure oz. Figure 1a represents the conven-
tional (well-studied) rock behaviour associated
with increasing post-peak ductility with rising
o03. For clarity, the variation of the post-peak
curves is indicated by dotted lines. Figure 1b
represents the unconventional type of rock
behaviour. Here, increasing oz can lead to a
contradictory variation of post-peak properties.
In fact, rock behaviour can be changed from
Class I to extreme Class IT and then to Class I
again. Class I is characterized by a negative
post-peak modulus M = do/de, and Class 11 by
positive (Wawersik and Fairhurst, 1970). At
extreme Class II behaviour, values of post-
peak modulus M and elastic modulus £ =
do/de can be very close, indicating extremely
small post-peak rupture energy (compare
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Figure 1—Two sets of generic stress-strain curves for different levels of
confining pressure o3 illustrating (a) conventional and (b) unconven-
tional rock behaviour. (c) Typical variation of the post-peak brittleness
index K with rising o3 for rocks exhibiting the conventional and
unconventional behaviour

shaded areas in Figures 1a and 1b for o5 = 03(4)).

A small post-peak rupture energy in turn indicates high
post-peak brittleness. A special brittleness index was
developed to characterize unambiguously the post-peak
brittleness at any type of rock behaviour (see details in
Tarasov and Potvin, 2013). The index K = dW,/dW, = (M -
E)/M is based on the ratio between the post-peak rupture
energy dW; and elastic energy dW, withdrawn from the
material during the failure process. The index K characterizes
the capability of the rock for self-sustaining failure due to the
elastic energy available from the failing material. Figure 1c
shows variation of the brittleness index K with rising
confining pressure o3 for rocks exhibiting conventional and
unconventional behaviour. In contrast to the conventional
behaviour, where increasing o3 is accompanied by a
monotonic decrease in post-peak brittleness, the brittleness
variation for unconventional behaviour follows a typical
pattern of initially increasing, reaching a maximum, and then
ultimately decreasing. The harder the rock, the greater the
effect of embrittlement. Experiments (Tarasov, 2010) showed
that some rocks at high confinement became hundreds of
times more brittle compared to their behaviour under uniaxial
compression.

Figure 2 illustrates the abnormal violence of hard rock
failure at extreme Class Il behaviour. The experiments were
conducted on an extremely stiff servo-controlled testing
machine based upon the loading principles described in
Stavrogin and Tarasov (2001). Figure 2a shows a set of
stress-strain curves for dolerite (uniaxial compressive
strength 300 MPa) obtained at different levels of o3. At 03 <
60 MPa the total post-peak control was provided for both
Class I and Class II behaviour. Dotted lines here indicate
general orientation of post-peak curves. At o3 = 60 MPa
control was possible only at the start of the post-peak stage,
after which spontaneous and violent failure took place.
Dotted lines indicate orientation of post-peak curves at the
moment that instability starts. In this case M is close to E,
post-peak rupture energy is vanishingly small, and post-peak
brittleness approaches absolute brittleness (extreme Class II).
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To demonstrate the difference in violence at spontaneous
failure for Class Il at low o3 (where post-peak control is
possible) and for extreme Class II at high o3 (where post-
peak control is impossible), some special experiments were
conducted. At low o3 the spontaneous failure was generated
at the peak stress due to the absence of post-peak servo-
controlling. During failure at all levels (low and high) of oz
the differential stress variation with time was recorded by
a load cell adjoining the tested specimens (Figure 2b).

Two different modes of rock behaviour were distinguished.
Figure 2c shows a stress-time curve typical for oz < 60 MPa,
while Figure 1d shows a stress-time curve typical for oz =
60 MPa.

It should be emphasized that for the two curves obtained
at o3 = 30 and 60 MPa the stress drop Ao (the difference
between the stress of the instability start o and the residual
strength of) was practically the same: Ac(30) = 310 MPa and
Ao 60y = 340 MPa. Points of instability are marked by
asterisks on the stress-strain curves in Figure 2a and stress-
time curves in Figures 2c and 2d. Despite the fact that the
elastic energy available from the specimen-loading machine
is comparable for both experiments, the shapes of the curves
differ dramatically. For o3 = 30 MPa the failure was followed
by a conventional stress oscillation around the residual
strength. For o3 = 60 MPa an extraordinary post-failure
stress shock was generated, after which the equilibrium
condition was reached at a stress level significantly below the
residual (frictional) strength of. Identical stress shocks were
observed in all experiments conducted at oz = 60 MPa
(Tarasov and Randolph, 2008).

The observed features of hard rocks, such as the dramatic
post-peak embrittlement with rising confining pressure os;
the abnormal failure violence within a certain range of os;
and the huge after-failure stress-shock cannot be explained
according to the basics of common understanding of shear
rupture mechanisms. This paper shows that the observed
abnormalities are generated by a recently identified shear
rupture mechanism (fan mechanism) that is activated in hard
rocks (uniaxial compressive strength above 250 MPa) at
highly confined compression. In the fan mechanism, the rock
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Figure 2— (a) Stress-strain curves for dolerite specimens tested at
different levels of confining pressure o3, (b) schema of a specimen with
adjoining load cell, (c) and (d) typical stress-time curves recorded by
the load cell during spontaneous failure of rock specimens at low and
high levels of o3
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failure is associated with consecutive creation of slabs
(known as ‘domino blocks’) from the intact rock in the
rupture tip and is driven by a fan-shaped domino structure
representing the rupture head. The fan head combines such
unique features as extremely low shear resistance, self-
sustaining stress intensification, and self-unbalancing
conditions. Consequently the shear rupture can propagate
through the medium with negligible resistance, resulting in
abnormal violence. Physical and mathematical models of the
mechanism presented in this paper explain the unique and
paradoxical features of the mechanism. This mechanism can
operate in small laboratory specimens and in field conditions,
causing shear rupture rockbursts and earthquakes. Natural
faults normally have a very complicated multi-hierarchical
segmented structure. We will firstly discuss features of the
fan mechanism operation in primary ruptures (thin
continuous formations), and then in complex faults (Ortlepp
shears).

