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The frictional strength of faults controls the stability and the dynamics of slip in diverse natural
phenomena including earthquakes, induced seismicity, and landslides. It has been shown that geological
faults and rock discontinuities in general are rough in a wide range of scales but the dependency of slip
dynamics on surface roughness for a large spectrum of heights has never been measured. Here we show
specifically how slip dynamics dramatically varies as a function of surface roughness using direct shear
experiments performed on laboratory-generated faults in Diabase. We demonstrate experimentally that

Keywords: under relatively low normal stress of 5 MPa, stick-slip oscillations, commonly referred to as laboratory
friction earthquakes, only occur in a very limited range of roughness values within which a specific level, defined
roughness here as the critical roughness, triggers the highest amplitude of oscillations. Sliding across roughness
dilation higher or lower than critical is typically stable. Using monitored vertical motions through slip (dilation)
Sli_P dyr}amics coupled with numerical modelling we show that sliding on extremely “smooth” surfaces is typically
ngtl;;ﬂskes stable because the very small height of asperities does not allow for the nucleation and motion arrest

required for ‘stick’ phases to ensue, whereas sliding on extremely rough “fractured” surfaces is typically
characterized by shearing through the tall asperities. Sliding across “sawcut” surfaces, however, is found
to be particularly susceptible to stick slip deformation, and the shear motion is shown to be purely
dilatant where the dilation and compression of the sliding interface are in phase with the stick slip
oscillations. We conclude therefore that dilatant shear across moderately rough interfaces is a prerequisite
for stick slip oscillations and consequently, for sliding instability.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction under relatively low normal stresses (Patton, 1966) while later ex-
perimental observations further demonstrated that slip dynamics
and its transition from stable to unstable slip vary for different ini-
tial surface roughness (Goebel et al., 2017; Ohnaka, 1973; Okubo
and Dieterich, 1984). Although Byerlee (1978), in his pioneering
experimental work on rock friction, concluded that the maximum

friction of faults at seismogenic depths is not affected by rough-

Slip surfaces are natural occurrences of shear existing in a wide
range of scales, from micro-flaws in minerals, through macro scale
of rock joints, and up to mega-scale faults along tectonic plate
boundaries. Because frictional strength between surfaces is deter-
mined by the area of discrete contact zones and by their strength

(Bowden and Tabor, 1950; Dieterich and Kilgore, 1994; Rubinstein
et al,, 2004), the topography of the surfaces is one of the major
parameters affecting their frictional behaviour (Archard, 1957; Mei
and Wu, 2021; Persson et al., 2005). The topography of rock sur-
faces varies from extremely smooth and polished (Siman-Tov et al.,
2013) to rough and undulating (Candela et al., 2012; Power et al.,
1987) depending on their dimensions, material properties and de-
formation history (Power et al., 1988; Sagy and Brodsky, 2009).
Roughness of rock discontinuities has been recognized very early
on as a dominant factor controlling the maximum shear resistance
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ness, later experimental studies suggest that indeed fault irregu-
larities and surface roughness are critical for slip nucleation and
dynamics also at high seismogenic stresses as they strongly influ-
ence and modify the contact characteristics (Aubry et al., 2020;
Goebel et al., 2017; Harbord et al., 2017).

Shallow earthquakes, events of induced seismicity, glacier slid-
ing, and landslides runout may also be susceptible to instabilities
associated with sliding across rough interfaces. Moreover, dilatant
shear across rough interfaces can modify the critical pore pressure
level required to induce slip (Brantut, 2020).

Experiments and theory suggest that the condition for slip to
be unstable is governed by the relationship between the stiffness
of the rock body surrounding the faults (k) and a critical stiff-
ness of the interface (k.), which is governed by the fault frictional
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properties and normal stress (Rice and Ruina, 1983; Ruina, 1983).
Slip will be unstable when k. > k, and because the stiffnesses are
physical properties of both structure and material, surface geome-
try and its evolution are expected to affect k (Dieterich and Smith,
2009; Fang and Dunham, 2013) and k. (Tal et al., 2020) values, and
accordingly the slip dynamics, even under high tectonic stresses
(Aubry et al.,, 2020; Harbord et al.,, 2017). A particularly interesting
case is of stick-slip oscillations which are associated with cycles
of quasi-static phases followed by spontaneous slip events. These
frictional oscillations have been referred to as “laboratory earth-
quakes” because they are believed to represent an analogue model
of natural faulting (Brace and Byerlee, 1966; Scuderi et al., 2016).

