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ARTICLE INFO ABSTRACT

Keywords: Servo-controlled direct shear tests of rough (RMS = 500 pm) and smooth (RMS = 7 pm) surfaces of Gabbro are
Rock joints performed under a constant normal stress of 5 MPa and a constant shear displacement rate of 0.01 mm/s. The
Direct shear tested interfaces are 10 cm long and 8 cm wide. Two servo-controlled shear displacement modes are studied: 1)
?g:ftﬁ:s Piston Displacement Control [PDC], and 2) Block Displacement Control [BDC]. In PDC mode the displacement

output from the shear piston is used as the feedback signal for servo control whereas in BDC mode the
displacement output from two horizontally oriented LVDT’s positioned directly on the sheared interface are used
for control. We find that when the surfaces are tested under BDC mode they exhibit a distinct peak shear stress
followed by a stress drop to residual shear strength, whereas a continuous transition to “steady state” sliding is
exhibited by the same surfaces when tested under PDC mode. This leads to the important observation that while
peak shear strength is similar in both control modes the residual shear strength in PDC mode is distinctly higher.
All tested interfaces exhibit stick-slip oscillations, the magnitude and frequency of which are strongly related to
the control mode. We show that stick slip amplitude and frequency are artificially higher in BDC mode because of
servo-control effects and that the correct stick slip behaviour can only be obtained in PDC mode. We find that the
displacement control mode in direct shear tests drastically affects the obtained results and therefore investigators

Servo-control
Shear strength

must consider the consequences before specifying which servo-control mode to use in direct shear tests.

1. Introduction

Direct shear experiments for rock joints are typically conducted
under a controlled shear displacement rate and a fixed normal stress.
The ISRM suggested method for example' prescribes two consecutive
test segments: 1) a normal load segment, during which normal stress is
applied to the desired level under a constant normal load rate, and 2) a
shear load segment, during which the interface is sheared at a controlled
shear rate while the target normal stress is maintained at a constant level
throughout the shear segment. The issue of the precise location of the
shear displacement feedback signal in the testing apparatus is seldom
discussed. In experimental civil engineering studies concerning slope
stability and underground excavations the shear displacement feedback
signal often comes from the motion of the sheared interface since such
studies typically consider motion of particular bodies across a plane of
discontinuity in the rock mass.>* In seismological applications howev-
er, where the motivation is to simulate earthquake mechanics in the lab,
the feedback signal for shear displacement may come from the motion of
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https://doi.org/10.1016/j.ijrmms.2020.104444

the loading piston which is located at some distance from the tested
interface (see Ref. 5-10), as such studies are primarily concerned with
the shear response of geological faults to the application of far field
stresses stemming from the interactions across tectonic plate
boundaries.

In this technical note we define and distinguish between two shear
displacement control modes: 1) Piston Displacement Control (PDC), and
2) Block Displacement Control (BDC), both of which are appropriate for
direct shear testing of rock interfaces, depending on the application. We
argue that PDC mode represents far field loading of a sheared interface,
as would be the case for example in geological faults and large cata-
strophic landslides. In such cases the stiffness of the rock mass between
the loading point and the sliding interface is mobilized during the
deformation and affects the shear failure process. In contrast, the BDC
mode represents the displacement of a single block across a sheared
interface in the field, where the stiffness of the rock mass between the
loading point and the sliding block is irrelevant as the load on the block
is mainly derived from body forces or forces transmitted from boundary
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blocks. We show in this paper that the two control modes yield different
results and therefore the applied control mode should be considered in
light of the application in the field before direct shear tests are con-
ducted in the lab.

In the PDC mode the rate of displacement of the shear piston is
controlled using an accurate displacement transducer located inside the
actuator ram, while monitoring the displacement of the tested interface.
In the BDC mode the rate of displacement of the interface is controlled
using accurate displacement transducers that are mounted very close to
the tested interface. The main difference between the two control modes
is the involvement of the shear machine stiffness in the studied shear
deformation process. Typically in direct shear load frames the piston
that delivers the shear force, sometimes referred to as the “loading
point”, is connected to a steel arm that in turn is connected to the shear
frame which hosts the shear box in which the interface is cast in cement.
Although each of these elements has its own stiffness, this complex
configuration may be simplified to a loading point acting on a single
spring with stiffness k,, which is connected to a mass m.

