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A B S T R A C T

We introduce a new miniature double direct shear (mini-DDS) apparatus, housed within a standard-triaxial (TEMCO) pressure vessel, capable of concurrently
measuring the evolution of frictional strength, stability, healing and along-fault permeability under in situ conditions of stress and temperature. The apparatus
accommodates gouge samples (25 mm × 32 mm) and intact rock samples with conﬁning and shear stresses and pore pressures up to ∼26 MPa. Permeability may be
measured with applied ﬂow rates ranging from 1.67 × 10−11 to 3.6 × 10−6 m3/s to a ﬂow accuracy of 0.5% representing a lower bound of permeability > 2.2
× 10−18 m2. Sliding velocities are in the range 0.1 μm/s to 0.67 cm/s with a frame stiﬀness of 0.067 kN/μm. We describe protocols and procedures for calibration
and experiments and note the potential of the apparatus for both rapid and extended-duration measurements of friction-permeability evolution and healing. The
apparatus returns measurements of friction and stability of reference materials of F110 quartz consistent with the literature while additionally allowing the concurrent measurement of permeability. Permeability of F110 quartz evolves in slide-hold-slide (SHS) experiments with increases during holds and decreases during
subsequent slides. These observations are consistent with grain crushing and resultant wear products that reduce that permeability by clogging during slides with
unclogging of the major ﬂuid channels occurring during shearing.

1. Introduction
Fault gouge is unconsolidated, granular wear materials that are
developed by shearing and grinding through relative movement of
slipping wall rocks. Measurement of the frictional (frictional strength,
stability, and healing behavior) and hydrologic properties (permeability, pore pressure) provide fundamental characteristics to predict
fault zone stability and subsurface ﬂuid migration. Fluid overpressures
may lubricate the fault and reduce the eﬀective normal stress that locks
the fault, promoting slip. This overpressure may result from thermal
pressurization due to shear heating, commonly seen in the natural
systems,1–3 or as a result of ﬂuid injection from anthropogenic activities, such as waste water disposal, CO2 sequestration, hydraulic fracturing, and enhanced geothermal simulation.4–10 Whether the triggered/induced slip is seismic or aseismic depends largely on the
frictional properties of the fault gouge based on rate-and state friction.11,12 In particular, if the fault is velocity strengthening, where the
steady-state frictional resistance increases with sliding velocity, fault
slip will result in stable sliding or aseismic fault creep; conversely, velocity weakening may favor unstable, stick-slip behavior associated
with earthquake nucleation. The slip behavior of a fault will also attribute rate-dependent properties to permeability.13,14 It is therefore
crucial to understand frictional behavior of fault gouge coupled with
hydrological response since these two aspects of faults are intimately
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related and cannot be considered in isolation.
Many previous studies have focused on characterizing the inﬂuence
of mineralogical composition of gouge on shear strength, frictional
stability and permeability evolution. These properties must be measured simultaneously as permeability is a clear function of shear strain.
Much work has shown that clay-rich fault gouges incorporate weak
minerals with a coeﬃcient of friction < 0.5 that impart a velocity
strengthening response during slip. Even small increases in clay concentrations can dramatically reduce the permeability of fault gouge,
possibly reaching four orders of magnitude, as clay content increases
from 0 to 50% under otherwise identical conditions15,16. However, our
understanding of systematic interrelationships between fault strength,
stability and permeability remains limited. Speciﬁcally, is there a correlation between frictional weakness and permeability? Does permeability evolution vary due to frictional response (velocity strengthening/weakening)? Can diﬀerent frictional responses be predicted from
permeability evolution?
In order to answer these questions, we ﬁrst develop a new experimental method that can concurrently measure frictional and hydrological properties of fault gouge. This method is inspired by stiﬀer and
more cumbersome large-scale double direct shear apparatuses,17–20 but
where the pressure vessel now enables essentially routine measurement
of hydrological properties. We have developed and report a double
direct shear conﬁguration housed within a triaxial pressure vessel
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Fig. 1. Schematic diagram of apparatus: (a) Experimental arrangement for measurement of frictional and transport properties with detailed 3D view of core
conﬁguration. (b) Double direct shear conﬁguration before/after shear with concept of eﬀective length (Le). (c) Cross-sectional view of (b) with an illustration of the
jacketing system.