While discontinuity surfaces in rocks are rough in a wide range
of scales (Power et al., 1987), the dependency of slip dynamics
on surface roughness has rarely been measured, in particular for
a large spectrum of heights. Here we show by a series of di-
rect shear experiments on Diabase interfaces how friction, dilation,
and slip dynamics dramatically vary as a function of initial surface
roughness. We confirm numerically that surface geometry indeed
governs slip dynamics and in particular, affects the magnitude of
laboratory earthquakes during sliding instabilities. Because the fo-
cus of this study is on the influence of initial roughness on slip
dynamics, we chose to perform all experiments on the same rock
type (Diabase) and under the same normal stress level. We chose
to perform our tests under an imposed constant normal stress of
5 MPa as this level of normal stress was found by us in pre-
vious studies to represent the transition from slip weakening to
slip hardening in direct shear experiments of granite sawcut sur-
faces (Biran et al., 2009) and the transition from slip smoothening
to slip roughening in direct shear experiments of fractured lime-
stone surfaces (Badt et al., 2016). Further research under higher
normal stresses will be necessary in order to extend the valid-
ity of our results to seimogenic depths. The results of this study
are nevertheless immediately applicable to the analysis of sliding
instabilities in diverse geological processes including catastrophic
rock slides (e.g. Ibanez and Hatzor, 2018), landslides (e.g. Fan et al.,
2017), and induced seismicity due to changes in surface reservoir
levels (e.g. Gupta, 2002) or fluid injection into reservoirs under-
ground (e.g. Fang et al.,, 2017).

2. Materials and methods
2.1. The starting material

The starting material for all tests is commercially available Dia-
base from Shanxi Black Granite Quarry in China. This Shanxi Dia-
base, so named by the quarry, is medium-grained (mean grain size
of 0.4 mm) composed of 40% Plagioclase, 40% Clinopyroxene, 10%
Amphibole and 10% oxides and other minerals. The bulk density
and porosity are 3.05 % and 0.73%, respectively. Static Young’s
modulus and Poisson’s ratio of the intact rock material obtained
under uniaxial compression using the TerraTek triaxial system at
BGU rock mechanics laboratory (for technical details see (Shitrit
et al., 2019)) are 97 GPa and 0.19 + 0.02, respectively. Acoustic
velocities of the intact material were tested in the Vinci Acoustic
Velocity System at BGU rock mechanics laboratory (for technical
details see (Gordin et al., 2020) and the obtained dynamic Young’s
modulus and Poisson’s ratio are 119 GPa and 0.24, respectively.

2.2. Sample preparation and surface roughness analysis

Six levels of initial roughness are studied here, named Fracture
A, B, C, Sawcut, and Polished A, B (see Fig. 1). The Fracture inter-
faces were created by four-point bending of solid Diabase prisms,
thus obtaining pure tensile fractures. Fracture A (with sample-scale
RMS = 1356 pm) is characterized by higher RMS compared to
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Fracture B (RMS = 450 pm), where the RMS is the root mean
squares of the deviation of the surface from planarity (See de-
tailed description below). Fracture-C is a polished version of Frac-
ture B obtained using 180 # polishing grit and sandpaper (RMS
= 410 pm). The intermediate roughness specimen is Sawcut, with
RMS of 7 um. Polished A interface was obtained by polishing a
sawcut interface with 1000# polishing powder grit with charac-
teristic RMS of 0.85 pm. Finally, the smoothest interface, Polished
B was obtained by polishing a Sawcut interface using 1 pm dia-
mond suspension, with characteristic RMS of 0.7 um. The average
interface size used for direct shear testing is 10 cm length by 9
cm width, with the lower interface length typically fixed at 12
cm to ensure proper contact between the upper and lower blocks
throughout the shearing segments, to minimize end effects. The
samples are then cast in steel templates that are positioned in the
shear box.

The initial roughness profiles of Fracture A, B, C and Sawcut
interfaces were measured at the Geological Survey of Israel us-
ing a 3D laser profilometer model type Conoscan-10 manufactured
by Optimet. Typical resolution of the profilometer is 1-5 pm de-
pending on the material and geometry of the scanned surface. The
polished surfaces were scanned at the Racah Institute of Physics
of the Hebrew University of Jerusalem using nano-scale resolu-
tion white light interferometer manufactured by OptiWorks. The
measurements of Polished A post shear were taken perpendicular
to shear direction in order to better identify roughness variability
after sliding. Each scanned sample consisted of 10° to 10® mea-
surement points.