The machine stiffness (kn,) is usually a constant number, representing
a summation of several structural and material components connected in
series between the piston and the sample. Ideally it would be designed to
be as stiff as possible so as to minimize machine stiffness effects. The
interface stiffness K; however may vary quite significantly between
samples as it depends on the level of normal stress, the surface rough-
ness, and the shear displacement rate.'' ' When the machine stiffness is
equal to or higher than the interface stiffness (k,, > k;) stable sliding will
be obtained after ultimate frictional resistance is reached, and the
idealized spring and the mass will move in harmony. When the machine
stiffness is lower than the interface stiffness however (kn, < k;), in-
stabilities, typically in the form of stick slip oscillations, may ensue at
the post peak region. The most fundamental work on stick slip oscilla-
tions was done by Rabinowicz'® who has introduced the “spring-rider”
model to explain stick slip oscillations. Rabinowicz suggested that the
transition from a higher static (y) to a lower dynamic (u4) friction co-
efficient is the main reason for stick slip oscillations, provided that the
machine stiffness and the rider velocity are sufficiently low; indeed he
showed that stick slip amplitude may drop to zero if the machine stift-
ness is high enough and/or the rider velocity is high enough.

The issue of sliding instability has been researched extensively in the
past several decades mainly in the context of seismology, following the
observations of Brace and Byerlee'® and Byerlee and Brace'” of stick
slips in the post peak region of triaxial tests, leading to the definition of
the important concepts of the critical slip distance d.° and critical
interface stiffness.kei;'C Ruina,'’ showed that the critical interface
stiffness is given by:

6,(B—A)

kerie = dc

@
where B, A and d, are Dieterich’s rate and state friction parameters and
oy, is the normal stress.

A complete analytical solution for the problem of stick slip oscilla-
tions in the context of the original spring rider model is presented by
Jaeger, Cook and Zimmerman'® who assume that the static friction co-
efficient () is greater than the dynamic friction coefficient (u4), and
that the value of the dynamic friction coefficient remains constant
throughout the cycles, namely no velocity weakening during stick slip
events. Two important results are obtained from the analytical solution
of the ideal spring — rider model:

1. The value of the dynamic friction coefficient (u,) is given by the
mean of the maximum (p’) and minimum (p) friction coefficient per
stick slip cycle:

R

Ha= ) 2)
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2. The displacement per stick slip event Ax is determined by the force
drop during a stick slip event, and the stiffness of the spring k:

- Tmin)/k (3)

In this technical note we explore two different loading configura-
tions, PDC vs. BDC, and compare the results. In the PDC mode we control
the rate of displacement of the shear piston while monitoring the
response of the block, a boundary condition identical to the conven-
tional spring — rider model. In the BDC mode we control the rate of
displacement of the block while monitoring the piston displacement, a
boundary condition that is more standard in rock mechanics and
geotechnical engineering applications. We show that the control mode
has a dramatic effect on the resulting shear stress — shear displacement
behaviour and discuss plausible explanations to the different
behaviours.

Ax= (Tma).

2. Methods

We perform direct shear tests under constant normal stress of 5 MPa
and controlled shear displacement rate of 0.01 mm/s using the hy-
draulic, closed-loop servo-controlled TerraTek direct shear system at
Ben-Gurion University rock mechanics laboratory (see Fig. 1, right
panel). The normal force capacity is 1000 kN and the shear force ca-
pacity is 300 kN. Both the normal and shear piston can be operated
under either load or displacement control, thus allowing great flexibility
in determining the test boundary conditions. Samples for direct shear
testing are prepared by four — point bending of Gabbro prisms, the
fractured surface of which is then ground to the desired roughness level
(see Fig. 1 — left panel).