holds the side plates static as the central shear plate is able to penetrate
inside this reaction plinth to a maximum shear displacement of 15 mm.
This corresponds to the maximum axial length of the void space interior
to the reaction plinth, as shown in Fig. 1b. This U-shaped structure
(void space) leaves suﬃcient space for the potential misalignment of
the center platen and loss of particles during shearing. However, high
conﬁning stress acting on this structure will readily result in the penetration of the conﬁning ﬂuid. Therefore, side protection plates are
ﬁxed along the reaction plinth. For the same reason, a ring spacer is
attached to the extended part of center platen to increase the average
radius of the core conﬁguration so that the conﬁning stress can be
distributed uniformly.
We prepare sample layers to a uniform initial thickness using a
precision leveling jig, surrounding the perimeter of the side blocks with
a ﬂexible adhesive membrane. We then wrap Teﬂon tape around the Ushaped reaction plinth, preparing the sample and piston together, and
attach the twin protection plates. This entire assembly is placed inside a
rubber sleeve that is further sealed within a heat-shrink jacket to isolate
the sample from the conﬁning ﬂuid. The piston and the connected
center (shear) platen can then move inside of the Latex sleeve with all
other parts of the core conﬁguration ﬁxed. The shear platen runs into
the U-shape platen as the shear displacement is incremented and is
guarded within the side protection plates. This entire assembly is then
placed inside the TEMCO vessel as shown in Fig. 1a. The uniform

(TEMCO), where frictional and hydraulic properties can be measured
concurrently with independent application of conﬁning pressure, shear
stress, and pore pressure. With such an apparatus, we are able to apply
loading on gouge samples and to allow both rapid and long-term experimentation at high resolution. In this work, we describe the design of
this new apparatus in detail and present extensive veriﬁcation experiments to deﬁne the ﬁdelity, reproducibility and reliability of parameters measured with the apparatus. We also include a case study using
the reference material (F110 quartz) to deﬁne the coupled frictional
and hydrological properties though velocity-stepping and SHS tests
coupled to permeability measurements.