To quantify surface roughness, we calculate the values of the
root mean square (RMS) heights (average deviation of the topogra-
phy from a planar surface) along parallel profiles in a given direc-
tion by:

L

0.5
RMSy = [%/Yz(x)dx] (1)

0

where L is the profile length, Y is the amplitude or height of a
given point, and x is the distance along the profile in a given di-
rection. Every calculated value is the average RMS of all the parallel
profiles in a given length L along the surface. Maximum RMS val-
ues for Fractures A - C and for the Sawcut interfaces are calculated
for profiles parallel to the slip direction with lengths of 9 cm along
the surface. We note that the maximum length of the entire appar-
ent contact area between the surfaces (~10 cm) is slightly larger.
RMS values of the Polished-A and B samples are measured based
on profile lengths of 6 cm that represent well the entire surface
because the RMS values at larger scales vary only slightly due to
the polishing process (see Fig. 1D).

3. Experimental setup

Direct shear experiments are performed using a hydraulic,
closed-loop servo-controlled system at BGU rock mechanics lab-
oratory (Fig. 2). Normal and shear load capacities are 1000 kN and
300 kN respectively, with load cells linearity of 0.5% Full Scale. Two
horizontal and four vertical LVDTs monitor horizontal and vertical
displacement of the interface, respectively, during shear. The LVDTs
range is 50 mm with 0.25% linearity Full Scale. Data acquisition
rate is set to 50 Hz (50 counts per sec.) in all displacement and
load channels. Experiments are conducted at room temperature of
26°C and relative humidity of ~41% in dry interface conditions.

The experiments are performed under an imposed constant
normal stress of 5 MPa and load point (shear piston) velocity of
vo = 0.01 mmy/s. The experimental procedure begins with lower-
ing the normal piston at a constant load rate of 0.01 MPa/s until
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Fig. 1. Wide spectrum of roughness levels, with RMS values ranging from 1356 pm (Fracture A) to 0.7 pm (Polished B). A) The 3D Conoscan-10 laser profilometer used in
this research, B) 3D illustration of “Fracture A”, “Fracture B”, and the “Sawcut” surfaces, C) 2D profiles of the six initial roughness levels with vertical exaggeration of X 12 (in
bottom panel detailed plot of the “Sawcut”, “polished A" and “Polished B” surfaces with vertical exaggeration of X 750), D) Initial RMS roughness for all tested surfaces as a

function of sampling profile length in the shear direction.

the 5 MPa target normal stress is reached while the interface is
held at a fixed position. A constant normal stress boundary con-
dition is then imposed during the shear segments, so that the
interface is free to dilate or contract during shear, the vertical dis-
placement of which is monitored by the four vertical LVDTs that
are attached to the shear box (Fig. 2A). The sliding target is typi-
cally set to 10-13 mm as monitored from the two horizontal LVDTs
that are attached to the shear box very close the tested interface
(Fig. 2B). The Fracture interfaces are initially set in a fully mat-
ing configuration, but after several millimetres of displacement the
interfaces are not fully coupled of course. Because the constant dis-
placement rate is imposed on the shear piston, the block is free to
accelerate forward during stick-slip instabilities and its dynamic
displacement is closely monitored by the two horizontal LVDTs.
After a slip event, loading is resumed at the prescribed piston dis-
placement rate while the response of the block continues to be
monitored by the two horizontal LVDTs.

The characteristics of the stick-slip events in all experiments are
studied in great detail. The “stick” velocity (Vvgic), “slip” velocity
(vsiip), and stress drop (A7) in each stick-slip cycle are measured
from the output of the two horizontal LVDTs and the load cell, re-
spectively. The characteristics of the stick-slip cycles are typically
measured after the interface has sheared at least 4 mm, well be-
yond the peak shear stress obtained in each tested interface. To
distinguish between electric noise and real stick-slip events in the

case of lower amplitude oscillations, a real stick slip is defined
when the spontaenous change from maximum to minimum shear
stress within a single stick-slip cycle is at least one order of mag-
nitude higher than the resolution of the shear load cell.

4. Calculation of stiffnesses and velocities
4.1. Experimental determination of the machine stiffness kp,

The definitions of the mechanical components of the system
are shown in Fig. 3A and consist of: 1) the servo-controlled dis-
placement of the load point u,, 2) the machine stiffness kp,, 3) the
displacement of the shear box upyy, 4) the sample assembly stiff-
ness kgp, which is the stiffness between the measuring points on
the box and the fault, thus integrating the components of the box,
cement, rock and surface geometry, and 5) the displacement of the
fault usy.