The shear system assembly is comprised of three main components
(see Fig. 2): 1) horizontal piston; 2) two steel arms, the lower one con-
nected to the shear piston and the upper one is fixed; 3) upper and lower
shear boxes. The position of the piston, sometimes referred to as “load
point position”, is servo-controlled using output from a magnetic
transducer labelled Sy in Fig. 2 with 0.5% linearity full scale. The hor-
izontal stroke of the piston is 100 mm with 0.5% linearity full scale.
Shear displacement between the two blocks is monitored using two
LVDT’s (labelled Y, and Y3) that are mounted on both sides of the tested
interface, each with a maximum range of 50 mm and 0.25% linearity full
scale. The lower shear box is connected to the lower piston arm whereas
the upper shear box is fixed against horizontal motions. When a constant
normal stress boundary condition is used, the upper shear box is free to
move in the vertical direction, the motion of which is monitored by four
vertical LVDT’s (labelled X, — X;) mounted on four corners of the shear
box, each also with 50 mm range and 0.25% linearity full scale.

The samples are cast in steel templates that are then positioned in the
shear boxes. The maximum allowable specimen width, length, and
height is 150 mm X 150 mm X 230 mm. The total length of the shear
frame assembly is 1320.8 mm and the total height is 508 mm. The steel
arm that connects between the piston and the shear box is 650 mm long.
Naturally the effective stiffness of the shear system is affected not only
by the materials and lengths of the components, but also by the
compressibility of the oil in the shear actuator, O rings, different nuts
and bolts, etc. In order to facilitate the discussion, we can represent the
effective stiffness of the shear system by a spring stiffness k;, as sche-
matically illustrated in Fig. 3.

As explained in the introduction, we distinguish between piston
displacement control (PDC) and block displacement control (BDC)
modes. In PDC mode the piston is moved at a constant velocity and the
system stores elastic strain energy during the loading segment according
to the applied shear force in the system and the machine stiffness k;,. In
case of instability at the post peak region in the form of a stick slip event
a spontaneous force drop will take place followed by spontaneous ac-
celeration of the block. The horizontal distance travelled by the block
during this single slip event will be controlled by k;, and the force drop,
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Fig. 1. The direct shear system showing the shear piston, shear box and displacement transducers (right panel), and the normal load frame when used for tensile

splitting of a gabbro beam (left panel).
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Fig. 3. Schematic illustration of the Piston Displacement Control (PDC) and
Block Displacement Control (BDC) modes. k;, represents the effective stiffness
of the shear system.

as per Eq. (3) above. Because the piston and not the block motion is
controlled, the system will not try to correct for this spontaneous for-
ward jump, and forward motion of the piston at the prescribed rate will
not be interrupted. This is not the case in BDC mode. At the instant of
stick slip instability, the forward acceleration of the block will violate
the prescribed displacement rate of the block, and therefore the servo-
control system will command the piston to retract backwards to cor-
rect back to the prescribed block displacement rate.

The machine stiffness K,, can be determined as the absolute
contraction of the spring for a given shear force.”’ A good estimate of the
shear load frame stiffness can be obtained during a linear shear loading
segment from the force applied in the horizontal direction (AF,) and the
difference between the absolute piston motion (S,) and the block motion

(Yav = YanrYb):

segment as obtained from Eq. (4) should be very close to the value ob-
tained when analysing force drop and displacement during spontaneous
stick slip events as per Eq. (3) (km = AAY%). This is demonstrated in Fig. 4,
where the piston displacement (S,), the block displacement (Y, ), and
the effective machine displacement (S, —Y,,) are plotted vs. shear load
during a reloading segment following a spontaneous stress drop after
stick slip has occurred. The effective machine stiffness thus obtained is
Km(measuresy = 99523 N/mm. By calculating those slopes for several
reloading segments, we derived statistically a machine stiffness of
94953 N/mm with a standard deviation of 5978 N/mm.

