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ABSTRACT: Earthquakes are typical phenomena of frictional slip of geomaterials in nature. To evaluate
slip instability, shear development in a gouge layer or fault material has been investigated. However, the
quantitative relationship between slip instability and shear development has not been revealed because of
difficulty in quantitative observation of microstructures under high pressure. Hence, we aim to describe shear
development in a gouge layer energetically, and discuss the relation between shear development and slip
instability. To this end, we calculated shear angles by utilizing experimental data of gouge. As a result, this
study reveals that shear bands in a gouge layer develop at lower angles or almost parallel to rock-gouge
boundaries toward the occurrence of unstable slip, particularly under low confining pressure. Additionally,
variation in Riedel shear angles throughout gouge layers depends on confining pressures: Under low
confining pressures, heterogeneous localized shears trigger voluntary increase in strain. On the other hand,
under a high confining pressure, gouge layers deform homogeneously, and the whole of samples slips
dynamically. Clarification of shear development of geomaterials is useful for evaluating the occurrence of
frictional slip such as earthquakes and slope failures.
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1. INTRODUCTION

Earthquakes and slope failures are typical
phenomena of frictional instability of geomaterials
in nature. Frictional slip often leads to serious
physical damage to our society (e.g., humans,
society, and infrastructures). In general, frictional
slip can be categorized into two types: stable slip
and unstable slip. The former is a stationary motion
without stress drop, and the latter is accompanied
with dynamic stress drop. To prevent or mitigate
damages of unstable slip (i.e., earthquakes or slope
failures), evaluation for the occurrence of unstable
slip is significantly important. With respect to
earthquakes, various researchers have tackled on the
evaluation of fault instability based on laboratory
experiments of rock friction. They proposed (1)
evaluation for fault instability by a friction
parameter a — b [1]-[3] and (2) importance of fault

gouge generated by a repetition of fault slip [4]-[15].

Friction parameter a — b is generally derived
from the empirical law called rate and state
dependent friction law, and slip instability is
discussed with a spring-slider model [1]-[3]. The
positive values of the friction parameters lead to
stable slip (velocity strengthening), and the negative
values of the friction parameters lead to unstable slip
(velocity weakening).

With respect to fault gouge, shear zone
development in a gouge layer has been focused to
assess slip instability. Particularly, transition from
the oblique R1-shears formed after peak stress to Y-

32

shears developed parallel to rock-gouge boundaries
seems to trigger unstable slip [9], [12]. Gu and
Wong [11] also shows that degrees of R1-shears to
rock-gouge boundaries progressively decrease with
shear. Based on these observations, Ikari et al. [14]
empirically proposed possibility for the change in
the friction parameter of rock with shear.

Generally, quantitative observation of shear
development in deformed granular materials under
high pressures is significantly difficult. However,
Rowe [16] proposed an index to describe
deformation process of granular materials (e.g., glass
and quartz) based on their energy ratio composed by
stress and strain. The index (i.e., the energy ratio)
also can be represented by an internal friction angle
which can be related to a coefficient of friction.
Because the internal friction angle can also be
related to angles of shear planes developed in
granular materials, slip instability of simulated fault
gouge with shear zone development could be
assessed by the energy ratio [17].

Therefore, in this paper, we aim to clarify
quantitatively the process of shear zone development
toward the occurrence of unstable slip, and to
discuss the relationship between slip instability and
shear zone development energetically. As a result of
our friction experiments with simulated fault gouge,
we clarify shear zone development in a gouge layer
under high confining pressures quantitatively. Then,
we also show possibility for evaluating other
unstable slip such as slope failures. This paper is an
extended paper of the preliminary paper [18].
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2. EXPERIMENTAL ANALYSIS
2.1 Materials and Methods

