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ABSTRACT: The stick-slip phenomenon is used to explain a mechanism of earthquake recurrence. A num-
ber of stick-slip experiments have been performed to clarify the mechanism of recurring slip instabilities
and slip weakening. Although the amplitude of sliding of most experiments is quite smaller than actual
earthquakes, and the observed acceleration is larger. The authors have developed an experimental setup, in
which blocks move on a conveyor belt and is restrained by the spring, and conducted stick-slip experiments.
However, the amplitude of slippage and acceleration observed in these experiments were quite smaller than
actual earthquakes. Therefore, a large-scale experimental device was improved to be able to experiment
with a larger rock blocks, and the experiment which changed the size and the type of the rock blocks was
conducted. In this study, the results of large-scale experimental device were compared with the results of pre-
vious experiments, and the scale effect of rock discontinuities on the stick-slip phenomenon was investigated.

1 INTRODUCTION

The stick-slip is a phenomenon that interfaces is
repeated sticking (accumulation of stress) and slip
(release of stress). In the field of rock engineering,
it is very important to explain the periodic occur-
rence of earthquakes, and seismic moment and
displacement accompanying the stress drop at the
fault plane, as well as creep behavior of unstable
zones of slope movement and large underground
cavities. Brace & Byerlee (1966) conducted some
laboratory experiments using rocks to explain the
mechanism of occurrence of earthquakes, and pro-
posed that the stick-slip phenomenon is associated
with this mechanism. However, most were using the
compression testing equipment in the past studies,
amount of slippage was very small with lum-1mm
and the peak accelerations during slipping were
very large with 102-10° m/s? (Ohnaka 2003). These
results are quite different from case of medium/
large earthquakes, slip amount of 10cm-1m, peak
acceleration of 1-10 m/s2.

The authors have developed an experimental setup
(50cm long), in which blocks move on a conveyor
belt and is restrained by the spring, and conducted
stick-slip experiments (Ohta & Aydan 2010, Iwata
et al. 2016). This experimental setup is able to sim-
ulate conditions in actual earthquakes better than
previous stick-slip experimental devices. During
experiments, the velocity of base block, stiffness of
springs and normal load acting on block interface
were varied to study their effect on the periodicity
and stick-slip response. On the other hand, since the
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area of discontinuous surface is quite different in
the actual earthquake fault and the specimen in the
laboratory experiment, for the estimation and eval-
uation of ground motion and displacement in earth-
quake faults, it is necessary to consider the scale
effect of them. However, there are studies on the
scale effect of the shear strength and deformation
characteristics of rock discontinuities (Yoshinaka
et al. 2006), but there are few studies on the scale
effect of the stick-slip behavior. Therefore, in order
to confirm the scale effect of the contact surface, a
larger scale experimental device was improved to be
able to experiment with a larger rock blocks, and the
experiment which changed the size of four types of
rock blocks was conducted. In this paper, the results
obtained from this experiment will be described,
which examines the influence of the scale effect of
the rock discontinuities on the stick-slip behavior
and its factors.

2 OUTLINE OF THE EXPERIMENT

2.1 Materials

The rock types of the block used in this experiment
are gabbro, granite, andesite and diorite rocks. The
stick-slip experiment is carried out on the base block
made of each rock type with the upper block of each
rock type made so that the contact area is 100 cm 2,
200 cm 2 and 300 cm 2. Where, the contact area indi-
cates the area of bottom of the upper block, it refers
to the apparent contact area.
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Figure 1 shows the contact surface of each rock
type used in this experiment. The contact surface
between upper and base block of gabbro and granite
are man-made surfaces, and andesite and diorite are
natural schistosity surfaces.

Table 1 shows the classification of the character-
istics of the contact surfaces of the block of each
rock type used in this experiment, by the roughness
of discontinuous of the hard rock surface shown in
JGS 3811-2011 (JGS 2013).