2. Apparatus design
The new miniature double direct shear (mini-DDS) conﬁguration
can be run within the TEMCO simple-triaxial core holder by appropriately miniaturizing the core conﬁguration (Fig. 1a). The apparatus
consists of four major components: the reaction plinth, shear platens
(one center platen and two side platens), side protection plates and ring
spacer, all of which are fabricated from stainless steel. The center platen
(25.4 mm × 50.8 mm × 6.35 mm)
and
two
side
platens
(25.4 mm × 31.75 mm × 5.08 mm) constitute the basic double direct
shear geometry, and they are all sawtooth-grooved to aid shear coupling with the sample. The reaction plinth is a U-shaped platen that
2
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conﬁning stress (S2 = S3) is applied through Pump A using load-feedback servo control. Constant upstream reservoir pressure or constant
ﬂow rate can be applied though Pump C. Downstream reservoir pressure is set at atmospheric pressure. After the sample is saturated with
de-ionized water, shear stress is applied by driving the axial/longitudinal piston to displace the center shear platen relative to the
ﬂanking side platens and thereby shear the sample layers. Shear is either in prescribed constant load-point velocity or measured force mode
control (Pump B). All three pumps, each with a capacity of 507 cm3,
provide precise, predictable ﬂow at ﬂow rates from sub-microliter to
3.6 × 10−6 m3/s with a ﬂow accuracy of 0.5% of the set point, and
pressure control from 70 kPa to 25.8 MPa with pressure accuracy of
0.5% FS. Displacement of the horizontal piston is measured exterior to
the TEMCO end cap using a Linear Variable Diﬀerential Transformer
(LVDT) to a precision of 0.1 μm.
3. Machine calibration and veriﬁcation
To better understand the ﬁdelity and resolution of friction and
permeability measurements made with the mini-DDS conﬁguration
within the TEMCO vessel, we ﬁrst calibrate out machine and jacket
stiﬀnesses. We then measure friction, the velocity dependence of friction, then healing properties of reference materials F110 (99% of
quartz) to validate the new DDS against standard measurements.
Finally, we characterize permeability response concurrently with friction measurements during SHS experiments.
3.1. Machine stiﬀness
Machine stiﬀness reﬂects the elastic interaction between specimen
and testing machine. To measure the machine stiﬀness, we place an
equal length of rigid steel cylinder instead of core (see conﬁguration in
Fig. 1) inside the TEMCO vessel and assume that the strain of the cylinder can be ignored.
In this measurement, three load-unload cycles are conducted in
succession, as shown in Fig. 2a. The shear load (longitudinal piston) is
incremented in steps of 0.25 kN, with each step held for 30 s. After
reaching the maximum horizontal load, the shear stress is decremented
on the same schedule. Applied stresses and displacements measured by
LVDT are correlated to yield machine stiﬀness (Fig. 2b). The axial
displacement increases monotonically and near-linearly with time,
implying constant stiﬀness (average stiﬀness ∼0.067 kN/μm) in
loading. The unloading shows slight hysteresis but with similar stiﬀness.

Fig. 2. Measurement of machine stiﬀness: (a) Experimental procedure adopted
to evaluate the stiﬀness. (b) Illustrative ﬁgure of horizontal stiﬀness for experimental set 2. (c) Horizontal stiﬀness recovered from three tests.

where Fs [N] is shear force, Fj [N] is the jacket resistance, and fs [N] is
the true friction of the sample, with the coeﬃcient of 2 representing the
dual shear components from the two platens.
We use lubricated polished steel platens in lieu of the sample
(Fig. 3b) to minimize of sample friction ( fs in eqn. (1) is minimized and
assumed to be zero) Therefore, jacket resistance is then recovered from
the measured shear force when the shear platen is sliding at constant
velocity.
An illustrative example (Exp No. 1) under a conﬁning stress of
2 MPa is shown in Fig. 4a. It indicates that the velocity (blue) of the
shear platen ﬁrst jumps upon initiation (V = 0) and then slowly stabilizes to a constant applied velocity of 10 μm/s at ∼4000 μm. The jacket
resistance can be recovered from the measured shear load (see Fig. 3).
Jacket resistance increases as shear displacement accumulates, and the
slope of the resistance-displacement curve remains constant with this
slope representing jacket stiﬀness. This parameter is related to conﬁning stress in addition to shear displacement as a higher conﬁning
stress inhibits relative slip between the center platen and the latex
sleeve. A series of constant velocity sliding experiments are then completed under diﬀerent conﬁning stresses to measure jacket stiﬀness as
shown in Table 1.
It is shown in Fig. 4b that jacket stiﬀnesses at diﬀerent conﬁning
stresses (2–10 MPa) are linearly-ﬁt to

3.2. Jacket stiﬀness/resistance
The jacket retains the integrity of the core conﬁguration inside the
TEMCO vessel, isolates the sample from the conﬁning ﬂuid and also
contains the interior ﬂuid saturant, allowing the measurement of permeability. Thus, the jacket is an essential feature of the apparatus, but
higher degrees of security with more cumbersome jackets result in
elevated resistance and larger required corrections for jacket/membrane resisting force. Jacket resistance is deﬁned as the extensile force
of the latex sleeve when it is being stretched as center platen slides in
shear under conﬁning stress. An analysis of the shear platen system is
presented in Fig. 3a, where a normal force is applied perpendicular to
the side-platens and a shear force is applied longitudinally advance the
center platen. Jacket resistance is applied on the surface of the shear
platen in the opposite direction to the shear motion. Additionally,
friction between the sample and center platen during shearing, deﬁned
as the true friction of the sample, also opposes the shear motion.
Therefore, force balance of this system in either static or constant velocity modes can be described as