In Fig. 5 we present a compilation of all the force drops and hori-
zontal slip distances measured in test Gb_22 which was performed in
PDC mode, between 4 and 8.5 mm of block displacement. The slope of
this curve returns a calculated machine stiffness of k, = 96,193 N/mm
with a regression coefficient of R? = 0.98. The effective machine stiff-
ness measured in the post peak region during reloading segments and
instantaneous unloading segments of stick slip instabilities are presented
in Fig. 6. The agreement between the measured machine stiffness from
the system response (Eq. (4)) and the calculated machine stiffness as
obtained from the analytical solution for stick slips when loading is
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Fig. 4. Piston displacement (S,), block displacement (Yg,), and the effective
machine displacement (Sy —Yq,) vs. shear load during a typical reloading
segment following a stick slip event (test Gb-22).
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Fig. 5. Force drop AF, vs. slip distance during spontaneous slip events when
loading is performed in PDC mode. The obtained slope is in very good agree-
ment with the measured machine stiffness value K, of 94953 N/mm.

conducted in PDC mode (Eq. (3)) is quite striking, with a difference
between methods not exceeding 1.3%.

The starting material for all direct shear tests is Gabbro which can be
obtained commercially from the Shanxi Black Granite Quarry in China,
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characterized by average grain size of 0.4 mm and bulk density of
3.05 £;. Static Young’s modulus and Poisson’s ratio of the intact rock
material were obtained by uniaxial compression of a 54 mm diameter
solid cylinder tested under a constant strain rate of 10™® s~ in the
TerraTek triaxial system at BGU Rock Mechanics Laboratory. The
Young’s modulus and Poisson’s ratio thus obtained are 97 GPa and 0.19
+ 0.02, respectively. Acoustic velocities of the intact material were
tested at BGU with Vinci’s AVS system and the obtained dynamic
Young’s modulus and Poisson’s ratio are 119 GPa and 0.24, respectively.

The initial roughness profiles of the sheared surfaces were measured
using a laser profilometer model type Conoscan-10 manufactured by
Optimet. Two levels of roughness are studied here. The coarser rough-
ness profile was obtained by four-point bending of a solid Gabbro prism
(see Fig. 1) with the obtained fractured roughness profile unaltered (for
procedure see %!,'*). The characteristic roughness RMS for this sample is
more than 500 pm and the test began in fully mating initial configura-
tion. The smoother surface was obtained by saw-cutting a Gabbro prism,
thus obtaining characteristic RMS of 7 pm. Each pair of interfaces (RMS
= 500 pm and RMS = 7 pm) was analysed spectrally and the results
portray very similar statistical roughness values for a given length (see
Fig. 7). It can be inferred from Fig. 7 that the smooth interface reaches
roughness saturation at 10 mm length whereas the rough interface is
characterized by increasing asperity amplitude with increasing mea-
surement length throughout the available sampling length. The average
interface size is 10 cm length and 8 cm width, with the lower interface
length typically fixed at 12 cm to ensure proper contact between the
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Fig. 7. RMS roughness of initial tested surfaces. Any single trend represents
RMS calculations of hundreds of profiles. Complete sample description can be

found in Table 1.
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upper and lower blocks throughout the shearing segments, to minimize
end effects.

The experimental procedure begins with lowering the normal piston
at constant stress rate of 0.01 MPa/s until the 5 MPa target normal stress
is reached while the interface is held in a fixed position. Afterwards, the
shear piston is activated with a constant displacement rate that is usually
fixed at 0.01 mm/s. As explained above, the shear displacement rate is
controlled either through output from the shear piston position (S,),
namely PDC mode, or through output from the pair of horizontal LVDT’s
mounted close to the interface (Yg,), namely BDC mode. In each test the
relative displacement target between the upper and the lower interface
is set to 8.5 mm. Data acquisition rate in all tests is set to 50 Hz (50
counts per sec.) in all displacement and load channels.