The machine stiffness k;; is obtained by two independent meth-
ods during controlled loading and instantaneous unloading seg-
ments within stick-slip cycles, after total shear displacement has
exceeded at least 4 mm. Consider Fig. 3B where a sequence of
three stick-slip cycles measured for the Sawcut interface is plot-
ted. The reloading slopes, denoted here as k;, are obtained from
controlled loading under prescribed load point displacement rate
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Fig. 2. A) Schematic illustration of the direct shear system used in this research. The frame of the horizontal shear actuator is coupled to the upper sample holder frame
via two plates (the near one shown in light grey) and two circular shafts with bearings. Not shown, the piston of the horizontal shear actuator is attached to the shear box
frame via the shear load cell. Relative block displacement is monitored by two horizontal LVDTs (one of which is shown) mounted on the shear box close to the sliding

interface. Vertical displacement through shear is monitored by four LVDTs (two of which are shown).

stack assembly between the horizontal LVDTs and the tested interface.

during stick phases, whereas the unloading slopes (denoted ki)
are obtained instantaneously during slip phases. During controlled
loading segments the difference between the load point and shear
box displacement can be used to recover kp:

AFloading
9
(Wioadpoint — Ubox)

km(loading) = (2)
where AF jyq4ing 1 the shear force difference during a loading seg-
ment and Uqd poine and Upgx are the displacement of the shear
piston and shear box, respectively (see Fig. 3D). Moreover, from the
theoretical solution for stick-slip oscillations under constant load
point displacement rate (Jaeger et al., 2007), the slopes of the in-
stantaneous unloading segments during slip phases also provide
km:

AFunloding
Aupox

km(unloading) = (3)
where Aupoy is the displacement from the beginning of the current
slip event to its end as measured from the horizontal LVDTs. Both
methods return strikingly similar ky, values of 10° N/mm or 10.8
MPa/mm, regardless of the interface roughness (Fig. 3E).

4.2. Calculation of stick and slip velocities

We measure the stick velocity (vgiq) from the slope of hori-
zontal displacement vs. time curve within a stick cycle (Fig. 3C).
Because of non-linearity towards the end of each segment (see
Fig. 3B), each measurement is taken between initial reloading point
up to 50% of the level of shear stress rise within the segment. In
order to obtain the slip velocity (vg,) we use the acquired data

B) Top view of the shear box and the tested interface. Note the sample

points within a slip cycle (typically 5 points due to the short event
duration and the data acquisition rate of 50 Hz) and find the two
data points between which the horizontal displacement is highest.
We then take the slope between that point and the two adjoining
points above and below to calculate the slip velocity in that cy-
cle (see inset in Fig. 3C). It is important to note that even though
our measurement resolution is relatively low considering the short
duration of the slip events, the three-point slopes return strikingly
similar values between slip segments. It must be pointed out here
that all velocities computed by us refer to the shear box velocities
as obtained by the horizontal LVDTs outputs, and not to the fault
velocities.

4.3. Calculation of the shear stiffness

The concept of shear stiffness of an interface tested in direct
shear, denoted here k;, is often used in the experimental rock me-
chanics literature and is defined as (Goodman, 1989): k; = Aﬁ;x. It
can be appreciated from inspection of Fig. 3B that the slope of the
reloading curve is not linear from beginning to end, and therefore
the value of k; is calculated for the linear segment of the reloading
curve, from 0 up to 50% increase in shear stress, as in the calcula-
tion of v discussed above.

It is instructive to examine the relationship between the shear
stiffness defined above (k;) and the other stiffnesses involved in
the mechanical testing system. As illustrated in Fig. 3A, the ef-
fective stiffness of the system ks including both the shear load
frame kp and the sample assembly stiffness kg, is the sum of
the compliances that are the reciprocal of the stiffnesses, namely:
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Fig. 3. Experimental measurement of relevant quantities. A) Schematic illustration of the mechanical components of the system, B) Shear stress vs. displacement during
three stick-slip oscillations on a sawcut interface and the experimental method to obtain k; and kp, C) Displacement vs. time for the same oscillations as in B showing
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independent measurement methods.

1

ks = . Considering the linear segment of a stick-slip cycle,

thus, and strictly for loading segments, the sample assembly stiff-

(k k .
b km ness is:

the force balance during this stage is:

kpp = ki Vbox,stick 7)
— M )

AT =kgp(Aupox — At p) =K iy (Vpox,stick AL — V £ seick AL), (4) Vbhox,stick — V f,stick

and also This derivation implies that ks, can only be equal to k; (as-
suming linearity) during a loading cycle if the velocity of the fault

AT =ki Aupox = KiVpox stick AL, (5) during a stick segment is zero. In our testing configuration we do

where here we distinguish between the velocities of the box and
of the fault during the stick segments. In the rest of the paper
the designation “box” in connection with velocities and displace-
ments is not always used, therefore whenever vg;q and vg;, are
discussed the meaning is for box velocities, unless indicated oth-
erwise. Similarly with respect to displacements, whenever Au or
the term “shear displacement” are indicated we typically refer to
box displacement, unless indicated otherwise. Equating equations
(4) and (5) and dividing by At:

(6)

kiVhox,stick = K g (Vbox,stick — V f stick)s

not have a direct constraint on Vg gick, but we do not think that
V sick can be zero during loading cycles. Considering the rigid-
ity of the cement and the sample stack between the LVDTs and
the fault and assuming linear elasticity, we estimate that at least
90% of the horizontal displacement measured by the LVDTs derives
from slip across the fault and the rest from elastic distortions of
materials in the sample stack between the LVDTs and the fault,
primarily the cement in which the fault is embedded. Because
we do not have a rigorous constraint on vy s We cannot re-
solve the exact magnitude of ks, and consequently of ks, but for
V£ stick = 0.9Vpox stick (if 90% of the slip is on the fault), we can
estimate from eq. (7) that kg > 10k;.
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5. Results

The experimental results present a wide spectrum of mechani-
cal behaviours and slip dynamics, ranging from stick-slip to stable
sliding (Fig. 4A). Detailed plots of friction (t/0y) vs. displacement
and time are shown in Fig. 4B and C, respectively. The Sawcut in-
terface produces the most pronounced stick slip events, where the
events do not start immediately with onset of sliding, but rather,
following a preceding stage in which shear stress gradually in-
creases with slip to a value of ~4 MPa. The moderately rough
Fractures (B, C) show similar behaviour but with less regular stick-
slip events and smaller stress oscillations.

The amplitude of the stick slip events diminishes towards the
two roughness extremes. The roughest sample (Fracture A) exhibits
brittle fracture followed by mostly stable sliding where the shear
stress gradually increases to a peak value of ~13 MPa, followed by
a major stress drop of ~3 MPa, and then by a gradual decrease
with slip (Fig. 4A). Brief oscillatory stick-slip episodes are observed
at slip distance larger than 10 mm (shaded grey area in Fracture
A curve). Visual inspection of the sample after the experiment
reveals combined off-fault fracturing coupled with frictional slip
across the pre-existing surface. The smoothest samples (Polished
A, B) slide in a relatively stable manner. The slightly smoother Pol-
ished B surface exhibits a local peak friction of 0.18 followed by
stable sliding with moderate slip hardening (Fig. 4A). The obtained
friction is extremely low comparing to measurements in previous
experiments performed on similar rocks under similar loading con-

ditions (Marone and Cox, 1994; Yamashita et al., 2018). The slightly
rougher Polished A surface exhibits similar characteristics but with
higher friction, more moderate slip hardening, and less stable slip,
expressed by stress undulations with amplitudes close to our de-
tection level (Figs. 4B, C).

We further investigate the stick-slip characteristics at the four
experiments where the phenomena is clearly present. The Saw-
cut interface, which is the most prone to stick slip deformation,
exhibits the slowest stick velocity (Vg = 0.003 mm/s) and high-
est slip velocity, with peak values of vy, =1 mm/s (Figs. 5A,
5B). Correspondingly, it shows the highest values of shear stiff-
ness (k;) as calculated during the stick phases, with average value
of 34.5 MPa/mm (Fig. 5C), and largest stress drops (A1) during
the slip events with values of 0.7-0.8 MPa at slip distance larger
than 7 mm (Fig. 5D). The values of A7, vgj, and k; decrease
significantly with increasing roughness levels. Interestingly, the pa-
rameters k; and vgiq associated with the stick segments remain
relatively constant for a given roughness throughout shear dis-
placement (Figs. 5A, 5C), whereas the parameters AT and vgj
associated with slip segments generally increase with cumulative
slip, Au (Figs. 5B and 5D).

To this end, we have shown strong dependency between fault
roughness and slip dynamics, where stick slip oscillations are
found to be constrained to a distinct surface roughness range.
Further experiments on fault surface “Polished A” show that the
geometrical evolution of the surface is also critical to slip dynam-
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ics. This surface exhibited relatively stable sliding during the first
experiment (Fig. 4). At a later experiment on this same interface,
that started in a velocity stepping sequence where the induced
velocity is changed after prescribed displacement targets to pre-
scribed values, followed by shear at a constant rate of 0.01 mm/s,
the surface exhibited transition to stick slip oscillations, with aver-
age stress drop At and shear stiffness k; values of 0.11 MPa and
23 MPa/mm, respectively (Fig. 6A). A plot of the initial roughness
of the Polished A and Sawcut surfaces together with the rough-
ness measured after the velocity stepping sequence performed on
the Polished A fault (inset in Fig. 6A) shows that the detected stick
slip instability is clearly associated with roughening of the evolved
surface. Moreover, detailed visual examination of Polished A fault
surface demonstrates that the roughening is expressed by discrete
zones of high geometrical variations, mostly protruding along pro-
files measured perpendicular to the slip direction (Fig. 6B).