Fan mechanism in primary ruptures

Frictional and fan-hinged shear

This section discusses the interrelation between well-known
failure mechanisms for rocks at confined compression and
the fan mechanism. It is known that rock failure mechanisms
are dependent on the level of confining pressure o3 (e.g.
Kirby and McCormick, 1984). Figures 3a and 3b show
variations in failure mechanisms, with o3 rising from left to
right, for rocks exhibiting conventional and unconventional
behaviour. Rectangles represent rock specimens exhibiting
different failure mechanisms. In brittle rocks, pre-existing
defects at loading generate tensile cracks, the ultimate length
¢ of which is a function of o3, as shown symbolically by
dotted lines: the higher the o3 the shorter ¢. The length ¢ of
tensile cracks in turn determines the macroscopic failure
mechanism and the failure pattern.

At confining pressures o3 < o3min(shear), Shear rupture
cannot propagate in its own plane due to the creation in the
rupture tip of relatively long tensile cracks preventing the
shear rupture development. The tensile cracks grow along the
major stress. Two failure mechanisms distinguished at these
stress conditions are: (1) splitting by long tensile cracks and
(2) failure due to coalescence of distributed micro-cracks
accumulated within the material body during loading.
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Figure 3—Variation in failure mechanisms and failure patterns with o3
for rocks exhibiting (a) conventional and (b) unconventional behaviour
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At 03 = O3min(shear) the failure mode is localized shear.
Due to high confinement, micro-tensile cracks become
sufficiently short to cause shear rupture to propagate in its
own plane. Here the dilation of one short micro-crack induces
the dilation of a closely spaced neighbouring crack (Reches
and Lockner, 1994). Due to the consecutive creation of short
tensile cracks in front of the rupture tip, the advancing fault
itself induces organized damage that is restricted to its own
plane. It is important to note that micro-cracks are generated
along the major stress, which is at angle a, ~ (30°-40°) to
the shear rupture plane (Reches and Lockner, 1994; Horii
and Nemat-Nasser, 1985). This micro-cracking process
creates inclined intercrack blocks (known as domino blocks)
which are subjected to rotation at shear displacement of the
rupture interfaces (Peng and Johnson, 1972; King and
Sammis, 1992; Reches and Lockner, 1994). Two specific
shear rupture mechanisms have been distinguished here.

Frictional shear

The development of a frictional shear rupture can be
controlled on stiff servo-controlled testing machines. It has
been observed that intercrack domino blocks generated in the
rupture tip are subjected to collapse at rotation caused by
shear displacement of the rupture faces, creating frictional
structureless medium (gouge) in the shear rupture interface
(Peng and Johnson, 1972; King and Sammis, 1992; Reches
and Lockner, 1994). Increasing confining pressure (o3 in this
case) increases friction within the total rupture zone
(including the rupture head), which causes the increase in
post-peak rupture energy according to the conventional rock
behaviour shown in Figure 1a.

Fan-hinged shear

It should be noted that the three mechanisms discussed are
activated in practically all types of rock. The fourth
mechanism is generated in hard rocks (characterized by
uniaxial compressive strength above 250 MPa) and is
responsible for the unconventional behaviour (Tarasov,
2008, 2010). Further increases of the confining pressure
above 03 = o3min(shear) Will continue reducing the length ¢ of
tensile cracks (dotted curve in Figure 3b) and, consequently,
the length of domino blocks composing the fault structure.
Due to the very strong material and proper geometry of short
domino blocks within the range osmin(hinge) < 03 < O3max(hinge)
they can withstand rotation caused by the shear displacement
of the rupture faces without collapse. In this case the domino
blocks behave as hinges, and due to consecutive generation
and rotation they create a fan structure representing the
shear rupture head. The fan structure has several extraor-
dinary features which will be discussed further.

It should be emphasized that the efficiency of the fan
mechanism is variable and determined by how perfect the
fault structure is. The solid curve in Figure 3b shows symbol-
ically the variation of the fan mechanism efficiency versus
confining pressure, which determines the identical variation
of post-peak brittleness of rocks exhibiting unconventional
behaviour (see Figure 1c). At the low end of the hinge
pressure range, when the relative length (length/thickness)
of the rotating blocks is still large, the domino blocks are
subjected to partial destruction (buckling) as they rotate (the
role of block geometry is discussed in more detail later). At
higher o3, with shorter blocks, this imperfection decreases,
rendering the fan mechanism more efficient. The optimal
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efficiency takes place at a confining pressure at which the
blocks rotate with minimum destruction. At greater o3 the
efficiency reduces because shorter blocks gradually lose any
potential to operate as hinges. Finally, very short blocks lose
this capability completely and the rock behaviour returns to
the commonly accepted frictional mode.

Physical model of the fan mechanism
Self-balancing fan structure

As discussed above, primary shear ruptures propagate
through rocks due to the consecutive formation of identical
domino blocks from the intact material in the rupture tip.
Further rotation of the blocks between the shear rupture faces
can lead to frictional shear (at block collapse) or to fan-
hinged shear (at block rotation without collapse). The
mechanism responsible for the creation of identical domino
blocks is not considered in the physical and mathematical
models presented in this paper. The models discuss the
influence of the fan structure formed on the basis of rotating
blocks on the rupture process. In the models the domino
blocks are considered as ‘predetermined’ and operating with
optimal efficiency (without collapse at rotation).