3. Results
3.1. Direct shear tests

All four direct shear tests were performed under the same normal
stress level and under the same shear rate so that the influence of surface
roughness on the results can also be discerned. Initial RMS values for the
four surface types are shown in Table 1. Shear stress vs. shear
displacement curves obtained for both surface types under BDC and PDC
modes and shown in Fig. 8 in red and grey shades, respectively. It can be
clearly seen that the BDC mode exhibits a distinct peak shear stress re-
gion followed by a stress drop to residual shear strength. In contrast, the
results obtained under PDC mode do not exhibit a pronounced peak
shear stress; rather, a gradual transition to “steady state” sliding is
observed, with no significant stress drop (note that we are not relating
here to the spontaneous stress drops that occur during stick slip events).
A significant implication of this result is that the residual shear strength
as obtained in PDC mode is higher than the residual shear strength
obtained in BDC mode.

We note that in PDC mode the rougher surface exhibits slightly lower
friction apparently due to asperity damage that took place in the sample.
It is possible that at this level of normal stress the geometrical contri-
bution of asperities®? decreases and consequently higher roughness may
not necessarily result in higher friction, as has also been observed by
others,11:23:24

The peak shear stresses reached in every test are listed in Table 1
where it can be appreciated that they are largely similar for the two
control modes.

The shear ko [M29] and normal k, 24 stiffness values for the tested
interfaces as obtained from the first shear and first normal loading
segments, respectively, appear to be similar for the tested surfaces,
irrespective of the control mode.

3.2. Stick slip oscillations

Stick-slip oscillations are observed in both control modes, and they
become more pronounced once ultimate shear stress is reached,
although some stick-slip instabilities are detected during the initial shear

Table 1

Concentrated results of direct shear tests performed in both control modes. The
shear stiffness measurement for sample Gb_22 was not reliable because of the
relatively high level of shear stress that was developed in the system during the
initial normal loading segment, during which the horizontal position of the
interface was maintained at zero using servo-control.

Sample Initial Test Shear stiffness ~ Normal Peak
ID RMS Type [MPa/mm] stiffness [MPa/  shear
[pm] mm] stress
Gb_1 525 BDC 14.96 11.97 4.14
Gb_21 565 PDC 12.18 8.51 4.26
Gb_2 6.9 BDC 7.5 9.16 3.79
Gb_22 6.8 PDC - 9.08 4.56
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loading phase. Note that the average amplitude of the stick slip oscil-
lations is much greater in the BDC mode, due to the attempt of the piston
to correct for the spontaneous accelerations of the block in the slip cycles
so that the actual block displacement rate obeys the prescribed rate, as
explained in the Methods section above. The characteristics of the stick
slip oscillations are further elaborated in the Discussion section.

As can be inferred from inspection of Fig. 8 classic steady state
sliding is never achieved in our tests, rather stick slip oscillations of
variable amplitudes are observed at the post peak region. To distinguish
between real stick slips and electronic noise, stick slip instabilites are
defined here when the spontaneous change from maximum to minimum
shear stress within a single stick slip cycle is at least one order of
magnitude higher than the force measurement resolution of the shear
load cell (100 N or ca. 0.01 MPa).

The stress drops measured during stick slip cycles are plotted in
Fig. 9, for both roughness levels as obtained with BDC (red) and PDC
(black) modes. The solid grey lines represent our threshold shear force
resolution. Both interfaces exhibit significant stress drops and the dif-
ference between the control modes is very apparent, with stick slip
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Fig. 9. Comparison between BDC (red) and PDC (black) stress drops for similar
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version of this article.)
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amplitude in BDC mode about twice as high as in the PDC mode: The
average value of stress drops for the fractured surface in BDC is 0.53 MPa
whereas for PDC is 0.23 MPa. The average stress srop in the saw-cut
surface is 1.4 MPa in BDC mode, whereas in PDC mode the average
stress drop is 0.53 MPa.