The average values of shear stiffness and stress drop as a func-
tion of initial fault roughness are plotted in Fig. 7. Because surface
Polished B exhibited stable sliding during the entire run, we were
not able to measure its shear stiffness. The most significant re-
sult we report here is that sliding instability, as manifested by the
magnitude of the stress drops during stick slip cycles, clearly peaks
for a very distinct roughness value, with decreasing stress drops
measured both for the rougher and the smoother surfaces. We de-
fine the roughness associated with peak stress drop during stick
slip oscillations as the critical roughness of the fault surface for the
given boundary conditions.

6. Discussion
6.1. Shear stiffness vs. critical stiffness

The stability of frictional systems is generally explained by the
interplay between the effective system stiffness (ks) and the critical

stiffness of the interface (k.) (Rabinowicz, 1958; Rice and Ruina,
1983; Ruina, 1983). The critical stiffness k. is typically calculated
from measured rate and state (RS) (Dieterich, 1979; Ruina, 1983)
friction parameters (A, B,d.) as: k. = o (A — B)/d., (Ruina, 1983).
The RS parameters are challenging to obtain experimentally dur-
ing unstable sliding, especially for the range of roughnesses in our
study. Let us examine how ks varies between the experiments. In
section 4.3, we obtained that kg, > 10k;, recalling that kg, is the
sample assembly stiffness and k; is the shear stiffness. Together
with the observation that for the Polished A, Sawcut and Frac-
tured B and C surfaces, k; > k;, ~ 10 MPa/mm (Fig. 7) that gives
kp > 10k, recalling that ky, is the machine stiffness. Substituting
in the expression for the effective stiffness in our system of two
springs in series (Fig. 3A), we obtain ks = (%]ﬁ ~ k. There-
fore, although the roughness affects the stiffness k¢ (Dieterich and
Smith, 2009; Fang and Dunham, 2013), its influence on ks in our
experimental setup is negligible. This suggests that the effective
system stiffness ks barely varies between the experiments, thus the
increased stability from the Sawcut to the Fractured and Polished
surfaces appears to be associated with a decrease in the critical
stiffness k.

While the discussion above focuses on the development of fric-
tional instability during slip phases, we can examine the tendency
of the surfaces to experience stick-slip behaviour using the shear
stiffness, k;j, as measured at Au >4 mm, which represents the re-
sistance of the interface to shear during the stick segments and,
in contrast to k., can be measured directly when stick-slip be-
haviour is presented (Figs. 5C, 6A). We suggest that the larger
ki values for the Sawcut interface (Fig. 7) correspond to a larger
shear resistance during loading segments, which leads to a more
efficient locking and consequently lower stick velocity (Fig. 5A)
and larger accumulation of elastic strain energy during the load-
ing segments, consequently leading to more intense slip events
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with larger stress drops (Fig. 7) and sliding velocity (Fig. 5B). The
lower k; values of the fractured interfaces imply less efficient lock-
ing during the loading segments and consequently lead to smaller
slip events. The mechanism that governs the reduction in k; with
increasing roughness may be related to enhanced stress concentra-
tions around steep asperities (e.g. Sagy and Lyakhovsky, 2019) that
might lead to inelastic flow or to decreasing asperity nucleation
length, as discussed by Aubry et al. (2020). Similar interpretations
of the effects of stress heterogeneity on slip stability have been
developed from field observations of slip behaviour on large scale
fault zones (e.g. Barcheck et al., 2021).

The increased stability of sliding with decreasing roughness, as
evident from the transition from the Sawcut to the Polished fault
interfaces (Fig. 7) suggests, on the other hand, that a minimum
level of roughness is required for efficient mechanical interlocking
of asperity contacts. Otherwise, the local stresses at the contacts
are not large enough to prevent continuous stable sliding of the
interface.

We test this hypothesis with numerical quasistatic simulations
of the shear experiments on the Sawcut and Polished A interfaces
(Fig. 8), using a finite element code that allows large sliding across
rough interfaces (Tal et al., 2020; Tal and Hager, 2018). Moreover,
the simulations enable us to get more insight on evolution of the
local contacts and stresses on the fault, which cannot be observed

in the experiments. Boundary conditions and elastic properties in
the model were similar to those in the experiments (Fig. 8A), with
the latter representing the sample, cement, and shear boxes, as
well as the machine stiffness, which is represented by the soft ele-
ments at the lower left part of the model. The modelled interfaces
were generated using the roughness measurements of the experi-
mental interfaces in the direction parallel to slip (Fig. 1), account-
ing for wavelengths larger than ~0.1 mm. Although the numerical
code allows different friction formulations and plastic off-fault de-
formation, we set a constant nominal friction coefficient value of
= 0.6 and account only for elastic deformation to isolate the me-
chanical effect of fault geometry.