In this paper, we utilize data of friction
experiments with simulated fault gouge published
elsewhere [17]. Experiments were conducted by a
gas-medium apparatus at confining pressures
ranging from 140 to 180 MPa. A sample was
composed of gabbroic forcing blocks cut at oblique
angle of 50° to the longitudinal axes and simulated
fault gouge (quartz gouge). Quartz gouge was
sandwiched between two pre-cut gabbroic blocks.
Strain gauges were glued onto a gouge layer through
Teflon jackets. A set of strain gauges consists of
three gauges: one of them crossed a gouge layer (a
black strain gauge represented in Fig. 1) and other
two were settled at each end of the black strain
gauges (blue gauges in Fig. 1). Strains measured by
black gauges show deformation of gouge, forcing
blocks, and jackets, while strains by blue gauges
show deformation of forcing blocks and jackets.
Therefore, differences between a black gauge and
blue gauges are regarded as deformation of gouge.
Three similar sets of gauges were placed on to the
gouge layer. Strain gauges measure stress and strain
in the major and minor compressive axes; a4, 03, €1,
and &3 respectively. For further detail about
experimental condition, refer to Hirata et al. [17].
Based on these values, we calculated energy ratio K
proposed by Rowe [16] to describe deformation of
granular materials using strain rates in both axes &;
and &3, as shown in Eq. (1),
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2.1 Experimental Results

Fig. 1 Schematic diagrams of sample assembly
(a) and set of strain gauges (b). A gouge layer
was represented as red lines in both (a) and (b). A
gauge settled in vertical direction measures o4
and &4. The other gauges measure £3. The values
of a3, confining pressure, regarded as constant in
each experiment.
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From our friction experiments, stress-strain
curves with the occurrence of unstable slip were
obtained under each confining pressure (Fig. 2).
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Fig. 2 Stress-strain curves under confining

pressures of (a) 140 MPa, (b) 160 MPa, and (c) 180
MPa. Data were obtained from 4th, 3rd, 2nd run
experiments with unstable slip, respectively. Colors
indicate differential strain gauges: blue, green, and
red lines correspond to data of gauges settled at
top, middle, and bottom of samples, respectively.
In Fig. 2a and 2b, voluntary increase in strain were
shown in H4 stages.
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Figure 2 can be obtained from multiple loading
cycles toward unstable slip. In Fig. 2, elastic
deformation of gouge can be confirmed in lower
strain. Then, plastic deformation can be recognized
in higher strain. The voluntary increases in strain
were observed under confining pressures of 140 and
160 MPa although loading was stopped (represented
by H4 stage in Fig. 2a and 2b).

The representative change in the energy ratio is
shown in Fig. 3. The increase in energy ratios K
could be confirmed at all strain gauges until between
H1 and H2, between H2 and H3, or between H3 and
H4 for top, middle, or bottom strain gauges. Because
input energy (o1&;) is absorbed into output energy
(201&,) and dissipative energy, increase in energy
ratios indicates increase in dissipative energy. Thus,
until these early parts of experiments, grain fracture
or other phenomena such as reorientation and
rearrangement of grains could occur. Moreover, the
values of energy ratio varied widely depending on
the places where strain gauges were glued. After that,
all strain gauges showed decrease toward unstable
slip. Especially, the bottom gauge showed the
significant reduction in the energy ratio before
unstable slip.
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Fig. 3 Change in energy ratios of fault gouge at the
4th run under a confining pressure of 140 MPa.
Color legends and the black arrow are same as Fig.
2. Only results of energy ratios at the holding
periods were displayed.

The temporal data of energy ratios under each
confining pressure is shown in Fig. 4. After the final
holding period (H4 stage), all strain gauges showed
the significant decreases in energy ratio just before
unstable slip. These drops of energy ratio in final
stages just before the occurrence of unstable slip (L5
stage) were confirmed under all confining pressures.
On the other hand, there were time lags for the
sudden sudden drop in K depending on the position
of strain gauges. Time lags dec confining pressures:
1.6 or 1.3 seconds at 140 or 160 MPa, respectively.
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Fig. 4 The temporal data of energy ratios toward
unstable slip under confining pressures of 140, 160,
180 MPa. Black marks indicate the beginning of
drops in energy ratios at confining pressures of 140
and 160 MPa. Vertical broken lines correspond to
the occurrence of unstable slip. Color legends and
black arrows are same Figs. 2 and 3. Right vertical
axes indicate Riedel shear angles in a gouge layer
(see 3.1).