Photographs of the physical model in Figure 4a show
different stages of fan formation. At the initial condition
(Figure 4a-1) a row of identical domino blocks inclined at
angle o represents an implicit horizontal shear rupture
(fault). Surfaces of neighbouring domino blocks are in full
contact, providing a very compact ‘monolithic’ material. To
simulate the resistance of domino blocks to tearing-off from
the monolithic material (which takes place in real materials)
the blocks are bonded to each other. The row of domino
blocks is located between two layers of elastic material
(elastic connectors) representing the fault interfaces. The
upper and lower elastic connectors are fixed to corresponding
ends of each domino block. Contact areas between the ends
of domino blocks and the interfaces we will call joints. As
such, a version of the model with bonded blocks can be
treated as representing an intact material. Evenly distributed
weight located on the upper layer creates normal stress
applied to the simulated fault o, = op.

Propagation of shear rupture along the potential fault
can be initiated by application of a local force F to the elastic
connector fixed to the top of the first domino block (Figure
4a-11). The applied force will be transmitted to the next blocks
by stretching elastic connectors between them at the
consecutive separation of blocks and rotation of them against
joints. Due to this, the domino blocks will be sequentially
(one by one) torn off from the ‘monolithic’ material, forming
a fan-shaped structure. The fan has completed when the front
block rotates on the total angle o = 180° - 2o at shear
displacement A of the rupture faces. The total number of
domino blocks involved in the fan structure of the physical
model is about 30, while in real materials it can be thousands
(Tarasov and Guzev, 2013). The fan structure with small
number of domino blocks in the physical model will allow
some features of the fan mechanism to be illustrated more
legibly.

Figure 4b reflects experimentally determined variation of
the force F applied to the first domino block during fan
formation and, consequently, the variation of shear
resistance of the fan structure at different stages of its
formation. Such variation of the shear resistance is
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determined by the fact that elementary forces & (representing
normal stress op) applied to each domino block create
horizontal components fy of opposite directions in the first
and the second half of the fan structure (Figure 4c). Due to
this, the maximum resistance is attained at the completion of
the first half of the fan, while the totally completed fan
structure represents the self-balancing structure with shear
resistance equal to zero (details are given in the mathematical
model presented later).

Shear resistance below the frictional strength — pulse-like
rupture mode

To make the fan structure self-unbalancing, a distributed
shear stress t should be applied to the whole domino row.
The simplest way to apply the distributed shear stress for the
physical model is to incline the row by angle y as shown in
Figure 5a. The distributed weight o, in this situation creates
shear stress t = opsiny along the whole structure. Under the
effect of distributed shear stress the fan propagates along the
whole row, sequentially moving the loaded upper face against
the lower one by distance A.

Experiments on the physical model show that the
minimum angle y at which the fan becomes unstable is about
4°, The distributed shear stress generated at this angle is just
sufficient to overcome the shear resistance of the fan
structure, which is determined by (1) friction in joints of
rotating domino blocks and (2) the reduced resistance
associated with the tearing off of each front domino block
from the intact material. It was established that the resistance
to shear provided by the fan structure is very low. To move
the same fault faces at common frictional resistance (without
fan structure) the angle y should be about 40°. This
experiment clearly demonstrates that shear resistance of the
fan structure s, can be significantly less than the common
frictional strength . For this particular model, shear
resistance (strength) of the fan structure e,y is less than the
frictional strength t¢: tgn = 0.17¢ by a factor of ten.

It should be emphasized that low shear resistance is
encountered within the zone of the moving fan head only. In
front of the fan the material is in an intact condition. Behind
the fan, shear resistance is equal to friction. Due to this the
fan mechanism provides the pulse-like rupture mode: at any
given time during rupture propagation, slip occurs over only a
narrow band (fan head) along the fault and the fault relocks
behind the rupture head. This slip pulse propagates forward
as the fault proceeds. Pulse-like rupture mode was observed
for earthquakes (Healton, 1990) and in laboratory (Ohnaka
et al., 1986; Lykotrafitis et al., 2006).

b) F

c)

Figure 4—Physical model of the fan structure formation from domino
blocks
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Figure 5—(a) Physical model of the fan propagation along the inclined
simulating fault, (b) schema illustrating shear resistance of the fan-
structure at the stage of initial formation and at the stage of
spontaneous propagation

Conditions of fan nucleation and propagation

Figure 5b illustrates schematically the most important feature
of the fan mechanism. Horizontal lines show different
strength levels along a hypothetical fault zone: T, - strength
of intact material (fracture strength); =r - frictional strength of
pre-existing fault; tg,, — strength (shear resistance) of the fan
structure. The graph on the left reflects the procedure of fan
mechanism activation as discussed in Figure 4a. To create the
initial fan structure a local stress equal to the fracture
strength t, should be applied. The development of the initial
fan structure is a stable process. After completion of the fan
head, further dynamic propagation of the fault through the
intact material can occur at any distributed shear stresses
exceeding the fan structure strength tg,,. New faults in intact
materials can thus be produced by the fan mechanism even at
distributed shear stresses that are significantly below the
frictional strength <r (this will be discussed in more detail
further). At the same time, the higher the distributed shear
stress applied the higher the rupture speed and rupture
violence.

Mathematical model of the fan mechanism

Interaction of domino blocks and self-balancing
conditions

Further elucidation of the fan mechanism will be provided in
this section on the basis of the mathematical model (further
development of the model by Tarasov and Guzev, 2013). The
mathematical model here represents the simplest description
of the fan mechanism and reflects the static balance of forces
affecting the domino structure before instability. This model
was designed to demonstrate the essence of the fan
mechanism, including some extraordinary features (e.g. self-
balancing principle, extremely low shear resistance, self-
sustaining stress intensification, self-unbalancing
conditions). All simplifications made in the model do not
distort the essence of the fan mechanism.

The Journal of The Southern African Institute of Mining and Metallurgy

The domino structure of the mathematical model has the
same features discussed for the physical model. For simplicity
we will discuss the domino blocks as shown in Figure 6a. All
blocks here are represented by beams of length 7 inclined at
the initial angle oo and distanced from each other by s. The
distance is s = w/sinag, where w is the block width. Both
ends of each beam are connected to the upper and lower
layers by joints. For ease we assume that the upper layer is
represented by an elastic material, while the lower layer and
the beams (domino blocks) are stiff. As such, a version of the
model with blocks bonded together can be treated as
representing the intact material.