3.3. Slip rate effect

The shear response in both control modes is drastically affected by
the imposed rate of the displacement in both control modes. To
demonstrate the rate effect, we present in Fig. 10 velocity stepping re-
sults obtained for a polished sample (RMS = 5 pm). At a relatively fast
shear rate of 0.1 mm/s stick slip oscillations are absent in both control
modes (see Fig. 10a). Stick slips are prompted once the velocity is
reduced by one order of magnitude to 0.01 mm/s which is the reference
velocity in our broader experimental setup (see Fig. 10b). Note the great
difference in stick slip amplitude between the control modes at this
velocity; even though the “steady state” friction value in PDC is higher
than in BDC mode, the amplitude of the oscillations is three time higher
in BDC mode. The same behaviour is observed for sliding velocities of
0.05 mm/s (Figs. 10c) and 0.005 mm/s (Fig. 10d).

Sliding at 0.05 mm/s (Fig. 10c) is particularly interesting because in
PDC mode sliding at this velocity is “semi-stable” whereas in BDC mode
oscillatory stick slip behaviour is obtained. We may conclude therefore
that the control modes modify, in addition to the amplitude of the stress
drop instabilities, also the transition velocity from stale to non-stable
sliding.

4. Discussion

A typical output of the electronic measurement transducers during
stick slip instabilites is shown in Fig. 11 in detail, for an imposed shear
displacement rate of 0.01 mm/s. The relative displacement of the block
as obtained from the horizontal LVDT’s (Yg,) output in PDC mode is
shown in black solid line (labled PDC Y,y in Fig. 11) and the displace-
ment of the shear piston as obtained from the piston transducer (Sy) in
this control mode is shown in black dashed line (labled PDC S, in
Fig. 11). It can be seen that in PDC mode the motion of the block is
arrested almost completely during “stick” phases while the motion of the
piston continues to increase as per the prescribed piston displacement
rate. This leads to an accumulation of elastic strain energy across the
interface during “stick” phases which is released spontaneously during
“slip” phases, as can be inferred from the obtained steps in the block
displacement vs. time curve.

The behaviour of the system in BDC mode is very different. The
motion of the piston is shown in dashed red line (labled BDC Sy in
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Fig. 11), and the motion of the block is shown in solid red line (labled
BDC Y,y in Fig. 11). Recall that in this mode the servo control feedback
signal comes from the sliding interface using the average output from
the two horizontal LVDT transducers that are located very close to the
block. Therefore, the applied piston force and displacement rate are
constantly adjusted by the servo control system so as to ensure that the
block displacement conforms to the prescribed rate of 0.01 mm/s in our
case. This has two important consequences: 1) It is not possible to obtain
a real “stick” phase in this control mode, because the servo control
system ensures that the motion of the block always adheres to the pre-
scribed block displacement rate; this can be appreciated by comparing
Y.y outputs in PDC and BDC modes in Fig. 11. It is readily apparent that
during “stick” phases the motion of the block is continuous in BDC mode
whereas in PDC mode the block motion is almost completely arrested.
Consider Fig. 11b where the behaviour of the system is shown in greater
detail, the velocity of the block during a “stick” phase is four times
higher in BDC than in PDC mode; 2) Some elastic strain energy is
inevitably being stored during the pseudo static “stick” phases in the
BDC mode and is released spontaneously during the “slip” phases in this
mode, as can be inferred from the spikes in the block displacement
curve. The consequent forward accelerations of the block in BDC mode
during the “slip” phases violate the prescribed block displacement rate,
and therefore the servo control aims to correct this by pulling the
loading piston backward, as is readily apparent from inspection of the
dashed red line labelled BDC Sy in Fig. 11a. A single stick slip phase is
shown in Fig. 11b where it can be seen that while the block slides rapidly
forward for 0.01 mm in BDC mode the piston is actually being retracted
by as much as 0.04 mm at the very same time. This decoupling between
the block and the piston motion direction is made possible because of the
release of the stored elastic energy in the machine components between
the loading piston and the sliding block, namely the stiffness of the shear
machine.