Fs = Fj + 2fs

Kj = 9 × 10−6σ + 6 × 10−8

(1)

(2)

where Kj [kN/μm] is jacket stiﬀness, and σ [MPa] is conﬁning stress.
3
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Fig. 3. (a) Force components used in the analysis for the evaluation of frictional and hydraulic properties. (b) Force components deﬁning jacket compliance.

In laboratory friction experiments, friction coeﬃcient is usually
recovered from the ratios of shear force to normal force as

μ=

Fs
2FN

(3)

where Fs [N] is shear force and is recovered from the pump ﬂuid
pressure acting on the piston area, as
(4)

Fs = PB × APiston
2

where PB [Pa] is the pressure provided by Pump B and APiston [m ] is the
piston area. FN [N] is normal force and depends on the relative stress
applied to the sample, as

FN = (Pc − Pp) × Le × W

(5)

where Pc [Pa] is conﬁning pressure, Pp [Pa] is pore pressure, and Le [m]
and W [m] represent the eﬀective length (Fig. 1b) and width of the
gouge sample. The frictional coeﬃcient can then be deﬁned as

μ=

PB × APiston
2(Pc − Pp) × Le × W

(6)

If we take jacket stiﬀness into consideration, the frictional coeﬃcient can be expressed as

μ=

Fs − Fj
FN

=

PB × APiston − Kj × D
2(Pc − Pp) × Le × W

(7)

Finally, we illustrate the importance of the jacket resistance correction (Fig. 4c; data from Table 2) where the correction is or is not
applied. As anticipated, the error grows with increased force applied as
the jacket stretches at larger shear oﬀsets. This correction enables
correction for spurious observations that might otherwise be interpreted as long-term strengthening of the sample.
Fig. 4. Jacket stiﬀness calibration: (a) Load-displacement curve identifying
jacket stiﬀness at a conﬁning stress of 2 MPa. (b) Relationship between jacket
stiﬀness and conﬁning stress. (c) Friction coeﬃcient recovered both with and
without corrections for jacket stiﬀness.

3.3. Frictional properties
We examine the response of F110 quartz sand to test the ﬁdelity of
friction measurements recovered from the mini-DDS. We shear-in the
sample at a conﬁning stress of 2 MPa and at a constant load-point velocity of 10 μm/s to steady state and then conduct velocity-stepping
(VS) experiments with a repetitive velocity schedule of 1-3-10 μm/s. We
then increase the conﬁning pressure to 6 MPa and repeat the velocity
step schedule.
It is apparent that the F110 is frictionally strong (μ > 0.5), and
exhibits a similar behavior in the frictional strength-displacement
curves under both 2 and 6 MPa conﬁning pressure. That is, that after
reaching steady state friction at a constant load point shear velocity
(∼10 μm/s), each velocity step elicits a peak strength that returns to a
residual magnitude for conﬁning stresses less than 2 MPa and 6 MPa.
Details are given in Table 2.
A single velocity step on F110 is magniﬁed in Fig. 5b for consideration as “representative” behavior. When the velocity changes
from V0 to V (V0 < V), the friction coeﬃcient builds to a peak and then
returns to a new steady state. The instantaneous change in friction

Table 1
Experimental parameters and results of jacket stiﬀness measurement.
Exp No.

conﬁning pressure (MPa)

shear velocity μm/s

Stiﬀness KN/μm

1
2
3
4
5
6
7

2
2
5
6
6
6
10

10
10
10
10
10
10
10

1.93E-05
1.62E-05
4.50E-05
5.20E-05
5.41E-05
5.87E-05
8.94E-05

This relationship is based on laboratory observations and can be applied
to estimate jacket stiﬀness as a function of conﬁning stresses between 0
and 10 MPa.
4
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Table 2
Schedule of experimental conditions for frictional and hydraulic properties tests.
Exp No.