Evenly distributed normal o,, and shear v stresses are
applied to this construction. The value of < is less than the
shear stress necessary for displacement of the upper layer
against the lower. Each beam is loaded by the same normal,
N, and horizontal (shear), f;, elementary forces representing
the evenly distributed normal o, and shear v stresses applied
to the whole structure. Elementary forces NV (and their
horizontal components) are shown by black arrows.
Elementary forces f; are shown by red arrows. The meaning
of the elementary forces is as follows: N = oys1; f; =151,
where depth (or thickness) of the model is equal to unity. It
should be noted that in the completed fan structure, due to
stretching of the interface the distance between any two
neighbouring blocks on one side of the fan increases
(compared to the initial distance s) and the interface acquires
a wave-like shape, which should affect the values of stresses
(on, T) and elementary forces (V, f). To simplify the model
we will consider the applied stresses and elementary forces
invariable. This simplification does not affect the equilibrium
condition of the completed fan and the extraordinary features
of the fan-structure, which we shall demonstrate, thanks to
the symmetrical configuration of the fan structure.

The fan structure can be formed if, in addition to the
existing evenly distributed stresses, a local supplementary

force (or stress) is applied. Let us apply a supplementary
horizontal force F to the upper end of the leftmost beam.
Figure 6b shows an intermediate stage of the fan formation.
Equation [1] describes a variation of shear resistance (F)
during formation of the fan structure (see details in Tarasov
and Guzev, 2013).

N

Fer =N sin(ot, + k6)

sin(ay)

‘+fc—kfr [1]

where

fe s the reduced resistance of tearing off the front beam
from the basis (the elementary force f. is applied to the
front beam only and shown by a green arrow in
Figures 6b)

k is the number of activated beams

d is the average angle between two neighbouring beams
described by Equation [2] (Tarasov and Guzev, 2013).

Figure 6—Interaction of domino blocks in the fan mechanism
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NCtgaO f;‘ - fr
= +
EA(r/s)sina, EA(r/s)

where
E is the modulus of elasticity of the elastic connector
A is the cross-sectional area of the elastic connector.

An essentially important feature of the fan structure is
the fact that the resistance fy = NV/tga. (see Figure 6b) of each
beam decreases with increasing angle o from ay. It reaches
zero at @ = 90° and becomes negative at & > 90°. This means
that the formation of the first half of the fan structure is
accompanied by the increase in shear resistance ; it reaches
a maximum when the half of the fan has completed and then
decreases to zero, similar to the experimental graph in
Figure 4b.

sina,, [2]

Self-sustaining stress intensification and conditions of
instability

Figure 7 illustrates some features of the completed fan
structure. In Figure 7a, elementary forces resisting
displacement of the top rupture face against the bottom one
are directed to the right, while forces assisting displacement
are directed to the left. Shear resistance of relative
displacement of the rupture faces due to the fan mechanism
is determined by the sum of all horizontal forces applied to all
beams involved in the completed fan, which is represented by
Equation [3].

N

F;((mr) = gln

The first term of Equation [3] reflects the effect of
elementary forces fy = V/tge. and elastic forces associated
with stretching of the elastic connectors on shear resistance
of the fan structure. The elastic forces are represented here
by angle 6. At self-balancing conditions the elastic forces are
neutralized by forces fy. For the completed fan structure ag
+ kiotd = - ap, which means that the first term of Equation [3]
is equal to zero.

The second term of Equation [3] reflects the reduced
resistance f, of tearing off the front beam (domino block)
from the intact material. The elementary force f. (green) is
applied to the front beam only. It will be shown that the
contribution of f, to the total resistance of the fan structure in
real rocks is negligibly small.

The third term of Equation [3] represents an active united
force assisting displacement. It is caused by the evenly
distributed shear stress t applied to the material. It should be
emphasized that, unlike f,, the elementary forces f, (red) are
applied to all ki beams of the fan structure.

When t = 0 the formation of completed fan structure can
be conducted in a stable regime using stiff +servo-controlled
loading principles. Dotted beams in Figure 7a correspond to
positions of them for the self-balancing fan. The dotted black
curve in Figure 7b illustrates the variation of the fan head
resistance F at the fan structure development for the self-
balancing condition. The horizontal axis represents the fan
structure length ¢ = sk.

With distributed shear stress (r > 0) the fan head
becomes self-unbalancing and starts propagating through the
intact material. Separation (tearing-off) of the front domino

sin(q +,,,0)

tot

+ fL - f‘rktof [3]

sin(ct, )
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blocks sequentially from the intact material is the essence of
the failure process created by the fan mechanism. It should
be emphasized that the fan structure in this case represents a
natural stress intensifier that magnifies stresses in the
rupture tip providing the tearing-off process. Elementary
horizontal forces f, (red) applied to each domino block of the
fan as shown in Figure 7a are transmitted via the elastic
connector (interface) to the rupture tip by the principle shown
in Figure 7c. Hence, the separation of each front domino
block with the reduced resistance f, (green arrow) from the
intact material is caused by the united active force kiof:
where ki is the total number of domino blocks in the fan
head. Calculations by Tarasov and Guzev (2013) show that
the fan structure in natural materials can incorporate
thousands of domino blocks Hence separation of the front
domino block from the intact material can be caused by very
low shear stress applied f; = f. /kior. The contribution of f,.c to
shear resistance of the fan structure is therefore negligible
due to intensive stress magnification in the rupture tip caused
by the fan mechanism.

The solid curve in Figure 7b shows features of the fan
formation for the case when t > 0. At the initial stage of the
fan formation Fy increases; it reaches a maximum Fi = Fax,
then decreases to zero Fi = 0, and finally becomes negative
Fy < 0. At the last stage (after point A) the fan formation is
inevitably unstable because internal forces within the fan
structure are not equalized and the fan head starts moving
spontaneously as a wave. Depending on the value of
distributed shear stress applied the extreme situation, Fx = 0
can be reached at different stages before the completion of
the fan structure.