The automatic servo-controlled correction of the piston motion
under BDC mode leads to artificially high stress drop amplitudes during
stick slip cycles, as mentioned previously in this paper. This effect is
illustrated in Fig. 12 which displays results from the stick slip oscillation
phase of tests conducted under a prescribed shear displacement rate of
0.005 mm/s.

In addition to the artificially higher stress drop amplitudes during
slip phases in BDC mode, it is readily apparent from inspection of
Fig. 12a that the frequency of the stick slip events in BDC mode is higher
than in PDC mode: 66.6 stick slip cycles per mm in BDC mode vs. 43.3
stick slip cycles per mm in PDC mode. Considering the classic spring —
rider model of Jaeger et al.,'” the frequency of the events should
decrease when stress drop increases, if only the spring stiffness and the
transition from static to dynamic friction coefficients determine the
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system response. But as can be seen in Fig. 12b, the automatic retraction
of the loading piston in BDC mode interferes with the natural behaviour
of the system and artificially reduces the amount of net forward block
displacement during slip cycles, thus leading to the apparent higher
event frequency in BDC mode when the stress drop is higher.

We have shown here, in some detail, that the imposed boundary
conditions during direct shear testing of rock discontinuities have dra-
matic effects on the results. In stable sliding conditions that peak and
residual shear strength may be different, and in case of stick slip in-
stabilities, both the amplitude and frequency of the stick slip events will
be determined by the control mode. We propose here that the selected
boundary conditions in laboratory direct shear experiments should
conform to the physical world application. If the stability of a single
block resting on a plane of weakness in a rock mass is of interest, then it
would be correct to conduct laboratory direct shear tests in BDC mode as
the load on the block is derived primarily from its self-weight. The
normal load control mode can be varied depending on the conditions in
the field as discussed by Goodman.?® If a single block on an inclined
plane is considered then a constant normal stress boundary condition
could be used in addition to the BDC mode. If however the stability of a
block in a tunnel wall is considered, then a constant normal position
boundary condition could be applied, in addition to the BDC mode. The
PDC mode appears to be more appropriate for simulating the behaviour
of crustal blocks moving across geological faults that are loaded by
remote, far-field, tectonic stresses as well as massive landslides, allowing
significant amount of elastic deformation in the rock mass that is
coupled with shear sliding across the interface. Stick slip oscillations,
which have been suggested by many authors as a plausible model for
earthquakes (see Ref. 5,16,17,26,27) are much more relevant in that

case and indeed are modeled much more accurately in PDC mode.
5. Summary and conclusions

We compare here between two displacement control modes in close-
loop servo-control direct shear experiments of rock discontinuities:
Block Displacement Control (BDC) and Piston Displacement Control
(PDC) modes. All tests are performed under an imposed constant normal
stress of 5 MPa. Two levels of initial roughness in Gabbro interfaces are
tested in both control modes. We find that in BDC mode the classic peak
and residual shear strength behaviour is obtained, whereas in PDC mode
the interfaces continuously exhibit shear displacement hardening. This
leads to the interesting and important observation that in PDC mode the
residual (or “steady-state”) shear strength is higher than in BDC mode.

Beyond the significance of the results to experimental investigations
of shear strength of rock interfaces, we find that sliding instabilities
manifest very differently between the two control modes. Results ob-
tained with PDC mode match theoretical expectations considering the
classical spring — rider model. Results obtained with the BDC mode
during stick slip instabilities are in fact wrong because of the tendency of
the servo control system to keep moving the block forward during
“stick” cycles and then to pull it backward during “slip” cycles. This
manifests in artificially higher stress drops during stick slip events and
higher stick slip event frequency when testing sliding instabilities in BDC
mode.

We suggest that testing rock discontinuities in BDC mode would be
more appropriate for rock engineering purposes when the stability of
single blocks loaded primarily by their self-weight is of interest. Testing
rock discontinuities in PDC mode would be more accurate for
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seismological purposes focusing on sliding instabilities, as both the
stress drop and event frequency would be modeled much more accu-
rately in the lab using the PDC mode.
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