2.2 Stick-slip experiment

Figure 2 shows a stick-slip experimental device.
The experimental equipment consists of a rubber
conveyor belt and a fixed frame, and the conveyor
belt’s moving speed can be changed freely. The
base block is on the conveyor belt, and the upper
block is fixed to the fixed frame through the spring.
When the conveyor belt is operated, the upper and
base blocks are moved in the direction where the
spring is stretched together, but when it exceeds a
certain displacement, a slip is caused by the restor-
ing force of the spring connected to the upper
block. The repetition of this behavior is a stick slip
phenomenon.

(&) Gabbro

(::) -Anﬂesite

(d) Diorite

Figure 1. Contact surface of rock blocks.

Table 1. Classification of the characteristics of the contact
surfaces by the roughness of hard rock discontinuous
surface shown in JGS 3811-2011 (JGS 2013). Parentheses
indicate the results of classifying the contact surfaces of
rock blocks uscd in this cxperiment.
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In the experiment, in order to measure the force
acting on the upper block due to the stick-slip, the
load cell was installed between the spring and the
fixed frame, and the accelerometer was installed
on the upper block to measure the horizontal accel-
eration of the conveyor belt movement direction.
The horizontal displacement of the upper and base
blocks during the experiments are measured as the
distance between the fixed frame by the contact
type displacementmeter attached to the frame. The
measurement sampling interval was 5ms, and the
displacement, load and acceleration were recorded
on the computer using a dynamic strain amplifier.
The experimental conditions were based on the case
given in Table 2, and the velocity of the conveyor
belt and the normal load were changed. Where, the
normal stress shown in Table 2 refers to the appar-
ent normal stress, which is obtained by dividing
the normal load (the weight of the upper block and
the loaded weights) by the apparent contact area.
The normal stresses are adjusted by the the loaded
weight. The spring used is an elastic spring with a
stiffness of 1.0 N/mm.

3 EXPERIMENTAL RESULTS

Figure 3 shows the time histories of spring force in
each rock type and each block size. Figure 4 shows
the cumulative slip amount of the upper block (base
block displacement minus upper block displace-
ment). The cumulative slip amount is zero when
the upper and base blocks are moving on sticking,
and is added when slippage occurs. Therefore, it is
repeated that the spring force decreases with the
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Figure 2. Stick-slip experimental setup.

Table 2. Stick-slip experimental conditions.

Rock Contact Normal Velocity of

types area stress on conveyor vell
{cm?) (kPa) (mm/s)

Gabbro 100, 200 1.5,2.0 0.5,1.0,1.5,3.0

Granite 100,200,300 1.5 (for all rock types)

Andesite 100, 200,300 15,20

Diorite 100,200,300 2.0
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increase of the cumulative slippage when the spring
force reaches the peak load after only the spring
force is increased in a state where the cumulative
slippage is constant.

As shown in Figures 3, 4, the magnitude of the
spring force and the slippage are different depend-
ing on the upper block size, i.e. contact area. In
addition, the stick-slip behavior varies depending
on the rock type, the recurrence time (the time
from the end of the slip to the start of the next slip,
stress accumulation time) becomes longer as the
contact surface becomes rougher, and the change
of the spring force before and after the slip (here-
inafter referred to as the force drop) and the slip-
page tend to be large. Thus, it is considered that
the state of asperity, such as the roughness of the
contact surface shown in Table 1, influences the
stick-slip behavior. Figures 3, 4 show the case
where the moving speed of the conveyor belt is 1.0
mm/s, in this paper, the results of this case will be
discussed.
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Figure 3. Time histories of spring force.
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4 DISCUSSION ON EXPERIMENTAL RESULTS