Effect of friction in joints and block collapse on shear
resistance of the fan structure

The analysis of the idealized fan model (without friction in
joints of rotating domino blocks) shows that the shear
resistance of the completed fan structure propagating through
the intact material is negligibly small. If we take into account
friction in joints, we can estimate the real shear resistance of
the fan structure. Estimations by Tarasov and Guzev (2013)
show that despite friction in joints, shear resistance between

a) Bror = 8oy = 180° - 201,

tot

\
\ Self-balancing

e e ] C=%K
= L. _\| self-unbalancing

o= Can

Figure 7—(a) Structure of the completed fan head with elementary
forces applied to domino blocks, (b) variation in shear resistance of the
developing fan structure for self-balancing (shaded curve) and self-
unbalancing conditions, (c) principle of the stress intensification
provided by the fan mechanism
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two interfaces separated by the fan structure of domino
blocks operating as hinges is lower than the frictional
strength of pre-existing faults with common frictional
interfaces by the ratio w/r. Here, w is the width and rk is the
length of domino blocks (see Figure 6a). The shear resistance
associated with friction in joints represents the total
resistance of the fan head propagating through the intact
material:

w
7,, =0.857, - [4]

Equation [4] shows that increasing the ratio r/w
decreases the effect of friction in joints on the fan shear
resistance: the higher the r/w the greater the efficiency of the
fan mechanism. As discussed previously, the length of
domino blocks is a function of confining pressure o3 (dotted
line ¢ versus o3 in Figure 3b). By analogy, the dotted line in
Figure 8a shows symbolically the variation of the ratio r/w
versus o3 within the pressure range between osmin(sheary and
O3max(hinge)- This line indicates the hinge efficiency variation
with confining pressure if domino blocks are not collapsed at
rotation.

It should be noted that each block in the fan functions
similarly to a beam with rotation-free end conditions loaded
along the beam axis. Figure 8b illustrates features of the
axial loading of a block at the initial (o = 30°) and vertical
positions. It shows that the value of axial force applied to the
front domino-block exceeds the elementary force N
(associated with the evenly distributed normal stress o) by
more than two times. This force is determined by forces &
and f,. It means that any block at the front position is in the
most stressed conditions. If the block does not collapse at the
start of rotation it will be capable of bearing identical stresses
at any stage of its rotation, including the vertical position
when it deforms the rupture faces by the value u. All blocks
of the fan in combination create additional normal stresses
moving apart the fault faces (wedge effect). We can suppose
that during rotation from the initial to the final position, each
domino block of the completed fan structure is under approx-
imately the same axial stresses.

In rocks under confined compression, domino blocks are
subjected to high loads that can lead to buckling and collapse
of the blocks. On the basis of information presented by
Megahid et al., (1993) we assume that domino blocks with
slenderness ratio r/w < 10 are stable at axial loading. Domino
blocks with slenderness ratio /w > 10 will be subjected to
different degrees of destruction, depending on the ratio r/w.
The solid graph in Figure 8a illustrates a possible variation of
the fan mechanism efficiency versus confining pressure oz,
taking into account the block destruction. At values r/w < 10
the efficiency varies in accordance with Equation [4]. Within
the range 10 < r/w < 20, due to different degrees of
destruction (depending on r/w) only a part of each block can
maintain stability operating as a hinge. Very long blocks with
slenderness ratio r/w > 20 completely collapse at rotation,
creating gouge and common friction between the interfaces.
This is a preliminary explanation for the variable fan
mechanism efficiency. Further experimental and theoretical
studies will allow better understanding of this phenomenon.

The important point is that the fan mechanism is active
only within the range of confining pressure between
O3min hingey A0 O3max(hinge), With optimal efficiency at
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O30pt(hinge)- Such variation of the fan mechanism efficiency
causes corresponding variation of the unconventional rock
behaviour (e.g. brittleness variation shown in Figure 1c). In
accordance with Equation [4], the shear resistance (strength)
of the fan head for domino blocks characterized by the ratio
w/r = 0.1 is one-tenth of the frictional strength: g = 0.11¢.
This estimation is consistent with the result obtained on the
physical model.

Uncontrollable failure and abnormal violence caused
by the fan mechanism

In this section we discuss an energy balance at spontaneous
failure of rock specimens caused by the fan mechanism. It
should be noted that loading conditions to generate the fan
mechanism in rock specimens are different from those in the
physical model discussed previously. In the physical model
the fan structure was generated by a stress applied locally.
Rock specimens tested at highly confined compression are
small. In order to generate the fan structure in this situation
the whole specimen has to be loaded axially to high stresses
that correspond to the material strength. Let us analyse
features of the failure process caused by the fan mechanism
at such stress conditions.

We will do this on the basis of experimental results
obtained on the dolerite specimen tested at confining
pressure oz = 60 MPa (Figure 2). The same stress-
displacement curve is shown in Figures 9a and 9b. Point A
beyond the peak stress on these graphs corresponds to the
start of instability. Figure 9c shows an enlarged portion of
the post-peak stress-strain curve at stress degradation from
ultimate stress ou till o (this is replicated four times). At this
post-peak stage the rupture was easily controllled. However,
below oa (points A) control became impossible. To analyse
the reason for that we divided the post-peak curves into four
stages with equal intervals of differential stress. Each stage is
characterized by average values of elastic modulus £ (solid
lines) and post-peak modulus 2 (dotted lines). Areas located
between the £ and M lines indicate the current post-peak
rupture energy dW,:

(af —oj)(M—E)

2ME
Here o, and o, are differential stresses at the onset and
the end of each stage.
We can see that the current post-peak rupture energy
decreases dramatically with the rupture development from
stage 1 to stage 4. The variation of dW, with stress

dWr =
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Figure 8—(a) Variation of the fan mechanism efficiency versus confining
pressure affected by friction in joints and block collapse, (b) loading
conditions of the same domino block at the initial and vertical positions
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degradation from oy to oy is illustrated in Figure 9d. At stage
4 the rupture energy becomes extremely small because
modulus A approaches modulus £. Such variation in the
post-peak rupture energy can be caused by the formation of
the second half of the fan structure as was shown for the
physical model on the graph in Figure 4b. After completion of
the fan structure the uncontrollable spontaneous failure starts
due to the high distributed shear stress (corresponding to
point A on the diagrams in Figures 9a and 9b).