Remarkably, while the modelled Polished A fault surface slides
stably, the roughness of the modelled Sawcut fault surface induces
stick slip, despite the constant friction coefficient and elastic rhe-
ology of the contacts (Fig. 8B). Inspection of the normal stress
evolution across an 8 mm long segments of the two modelled fault
surfaces (Figs. 8 C, D) reveals how the contacts evolve with slip as
different asperities become at contact. The modelled Sawcut sur-
face has 2 - 3 asperity contacts with high stress concentrations
along the segment (Fig. 8C), while the modelled Polished A sur-
face has 7 - 12 asperity contacts, each with a significantly lower
stress. (Fig. 8D). The model suggests that geometrical interlocking
of asperities with development of large local stresses is a key pro-
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(Au). Location of insets shown in grey boxes. Note here dilation is positive.

cess in stick slip behaviour of bare surfaces. Moreover, as per the
mathematical definition of the critical stiffness k. above, enhanced
normal stress concentrations would lead to higher critical stiffness
of the sawcut prompting less stable sliding per a given effective
system stiffness ks. We note that the stick slip behaviour in the
model is less regular and with smaller stress drops than in the
experiment and suggest that the mechanical interlocking in the
experiments enhances other micro mechanical and frictional pro-
cesses that promote instability and are not accounted for in the
model.

6.2. Probing into dilation through shear

An important insight concerning the micromechanics of slid-
ing instabilities can be gained from inspection of the dilatant be-
haviour of the different fault surfaces during shear under constant
normal stress. Consider Fig. 9 where the dilatant behaviour of the
Fracture B, Sawcut, and Polished A fault surfaces are plotted vs.
shear displacement Au, for the entire 10 mm slip. All faults un-
dergo some contraction at the initial stages of the tests indicated
by negative output of the vertical LVDT. The dilatant behaviour af-
ter ultimate shear resistance is reached however varies drastically
between the fault surfaces. The relatively rough Fracture B fault
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(Fig. 9A) exhibits significant dilation through shear at the macro
scale, yet within stick - slip cycles (shaded box and inset) the sam-
ples do not dilate during stick segments where most of the dilation
is accommodated during the dynamic slip events. Such a behaviour
may indicate temporary interlocking of the interface during stick
phases. In contrast, the Sawcut fault (Fig. 9B) does not exhibit di-
lation through shear at the macro scale, yet when examining the
dilatant behaviour during stick-slip cycles at the micro scale (see
inset) a clear coupling between stick slip oscillations is observed,
where the dilation and stick slip oscillations appear to be com-
pletely in phase. The unique observation shown in Fig. 9B suggests
that under the normal stresses applied in our experiments, the
governing micro mechanism during stick-slip deformation of faults
with surfaces exhibiting critical roughness, is overriding over as-
perity contacts rather than shearing through them. Faults that are
rougher than critical exhibit predominantly a mechanism of shear-
ing through asperities (inset in Fig. 9A) whereas slip across faults
that are smoother from critical is completely decoupled from di-
lation (inset in Fig. 9C). It should be pointed out that compaction
| dilation trends have been reported in experiments performed on
granular materials, where similar micromechanical interpretations
can be inferred and transitions from overriding to shearing through
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can be observed with progressive grain size reduction | breakage
(e.g. Fulton and Rathbun, 2011).

A good demonstration of the “shearing through” mechanism
argued by us to be dominant in the rougher-than-critical fault
surfaces is obtained from cross sections performed through the
Fracture B surface, in parallel to the slip direction, before and after
shear (Fig. 10A). In all three cross sections the protruding asper-
ities are clearly truncated through shear (Fig. 10B). In contrast,
shear through the Sawcut fault surface is dominated by a strongly
dilatant “gliding over” mechanism that can be appreciated when
comparing the roughness before and after shear through the “RMS
Ratio(y)” defined as: RMS Ratio) = Final RMS ) /Initial RMS
(Fig. 10C), where x is the length in the shear direction. It can
be clearly appreciated that the RMS Ratior) of Fracture B is <1
and therefore reflecting smoothing, as displayed similarly for spe-
cific profiles in Fig. 10B. The Sawcut sample is mostly unaffected,
as indicated RMS Ratio(y) values close to 1. A schematic illus-
tration demonstrating this micromechanical model is shown in
Fig. 10D. The general intense dilatancy of the Fracture B sample
at the macroscale (Fig. 9A) is now understood in terms of asper-
ity fracture, wear production and accumulation. This process is less
dominant in the Sawcut sample where at the microscale the dila-
tion is in phase with the stick slip oscillations but overall, at the
macroscale, that sample does not dilate through shear (Fig. 9B) as
also evident by less roughness variations before and after shear
(Fig. 10C).