4.1 Relation between friction coefficient and
contact area

In order to confirm the effect of the difference of
contact area on stick-slip behavior, the friction coef-
ficient (the ratio of the spring force and the normal
load) is compared. Figure 5 shows the friction coef-
ficient at the time of the peak load (spring force just
before slipping), i.e. the static friction coefficient, for
each contact area. As shown in Figures 5(a), (b), in
the case of gabbro and granite where the contact sur-
faces are smooth or the entire surface is planar, the
magnitude of the static friction coefficient is almost
unchanged depending on the contact area. On the
other hand, as shown in Figures 5(c), (d), in the case
of andesite and diorite where the contact surfaces are
rough or entire surface is wavy, the static friction
coefficient sharply decreases in the range of 100cm?
to 200cm? where the contact area is small, in the
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range of 200cm? to 300cm?, the change in static fric-
tion coefficient is small. Yoshinaka et al.(2006) con-
firmed that the shear resistance angle of the smooth
surface of the saw-cut granite corresponds to the
static friction angle and is no affected by the shear
area, and that the peak shear strength of the fracture
surface of granite which is man-made has a signifi-
cant decrease due to the increase of the shear area in
the small range of the shear area which is generally
less than 1,000cm?. The results of experiment in this
study are almost consistent with the characteristics
of the scale effect on the shear strength.

Figure 6 shows a conceptual diagram of the con-
tact part of the discontinuous surface (Scholz, C. H.
2010). In the actual discontinuous surface, the con-
tact area is only the area of the true contact area 4, of
several asperities in the apparent contact area 4, and
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Figure 5. Relation between static friction coefficient and
contact area.
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(b} Plane figure. A indicates the apparent contact area, and stippled
area Ay indicates the true contact area where the asperities are in
contact.

Figure 6. Conceptual diagram of the contact part of the
discontinuous surface (Scholz, C. H. 2010).
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the frictional force of the discontinuous surface is the
sum of the shear strength of the true contact area 4.

Figure 7 shows the contact part of the upper and base
blocks of the gabbro and diorite. In the case of gabbro
shown in Figure 7(a), both the upper and base blocks
have a smooth surface and the entire surface is planar.
Because variations in the shape of the contact surface
is small, even if the apparent contact area 4 increases,
the ratio of the true contact area 4_almost unchanged.
Therefore, evenifthe apparent contactarea 4, increases,
the friction coefficient does not change. In the case of
gabbro shown in Figures 7(b), (c), both the upper and
base blocks have a rough surface and the entire surface
is wavy with a long wavelength. In the case of contact
area 100cm? shown in Figure 7(b), variations in the
shape of the contact surface is large, and it becomes
engaged condition when sticking, so that the ratio of
the true contact area 4, becomes larger than the smooth
surface. Therefore, the frictional force, i.e. the friction
coefficient tends to be large. In the case of contact area
300cm?® shown in Figure 7(c), due to the influence of
the surface roughness and the wavelength of the entire
surface shape, the upper and base block surfaces
become hardly to contact. Thus, when the variations in
the large and small wavelength of the contact surface
shape is large, the ratio of a true contact area 4, tends
to small when the apparent contact area 4 increases,
and the friction coefficient decreases. However, when
the apparent contact area 4 becomes further large and
the shape wavelength of the entire surface contains a
certain number of wavelengths within the apparent
contact surface, even if the apparent contact area 4
increases, it is presumed that the ratio of the true con-
tact area A _hardly changes.

4.2 Relations of slippage and velocity and
acceleration

Figures 8, 9 show the relation between slippage, which
is relative displacement during sliding, and maximum
velocity/acceleration for stick-slip events of each rock
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(a) Gabbro, contact area 200cm”

(b) Diorite, contact area 100cm®

(c) Diorite, contact area 300cm’

Figure 7. Contact condition of upper and base block.