Figure 9e illustrates features of the shear rupture
propagation through the specimen after the fan structure has
completely formed. Figure 9e (1) shows the situation
corresponding to point A, after which the fan head started
propagating spontaneously along the dotted line. Figure 9e
(2) shows an intermediate situation where the rupture is
propagating in the pulse-like mode. Shear resistance and
displacement along the fault during the failure process are
very irregular. Three specific zones can be distinguished: (1)
the fan zone where the failure process and domino block
rotation is in progress; (2) the frictional zone located behind
the fan head where the blocks have completed their rotation
and the full friction is mobilized; and (3) the intact zone in
front of the fan head. A load cell and an axial gauge in Figure
9e (1) mounted on the specimen as is commonly used in
experiments can measure only the average load-bearing
capacity and displacement of the specimen during the failure
process. Results obtained on the basis of these gauges do not
allow estimating the real energy balance of the failure
process. However, the new knowledge about the fan
mechanism gives us a chance to derive this inaccessible
information.

The red area in Figure 9a represents elastic energy
accumulated within the specimen and the machine at point A
at the moment of the instability start (AD is the loading
stiffness). At point A the bearing capacity of the specimen
measured by the load cell (axial stress o) is generally
provided by the intact material located in front of the fan
head. The contribution of the fan head to the bearing capacity
of the specimen is very small. Starting from this moment, the
fan head with resistance oy, crosses the specimen. Axial
displacement dfay, of the specimen caused by this process
is associated with rotation of domino blocks as shown in
Figure 9f. For the fault thickness # = 0.1 mm and ag = 30°
the displacement dpn =~ 0.3 mm. Due to a very small shear
resistance of the fan head (assume ogay = 0.1 of) the post-
peak rupture energy Wy can) associated with failure and
displacement by the distance dgay = 0.3 mm is also very small.
Wi fany is represented by the grey area in Figure 9b. After the
fan head has crossed the specimen, displacement along the
whole fault becomes possible. This displacement is
accompanied by violent dynamics caused by a large amount
of released energy W, (yellow area in Figure 9b). Shear
resistance of the fault at this stage is determined by frictional
strength of.

Due to the inertia associated with high dynamics, the
total displacement along the fault dy will exceed the
coordinate of point B corresponding to frictional (residual)
strength or. The equilibrium conditions will be reached below
ofat point B1 (see Figures 9b and 2d). The violent
displacement along the fault will pulverize the initial domino
structure and create gouge between the fault interface at the
final stage of the failure process (Figure 9e (4)).
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It should be emphasized that during spontaneous failure
after point A, self-unbalancing conditions exist within the fan
head at any level of stresses above ogy,. This means that
stable and controllable failure beyond point A is in principle
impossible for the fan mechanism, even on an absolutely stiff
and servo-controlled testing machine. This explains the
absence of experimental post-peak data for hard rocks at
highly confined conditions (Mogi, 2007; Shimada, 2000;
Tarasov, 2010). High rupture speed and pulverization of the
initial fault structure during the spontaneous failure process
make it impossible to directly observe and study the fan
mechanism, and this explains why the mechanism has not
been detected before.

Figure 10 explains the post-failure stress-shock discussed
in Figure 2d by comparing different failure regimes (frictional
shear and fan-hinged shear) with sliding a board along a
hillside. When friction is constant during the dynamic events
as shown in Figure 10a, the failure and sliding processes are
not accompanied by stress shock. However, if low friction is
suddenly substituted by high friction, the stress shock
becomes inevitable (Figure 10b).

Fan mechanism in natural faults

Structure and evolution of Ortlepp shears

Natural faults normally have very complicated structure.
Before elucidating the role of the fan mechanism in the
formation of dynamic natural faults, we will discuss features
of complex fault development. Different hypotheses of fault
evolution have been proposed (Segall and Pollard, 1980;
Sibson, 1982; Scholz, 2002; De Joussineau and Aydin,
2009), but there is still no consensus regarding this process.
This section introduces a possible version of fault evolution
based upon studies of: (a) faulting process at highly confined
compression in laboratory experiments on calcareous
siltstone (Otsuki and Dilov, 2005) and (b) structure of
dynamic faults in rockbursts generated by shear rupture in
brittle quartzite in deep South African mines (Ortlepp, 1997).

Experiments conducted by Otsuki and Dilov (2005)
demonstrated the following features of complex faults:

(1) Faults are multi-hierarchical segmented formations

(2) Segmentation as a mechanism of fault propagation

acts on all hierarchical ranks of complex faults
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Figure 9—Features of the failure process governed by the fan
mechanism in the dolerite specimen
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Figure 10—Explanation of the post-failure stress-shock phenomenon
by comparing different failure regimes (frictional shear and fan-hinged
shear) with sliding a board along a hillside

(3) Segmentation is a result of advanced triggering of a
new bilaterally propagating rupture (new segment)
in front of the propagating current rupture (current
segment)

(4) The current and new segments propagating toward
each other form a jog (step) where they meet

(5) Jogs of a compression type are very common in
fault zones regardless of their size

(6) Once a number of segments of a given hierarchical
rank coalesce, they behave as a single new and
longer segment of one higher rank

(7)  Segment of higher rank can trigger a new segment
(rupture) at greater distance

(8) The new triggered segment starts as a primary
rupture.