sample

state

Tests

conﬁning stress (MPa)

pore pressure (MPa)

Velocity (μm/s)

9
10
11

F110
F110
F110

dry
water saturated
water saturated

stability
stability, healing
stability, healing

2, 6
5
5

–
0.3
0.3

1,3,10
1,3,10
1,3,10

During a test a constant pressure diﬀerence (ΔP) is applied between the
upstream (Pp) and the downstream reservoir (atmosphere pressure),
with a magnitude of ΔP=Pp. Permeability (y) can be recovered once
ﬂow reaches steady state (qc = constant) from Darcy's Law, with uncertainty given by noise and small ﬂuctuations in ﬂow rate.

coeﬃcient is deﬁned as the direct eﬀect, denoted as a, with the decay to
a new residual friction representing the evolution eﬀect, b. If frictional
strength increases with increasing sliding velocity, it indicates velocitystrengthening behavior (a-b > 0) that would result in stable fault
sliding or an aseismic fault creep. If frictional strength decreases, it
indicates a velocity-weakening behavior (a-b < 0), which is prerequisite for unstable, stick-slip behavior associated with earthquake
nucleation. The friction rate parameter (a-b) with shear strain of the
reference material is shown in Fig. 5c. The constitutive parameter (a-b)
for F110 undergoes a transition from positive to negative and evolves
with shear strain - agreeing with previous studies.18,21 Under our experimental conditions, this critical shear strain that is required to develop unstable slip is ∼3.5, and is explained by the shear localization
zone formed at this speciﬁc displacement. Finally, we compared our
steady state frictional strengths with those reported in the literature
(Fig. 5d). It is apparent that our values are in the range of previous
studies, validating the apparatus.

qc = −

kA Δp
μ Le

(8)

where q is the volumetric ﬂow rate [m /s], k is the permeability [m ] of
gouge in the direction of shear, μ is dynamic viscosity of the ﬂuid
(1.12 × 10−3 Pa s for water) and Δp [Pa] is the diﬀerential between
upstream and downstream reservoir pressures. Le is the eﬀective length
of the sample. For a null shearing velocity permeability test where the
eﬀective length of the sample remains constant. For permeability
measurement concurrently with frictional properties, where samples
are elongating and thinning with slip, this value can be calculated from
the initial length and subtracting the load point displacement (Fig. 1b).
A is the slip dependent cross-sectional area of the sample, which is
deﬁned as the product of gouge width (w ) and thickness (h). The gouge
thickness is evaluated by the volume change of the conﬁning ﬂuid as:
3

3.4. Concurrent measurement of frictional and hydraulic properties
The mini-DDS is speciﬁcally designed for the rapid and simultaneous measurement of frictional properties and permeability. To identify the independence and reproducibility of the concurrent measurements we ﬁrst measure permeability of F110 under static non-shearing
conditions before extending to concurrent measurements.

2

t

h = h0 − α ×

∫t0 qc dt
w ∗ Le

(9)

where h 0 is initial thickness, qc is the conﬁning ﬂuid inﬂux. Since this
ﬂux is not only inﬂuenced by gouge dilation/compaction, but also
evolves within the core conﬁguration system (jacket deformation, putty
compression, etc.), a correction coeﬃcient (α ) is applied. When the
experiment is completed, we remove the sample and measure the ﬁnal

3.4.1. Permeability measurement
Permeability is measured under a constant eﬀective stress, as before, but for null shearing velocity in the same conﬁguration of Fig. 1a.