3. DISCUSSION
3.1 Estimates of Riedel Shear Angles

According to [19]-[21], energy ratio expressed
as Eq. (1) can be rewritten as follows,

K = tan® (% + 9), )

2
where ¢ is the internal friction angle [16], [19]-[21].
Thus, the change in energy ratios observed during
our friction experiments indicates the change in
internal friction angles. The internal friction angle
can also be connected to Riedel shear (e.g., R1-
shears) angles as in Eq. (3) [5], [22],

¢
-2 @)

where 0 is the Riedel shear angles with respect to
the major compressive axis. Therefore, Riedel shear
angles developed in a gouge layer can be estimated
quantitatively based on Eqgs. (2) and (3) by utilizing
energy ratios. Right vertical axes in Fig. 5 showed
the estimated Riedel shear angles. According to
Byerlee et al. [5] and Niiseki [21], change in Riedel
shear for clockwise direction is taken to be positive.
Shear angles of 50° (horizontal broken lines in Fig.
4) correspond to the angle of rock-gouge boundaries.
Figure 4 indicates that Riedel shear angles gradually
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change with progress of experiments and decrease
rapidly just before the occurrence of unstable slip.
Figure 5 illustrates development of Riedel shears
in a gouge layer based on the calculations of Riedel
shear angles as in Egs. (2) and (3). Under all
confining pressures, at first, Riedel shears develop
toward high angles to the rock-gouge boundaries
with shear (L1-L3, L1-L2 or L3, and L1-L4 for
confining pressure of 140, 160, and 180 MPa,
respectively). After that, Riedel shears develop in
lower angles to the rock-gouge boundaries toward
the occurrence of unstable slip. Particularly, under a
confining pressure of 140 MPa, the top of samples
shows almost parallel (~ 3° to the rock-gouge
boundary at unstable slip. As a general trend, Riedel
shears at the middle part of samples tend to develop
at higher angles than those at top parts when
unstable slip occurred. In Fig. 5b, Riedel shears at
the middle part also develop at a higher angle than
that at the bottom part. This development of Riedel
shears in low angles near the rock-gouge boundaries
is consistent with Gu and Wong [11]. Degrees of
internal heterogeneity of gouge structures depend on
confining  pressures; gouge shows internal
heterogeneity of microstructures at a low confining

pressure and internal homogeneity of gouge
structures at a high confining pressure. This
(a) Ps: 140 MPa (#3)
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tendency reflects the variety of energy ratios
depending on confining pressures as mentioned
above.

Let us consider the relationship between
microstructural development in a gouge layer and
mechanical behaviors of gouge. As shown in Fig. 2,
the voluntary increases in strain were confirmed
under confining pressures of 140 MPa and 160 MPa,
especially at top of a sample under 140 MPa. On the
other hand, it could not be confirmed under
confining pressure of 180 MPa. Therefore, it is
considered that localized shears (e.g., the almost
parallel shear to a rock-gouge boundary at top of a
sample under a confining pressure of 140 MPa)
trigger voluntary slip at lower confining pressures,
while the whole of sample with internal
homogeneity of gouge structures slides rapidly
under high confining pressures. Consequently, in
order to occur unstable slip, sufficient
(heterogeneous) shear developments are needed
under low confining pressures. Under high confining
pressures, unstable slip can occur without internal
heterogeneity of microstructures. In this study, we
cannot clarify the beginning of unstable slip because
of technical difficulty of strain gauges. Further
works on relationship between shear development
and mechanical behaviors of gouge are necessary to
understand it clearly.
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Fig. 5