All these features are illustrated and discussed briefly
below. The series of photographs in Figure 11a shows
principles of the fault evolution by the advanced triggering of
new segments (modified from Otsuki and Dilov, 2005).
Segments are represented here by white lines. The fault
propagates from left to right. The segments are generated one
by one and propagate bilaterally. Neighbouring segments are
connected by a compressive jog where they meet. Overlap
zones of the jogs are subjected to significant irreversible
deformation. Figure 11b shows features of compressive jogs
formed in brittle quartzite (photographs from Ortlepp, 1997).
The overlap zones of these jogs are represented by a row of
domino blocks.

Figure 11c proposes a possible mechanism of the domino
structure formation in compressive jogs (Tarasov and
Ortlepp, 2007). 1t shows four steps of linkage between two
segments (bold arrows) propagating towards each other in
intact rock. Figure 11c (1) indicates the directions of the
applied stresses against the propagating segments. In Figure
11c (2) the rock mass surrounding the approaching segments
is theoretically divided into two massive blocks (A and B)
pressed against each other by the applied stresses. The
propagation of the segments decreases shear resistance
between the massive blocks along these segments, which
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overstresses an area located between the tips of the
approaching segments (Segall and Pollard, 1980). With
further propagation of the segments they confine a zone that
is now overstressed (Figure 11c (3)). When the extending
overlap zone in hard brittle rocks reaches a critical length it
fractures dynamically into an echelon of domino blocks
(slabs) due to the shear of the overlap zone between the
parallel faces of the massive blocks A and B (Figure 11c (4)).
This process is accompanied by the release of some portion of
elastic energy. After that the segments stop propagating. The
initial orientation of the tensile cracks separating the overlap
zone into domino blocks is parallel to the major stress o1. By
analogy with primary ruptures angle o, = (30°-40°). In
contrast to primary ruptures where the domino blocks are
generated sequentially in the rupture tip, this mechanism
generates a row of parallel domino blocks simultaneously
within the overlap zone of compressive jogs.

This mechanism can create cascades of compressive jogs
which in combination can represent a fault segment of higher
hierarchical rank. Figure 12 illustrates the principle of
formation of a multi-segmented fault, a photograph of which
is shown on the right. The fault propagates upwards. Open
arrows indicate the direction of applied shear stress. At stage
I a dynamically propagating primary fracture triggers an
advanced fracture. Asterisks indicate centres of initiation of
advanced triggered fractures. This new fracture (as well as all
further triggered fractures) propagates bilaterally towards the
current fracture and in the opposite direction. This fracture in
turn triggers the next advanced fracture shown at stage II. At
this stage the overlap zone between the two bottom fractures
has reached the critical length and divided into a row of
domino blocks. Further fault development occurs through
repetition of similar stages. In Figure 12 new compressive
jogs adjoining the tip of propagating fault are shown in red.

Figure 13 shows the evolution of a multi-hierarchical
segmented fault. The fault nucleates as a primary rupture
(bottom left corner) because the fan mechanism mobilized in
very thin primary ruptures is the most energy-efficient shear
rupture mechanism. A new primary rupture can be triggered
in front of the current one at a distance x; due to stress
transfer. Primary ruptures represent segments of rank 1. Once
a number of segments of a given hierarchical rank coalesce,
they behave as a single new and longer segment of one

Figure 11—Fault segmentation due to advanced triggering of new
segments and creation of domino structure on the basis of
compressive jogs
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Figure 13—Evolution of a multi-hierarchical segmented fault

higher rank. The rank Il segmented rupture can trigger a
series of new primary ruptures at different distances with
maximum remoteness of xy. The key feature of fault segmen-
tation is the fact that a new segment triggered by the current
segment of any rank nucleates as a primary rupture. At its
propagation towards the current segment (and in the opposite
direction) the new segment will be subjected to similar
evolution as the current segment. After linkage of a number
of rank I segments the next rank IIl segment will be formed
(shown on a smaller scale ~ 1:5). Further development of this
fault will be accompanied by creation of higher rank
segments. Where they meet, segments of each hierarchical
rank form compressive jogs and domino structures of
corresponding rank.

Formation of the fan structure in segmented faults

The photographs in Figure 14a (from Ortlepp, 1997)
demonstrate that domino blocks involved in complex faults
can be subjected to rotation by angle g due to shear
displacements of the fault faces. Observations show that
angle B can be relatively high, exceeding 90°. Taking this fact
into account we can suppose that during the fault
propagation, domino blocks within a set of compressive jogs
representing the fault head can created a fan-shape structure
as shown symbolically in Figure 14b due to rotation of
domino blocks through different angles g caused by the
variable shear displacement along the fault. In the front jog
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the block orientation is ao. The final block position at the end
of the fan head is (-o). The segmented fan structure has the
same remarkable features as discussed for primary ruptures.
It should be emphasized that the fan structure can be
formed if shear displacement between the fault faces is
sufficient for the completed block rotation. Figure 14c shows
the initial and final position of domino blocks for two shear
ruptures of thickness /1 and k. The thick rupture requires
significantly greater displacement A to complete the block
rotation. Equation [5] allows estimation of the fault
displacement Agyy necessary for creation of the fan structure:

A=A, =21 180, [51

Taking this into account, we can analyse the possibility of
the fan mechanism activation in a complex fault shown in
Figure 15 (photograph from Ortlepp, 1997). The structure of
this fault is shown symbolically on the left. It includes
primary ruptures and higher rank segments formed on the
basis of compressive jogs (rank Il and rank III). Ortlepp
(1997) indicates that the magnitude of the jog (or step) of
rank IIl is iy = 260 mm. The magnitude of shear
displacement along the fault is less than 100 mm. This means
that the fan structure cannot be formed on the basis of
domino blocks of rank III. However, the development of
primary ruptures (rank Iy and ruptures of rank II can be
governed by the fan mechanism because for these Ay =
Afan.