Fig. 5. Frictional properties: (a) Displacement versus friction for F110 (Exp. No.10). (b) Zoom-in of the dotted box in (a), showing the velocity-stepping (VS) direct
eﬀect, a, and evolution eﬀect, b. (c) Friction constitutive parameters of the F110. (d) Comparison of our steady state friction values to those within the literature.
5
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Maintaining both conﬁning and pore pressures constant during experiments limits the impact on permeability from friction/shearing
response. Thus, in the further concurrent measurement of frictional
properties and permeability, constant eﬀective stress is applied and
permeability is then recovered from the assumed steady state with a
constant pressure diﬀerence of 30 kPa. In this condition, ﬂow rate is
suﬃciently low to limit the mobilization of ﬁnes and prevent local increases in porosity and permeability. In addition, applying a relatively
low pressure diﬀerence limits the frequency of reﬁlling pumps during
the experiment that result in discontinuous recording of friction-permeability.
3.4.2. Concurrent measurements of friction and permeability
We conduct two identical experiments to examine the reproducibility and robustness of the frictional and hydraulic properties recovered from shearing F110 at a conﬁning stress of 5 MPa. We ﬁrst ﬂuid
saturates the sample with de-ionized water (Pump C, constant upstream
pressure) and initiate shear at a prescribed loading rate of 10 μm/s until
steady friction is reached (peak shear stress). The sample is then subjected to a series of load point velocity-stepping experiments, followed
by a slide-hold-slide (SHS) sequence with hold times of 100s, 300s,
500s, and 1000s. (Fig. 7a). The reliability and reproducibility of the
apparatus is veriﬁed from the virtual overlap in the response curves for
the evolution of friction coeﬃcient and permeability. The frictional
constitutive parameter (a-b) is evaluated and compared with that
measured under dry conditions (Fig. 7b). This shows that the (a-b)
stability coeﬃcient of F110 when water saturated is overall higher than
that when dry and it is expected to shear localize only at larger shear
strains. During the SHS sequence, △μ is deﬁned as the relative change
in static friction and △μc as relaxation creep, as illustrated in Fig. 7c.
Data from these two identical experiments show that the frictional
healing rate increases with the duration of loading (Fig. 7d). The
average healing rate is 0.013s−1, which is close to that reported in the
literature.22–24
The evolution of permeability is monitored during the experiment
and ﬂuctuates around ∼1.2 × 10−12 m2 after the running-in of shear
displacement (Fig. 8). In the ﬁrst few velocity steps, there is a clear
trend that permeability enhances as velocity increases and declines as
velocity decreases. This can be explained by shear induced dilation due
to velocity increases and compaction due to velocity drops, which is
consistent with previous studies.21,25 At later velocity steps, permeability declines even if gouge continuously undergoes dilation during
up-stepping (7000–10000 μm). This is because the eﬀects of shear-induced grain degradation and wear products become more dominant as
shear displacement accumulates and their rearrangement reduces permeability by nearly 33%. Additionally, dilatancy decreases with shear
displacement due to geometric thinning of the gouge layers, which
results in much less permeability enhancement than over previous velocity jumps.
Shear stress, velocity change and permeability evolution of SHS
experiments are zoomed-in and shown in Fig. 9. Shear stress declines
during the holds then sharply increases to a peak during reactivation,
before restabilizing at steady state friction. The magnitude of the peak
stress increases with the increased duration of the prior hold period,
representing time-dependent frictional healing, consistent with previous studies.12 After successive holds of increasing duration, peak
strength decreases due to shear stress relaxation during holds and oﬀsets the eﬀects of subsequent frictional healing. In general, permeability
increases during holds and decreases during sliding. This is possibly
because wear products are generated and accumulate in the pore space
that decrease the permeability while sliding. During the hold period,
shear stress is released and wear products are less produced. Additionally, unclogging by ﬂuid ﬂow ﬂushing of wear products results in
the observed permeability enhancement. We observe that permeability
slightly decreases during the ﬁrst 100s hold, which is opposite to the
permeability trend of holds on other samples. This could possibly