6.3. Implications to natural slip phenomena

The present series of experiments demonstrates the influence of
surface roughness on slip dynamics and resistance to shear, as fol-
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lows: 1) Stable sliding for the extremely smooth surfaces (Polished
A, B), 2) Oscillatory stick slips for the rough surfaces (Fracture B,
C, Sawcut), and 3) Distinct peak stress and high stress-drop as-
sociated with off-fault fracturing followed by stable sliding, for
the roughest surface (Fracture A). These findings are of paramount
importance for earthquake nucleation, catastrophic landslide initia-
tion, glacier sliding, and discontinuous rock instabilities in general.
While dynamic effects and co-seismic weakening of friction enable
ruptures to propagate on frictionally stable fault segments (Noda
and Lapusta, 2013), the nucleation phase is limited to segments
where the frictional and loading conditions allow the development
of frictional instability. Our laboratory results indicate that, in ad-
dition to normal stress and fault zone material, the roughness level
is a key parameter in the development of such instabilities.

The analogy between stick-slip frictional sliding at laboratory
experiments and natural earthquakes has long been recognized
(Brace and Byerlee, 1966). As our experiments are performed un-
der a relatively low normal stress, they are more relevant to shal-
low phenomena, and might explain seismic records that are in-
terpreted as stick slip events prior to large landslides (Yamada et
al.,, 2016), as well as the occurrence of stick slip behaviour during
movement of glaciers and ice sheets across the contact between
ice and bedrock (e.g. Fischer and Clarke, 1997).

Recent rock mechanics experiments show that roughness con-
trols slip instability also under much higher stresses corresponding
to seismic depths (e.g. Aubry et al., 2020; Dresen et al., 2020; Har-
bord et al, 2017), and although the range of roughness profiles
studied in these works is much narrower than studied here, the
relevance of our results might be extended to natural faulting. In-
deed, several seismological and geophysical observations of large
thrust faults suggest that fault geometry affects earthquake char-
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acteristics (e.g. Wang and Bilek, 2011), yet the exact effects are
currently being debated (e.g. Mochizuki et al., 2008). Our exper-
iments clearly demonstrate that there exists a specific geometry
that enhances sliding instability. We suggest that the stick-slip in-
stability magnitudes increase when the local barriers along natural
slip surfaces allow efficient locking and accumulation of energy
during the inter-seismic stage, without increased stress concentra-
tions that lead to inelastic flow. This occurs in our experiments at
a specific roughness level, corresponding the Sawcut surface.

7. Conclusions

The reported non-linear dependency of stick slip oscillations
on surface roughness (Fig. 4, 7) is unique. We show that there
exists a critical fault roughness with rougher or smoother fault
surfaces exhibiting more stable sliding. The decreasing stress drop
and slip stabilization associated with the transition from critical
to higher roughness levels is in agreement with previous studies
(Harbord et al., 2017; Okubo and Dieterich, 1984; Yamashita et
al., 2018), although we consider here a significantly wider spec-
trum of roughness levels. However, the gradual stabilization from
critical to extremely smooth fault roughness is a new discovery,
reported here for the first time for such a large span of roughness
profiles. By probing into the dilatant response of the sheared inter-
faces we show that shear across fault surfaces of critical roughness
(here these are the Sawcut surfaces) is completely coupled with
the stick slip oscillations, namely the dilation and stick slip mo-
tions are in phase, and indeed comparison of the roughness be-
fore and after slip of these surfaces reveals that the roughness
ratio remains largely the same. Shearing of faults with rough-
ness smaller than critical is typically characterised by stable sliding
and indeed numerical modelling with FEM show that the normal
stress intensities at asperity tips clearly diminish for slip across
very smooth interfaces, indicating less effective interlocking. The
decreasing level of normal stress, as well as the similar system
stiffness in the experiments, imply that the stabilization is associ-
ated with a decrease in the critical stiffness (k.). In addition, we
suggest that the readily measurable shear stiffness (k;), which de-
termines the locking efficiency during the stick phases, can be used
to assess the tendency of a tested fault surface to exhibit sliding
instability.
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