type. As result, it is seen positive correlation between
the slippage and the maximum velocity/acceleration
of each rock type. Moreover, it is assumed that the
maximum velocity and maximum acceleration have
a positive correlation. These relations are consist-
ent with the biaxial experimental results by Ohnaka
(2003) as well as stick-slip experiments reported by
Ohta & Aydan (2010). In this experiment, because we
use an elastic spring, the force drop is proportional to
the slippage as shown in Figure 4. When slippage is
substituted with force drop in Figure 8, the maximum
velocity is proportional to the force drop. This relation
is consistent with the result that is provided from past
earthquake records (Kanamori & Anderson 1975).
As for the difference of the contact area, a correla-
tion between the slippage and the maximum velocity
is not clearly observed. In the relation between slip-
page and maxi mum acceleration shown in Figure 9,
as the contact surface becomes coarser, the variation
of the relationship and the difference of the maximum
acceleration due to the magnitude of the contact area
become larger. The frictional force at the time of slip-
ping can be described by the relationship between
the friction coefficient of the contact surface and the
normal load, and it can also be described from the
relationship between the block weight and the accel-
eration from the motion equation. From the above, it
is inferred that the maximum acceleration at the time
of slipping is related to the characteristic due to the
variation of the friction coefficient and the difference
in the contact area shown in Figure 5.

4.3 Relation between force drop and slippage

Since the seismic moment is proportional to the
amount of force drop on the fault surface (Kanamori
& Anderson 1975, Molnar 1975), the characteristics

of the force drop obtained in this experiment is
confirmed. Figure 10 shows the relation between
the ratio of force drop (ratio of force drop and fric-
tional force) and the slippage for stick-slip events.
The ratio of force drop is proportional to the amount
of slippage in all conditions. It is also confirmed
by the relation between the shear stress drop rate
and the slip displacement amount in the frictional
slip indicated by Ohnaka (2003) and from the past
experimental results by Kiyota et al. (2018). In the
case of Figure 10(a), (c), (d) with the same normal
stress, the inclination of the linearity is almost the
same for the same contact area. In addition, since the
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magnitude of the inclination of the linearity for each
contact area within the same rock type is roughly
the inverse ratio of the contact area in any rock type,
the relationship between the ratio of force drop per
unit area and the slip amount is uniform. Therefore,
the relation between the ratio of force drop and the
slippage is hardly influenced by the scale effect, and
it is thought that it depends on the magnitude of the
normal stress and the stiffness of the elastic spring.

5 CONCLUSIONS

In this study, in order to confirm the scale effect
in the stick-slip behavior of rock discontinuities, a
stick-slip experiment using rock blocks of different
contact areas was conducted for four rock types. The
findings obtained from this study are summarized
as follows:

1. Inthe case where the contact surface is smooth
or the entire surface is planar, the influence of the
scale effect is small. On the other hand, In the case
where the contact surface is rough or the entire sur-
face is wavy, the friction coefficient significantly
decreases with increase of the contact area in the
range where contact area is small, and as the con-
tact area becomes larger, the variation in the friction
coefficient becomes smaller.

2. The maximum velocity and the maximum
acceleration of the block at the time of sliding have
a positive correlation with the amount of slippage.
However, the influence of the scale effect on the
maximum velocity is small regardless of the rough-
ness of the contact surface. As for the maximum
acceleration, as the contact surface is rough or the
entire surface becomes wavy, the scale effect is
more significant as well as the friction coefficient.

3. Although the amount of slippage and the force
drop are in linear relation, the scale effect is small
regardless of the roughness of the contact surface,
and the inclination of the linear is determined by the
normal stress and the stiffness of the spring.

As described above, in order to estimate the
characteristics of the stick-slip phenomenon on
the discontinuous rock surface, when the shape of
the discontinuous rock surface is uniformly smooth
and the variation is small, it is thought that it can
be inferred by the experiment with the contact
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area of several 100cm? as in this experiment. On
the other hand, in the case where shape is compli-
cated and there are many variations, it is desirable
to evaluate the experimental results to some extent
increase the contact area. However, since this study
is a qualitative evaluation, we would like to evalu-
ate the geometric shape and pattern of the contact
surfaces quantitatively, and experiment and eval-
uate them with consideration. In the future, these
findings are used for parameter setting of displace-
ment and stress drop of fault plane in fault rupture
simulations.
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