Due to this, the self-unbalancing fan structure (red zones
in Figure 15) is created predominantly in segments of lower
ranks. The fan mechanism generated here is responsible for
high dynamics of the failure process. Relatively thin localized
zones of very intense destruction can be observed in each
dynamic fault. The initial domino structure of these segments
is completely destroyed by extensive and violent shear and
represented by pulverized gouge or even by pseudo-
tachylytes. This explains why the fan structure has never
been seen in nature, unlike domino structures of high-rank
segments observed in a myriad of different faults. In high-
rank segments, domino blocks rotate through low angles
without destruction and serve as a dampening mechanism.

Nucleation and propagation of dynamic natural faults

The analysis of the physical and mathematical models shows
that the initial formation of the fan structure requires a high

Figure 14—Principle of fan structure formation in segmented faults
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Figure 15—The fan mechanism is activated predominantly in fault
segments of lower hierarchical ranks where Afault > Afan

local shear stress corresponding to the material’s fracture
strength . After that the fan head can propagate
dynamically through intact rock mass at shear stresses below
the frictional strength. It is known that the field stress in the
lithosphere cannot exceed the frictional strength. However,
local stresses in the intact rock mass in the vicinity of pre-
existing discontinuities (e.g. boundaries between tectonic
plates, faults, deep mines, etc.) can reach the fracture
strength levels t,,. According to the new approach, pre-
existing discontinuities act as stress concentrators creating
the starting conditions for the fan mechanism, but instability
(e.g. earthquakes) occurs due to the development of new
faults in the intact rock mass.

Figure 16 illustrates this feature. Figure 16a shows a
fragment of the rock mass with the local zone of high shear
stress adjoining a pre-existing discontinuity where the fan
structure is generated and a large zone of lower stress where
the fan head can easily propagate. In Figure 16b the red
graph illustrates shear resistance of the fan head at two
stages: nucleation (length of fan head fracture ¢y, strength
) and propagation (length of created shear fracture L >>>
¢an, strength tg,,). The horizontal dotted line shows the level
of frictional strength t¢. The horizontal bold line corresponds
to the field stress level .

Paradoxically, the low strength of intact rock provided by
the fan mechanism favours the generation of new faults in an
intact rock mass over reactivation of pre-existing faults
(Tarasov, 2013). This unique feature of the fan mechanism
allows the supposition that the majority of dynamic events in
the Earth’s crust result from generation of new faults.
However, the proximity of pre-existing discontinuities to the
area of instability caused by the fan mechanism creates the
illusion of stick-slip instability on pre-existing faults, thus
concealing the real situation.

Generation of shear rupture rockbursts by the fan
mechanism

The fan mechanism could be responsible for some types of
man-made earthquakes. Special studies conducted in South
African mines (Gay and Ortlepp, 1979; McGarr et al., 1979)
show that shear rupture rockbursts, which are seismically
indistinguishable from natural earthquakes, are generated in
intact hard rock (dry quartzite) in zones of highly confined
compression. It was shown that these mine tremors and
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earthquakes share the apparent paradox of undergoing
failure at low shear stresses, while laboratory measurements
indicate high material strengths.

Figure 17 shows a cross-section of the Earth’s crust
involving an opening. The graph on the left illustrates
variation of minor stress oz with depth. The fan mechanism
can be activated below a critical depth corresponding to the
critical level of minor stress osmin(hinge) in Figure 3b. The
zone of fan mechanism activity in Figure 17 is shown by the
grey area. The efficiency of the fan mechanism increases with
increasing brittleness of the rock with depth. However,
around the opening the minor stress is below the critical level
03 < O3min(hinge)- The dotted areas in Figure 17 show zones
where the fan mechanism cannot be generated.

Deep openings similar to any pre-existing discontinuity
represent stress concentrators. If locally elevated shear
stresses in the grey area reach the level of ultimate stress T,
(see graph in Figure 16) the fan head will be generated in the
intact rock mass distanced away from the opening. After that
the fan head can propagate further spontaneously through
the zone of lower shear stress, creating new shear rupture
and resulting in a shear rupture rockburst.

The fan mechanism is generally activated in intact rocks.
However, pre-existing faults can also be reactivated by the
fan mechanism under special conditions. Seismic data and

Initial fan-structure Future fault

Low field stress

Frictional strength

S|
-

Figure 16—Fan mechanism operation in vicinity of discontinuities

O3 Earth’s surface

Criti¢a

Depths of fan-mechanism activity

Figure 17—Nucleation of shear rupture rockbursts by the fan
mechanism
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geological observations suggest that faults strengthen (heal)
during the inter-seismic period of the earthquake cycle due to
metamorphism and intruding igneous rocks. When the
structure of the healed fault becomes strong enough for the
creation of domino blocks capable of rotating without
collapse, it can be reactivated by the fan mechanism. The fan
mechanism cannot be generated within fresh faults with
unconsolidated layers of weak gouge between the fault faces.

Conclusions

This paper presents physical rationales for the recently
identified fan mechanism generated in hard rocks at highly
confined compression. In the fan mechanism, the rock failure
associated with consecutive creation of small slabs (known as
‘domino blocks’) from the intact rock in the rupture tip is
driven by a fan-shaped domino structure representing the
rupture head. The fan head combines such unique features
as: extremely low shear resistance, self-sustaining stress
intensification, and self-unbalancing conditions. Due to this
the failure process caused by the mechanism is inevitably
spontaneous and violent. The mechanism is generated in
primary ruptures and in segmented faults.

The physical and mathematical models presented
highlight a paradoxical feature of the fan mechanism
associated with the possibility of creating new shear ruptures
in intact rock masses at shear stress levels that are signifi-
cantly less than the frictional strength. The fan mechanism is
the most energy-efficient shear rupture mechanism for rocks
at confined compression. This mechanism causes the
unconventional rock behaviour associated with drastic rock
embrittlement at highly confined compression. The new
mechanism provides a novel point of view for understanding
the nature of spontaneous failure processes, including
earthquakes and shear rupture rockbursts.
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