Development of Riedel shears in a gouge layer under all confining pressures. Estimated Riedel

shear angles are represented in top, green, or red lines for top, middle, or bottom of samples, respectively.
These lines are obtained at the end of each loading (L1-L5) or at the occurrence of unstable slip. In Fig. 5,
they are represented with differential thickness of lines. The right side corresponds to top of samples. The
upper or lower receives shear to left side or right side, respectively. The angles mean the differences between
Riedel shears and rock-gouge boundaries. These angles are given by 50° — 6.
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3.2 Riedel Shear Angles and Energy Ratios

From Egs. (2) and (3), relationship between
Riedel shear angles 6 and energy ratios K can be
described as follows,

m
0 =E—tan_1 VK. 4

According to Hirata et al. [17], energy ratios tend to
be larger with confining pressures ( K > 0).
Therefore, Riedel shear angles become smaller with
confining pressures. Small values of Riedel shear
angles indicate that Riedel shears develop at higher
angles to rock-gouge boundaries in our experimental
set up. Therefore, as shown in Fig. 5, shear bands
develop at higher angles to the rock-gouge
boundaries under high confining pressures. On the
other hand, shear bands develop at lower angle, or
almost parallel to the rock-gouge boundaries under a
low confining pressure with progress of experiments.

However, Riedel shear angles depend on not
only confining pressure a5 but also other factors (i.e.,
01, &1, and £;) because the energy ratio is a function
of these four factors as in Eq. (1). With respect to o,
the effect of o, on Riedel shear angles can be
considered as minor. If Riedel shear angles depend
on oy strongly, Riedel shear angles should become
similar values in experiments with similar
differential stresses (e.g., differential stress of 500
MPa and 450 MPa under confining pressures of 140
MPa and 180 MPa, respectively). Additionally, if
Riedel shear angles depend on oy, Riedel shear
angles become larger with o, based on Coulomb-
Navier's failure criterion. However, as shown in Fig.
4, their energy ratios and Riedel shear angles are
totally different. In fact, Riedel shear angles are not
always increase with differential stress (Fig. 4).

Let us consider the effects of strain rates. In our
experimental set up, £, took same values regardless
of places where gauges settled. On the other hand,
&; had variations depending on places. This
variation in &; observed through gauges strongly
influences energy ratios as well as Riedel shear
angles. Even though samples were applied to under
same confining pressures, the values of Riedel shear
angles also change (i.e., shears develop
heterogeneously) due to variation in &;. The top of
samples under a confining pressure of 140 MPa
showed the representative result. Consequently, even
though degree of influences on Riedel shear angles
is different, Riedel shear angles depend on stress and
strain rate in the major and minor compressive axes,
respectively.

Internal friction angle is related to plasticity
index I of soils with water [23]-[26],

¢ = alp’, (®)
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where a and g are constants. From Egs. (2) and (5),
evaluation of unstable slip based on energy ratios
can take effect of water into consideration.
Consequently, through our study, there is quite a
possibility that slip instability can be assessed with
water effect. Clarification of shear development of
geomaterials such as fault gouge can be useful for
assessment of the occurrence of earthquakes as well
as other fictional slip such as slope failures.

4. CONCLUSION

We investigated Riedel shear development in a
gouge layer quantitatively based on energy ratios of
fault gouge. From our analysis, it is clear that shears
develop at lower angles to rock-gouge boundaries
toward unstable slip. Under low confining pressures,
gouge shows heterogeneous structures, and localized
shear triggers voluntary increase in strain. On the
other hand, under a high confining pressure, Riedel
shear develops with homogeneous structures
thoroughly. To trigger unstable slip under high
confining pressures, localized shears are not
necessary. The quantitative evaluation of shear
development leads to quantitative assessment of
fault instability, and will also useful for estimating
slip planes of slope failures.
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