Fig. 6. A series of permeability tests is completed with a stepped increase in
pressure diﬀerence (ΔP) to determine the optimum value of pressure diﬀerence
for the concurrent measurement of frictional properties and permeability. A
constant eﬀective stress of 6 MPa is maintained by increasing (ΔPi’) as the
conﬁning pressure is incremented. Constant pressure diﬀerence is applied for
each step (green) of the test with transition from one steady state to the next.
Permeability (k) is then recovered from Darcy's Law once ﬂow reaches a steady
state (red). During experiments, pump instability may occur unexpectedly (labeled by star) where the pump shuts down for a few seconds, resulting in
sudden decrease in pressure diﬀerence, ﬂow rate and therefore inferred permeability. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the Web version of this article.)

sample thickness (h). With all other parameters in eqn. (9) recorded, α is
then evaluated, Finally, the fault-parallel permeability of the sample is
recovered.
We measure permeability continuously as pressure diﬀerence is
incremented under constant conﬁning stress of 6 MPa. For each step,
ﬂow rate stabilizes as the sample saturates with steady state
reached > 200 s as the conﬁning pressure is incremented (Δpi ′) to
compensate for the small interior ﬂuid pressure within the sample.
Permeability can be calculated by assuming steady state ﬂow and in
using Darcy's Law, with steady state shown in red and transitional regimes in yellow (Fig. 6).
If the tested material is rigid, homogenous and isotropic, the permeability will be insensitive to eﬀective stress – this is not the case for
gouge. For example, the permeability of the reference gouge varies
between 0.8 and 1.5 × 10−12 m2 with a pressure diﬀerence of
0.01–0.24 MPa as shown in Fig. 6. The initail permeability is
0.8 × 10−12 m,2 and slightly increases over the ﬁrst three steps of increased pressure diﬀerence. At ∼800s, permeability suddenly increases
by 50% and then remains constant for the next few pressure increments,
possibly indicating that a new ﬂuid ﬂow path is being established and
stabilized. After 1500s, the permeability imperceptibly decreases until
the conclusion of the experiment, which may result from the consolidation of the gouge due to a series of eﬀective stress spikes as the
conﬁning and ﬂuid pressures are oﬀset. We also observe a time-dependent decline in permeability > 1500s, where pore pressure over
each step is constant while ﬂow rate declines. This is suspected to be a
result of pressure solution/compaction resulting in permeability reduction [14].
6
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Fig. 7. Two identical experiments to measure frictional and hydraulic properties of F110 (Exp.No.10,11): (a) Evaluation of friction coeﬃcient and permeability
evolution (log scale) of F110. (b) Constitutive parameters of F110 when water saturated compared to that (No.10,11) with when dry (No.9). (c) Illustrative ﬁgure
deﬁnes friction healing and creep (d) Frictional healing rate of F110 compared to previous studies.

happen when accumulated wear products generated by previous sliding
have not been fully ﬂushed by water ﬂow within such a short time as
100s. Permeability during the hold does not show time-dependent decline probably because we did not hold for suﬃciently long (> 1500s)
in the SHS test and that permeability evolution is mainly dominated by
the eﬀects of unclogging.

4. Discussion
We describe the assembly, experimental procedure and response of
the mini-DDS apparatus for the concurrent measurement of friction,
stability and shear parallel permeability on analog fault gouge. The
assembly allows the DDS to be deployed within a traditional cylindrical
standard-triaxial core holder such as a TEMCO enabling coupled frictional-stability-permeability experiments to be completed with ease,
rapidity and precision. Diﬀerent form other devices, our mini-DDS is
capable of conducting extended duration experiments (time scale order
of months) to explore the long-term rheological and permeability behavior, representative of inter-seismic repose, without consuming signiﬁcant resources. Additionally, the DDS is highly compatible for expansions such as dilation/compaction monitoring using sample
mounted strain gages, active ultrasonic mapping of fracture propagation and passive acoustic emission of micro earthquakes. The setup is
also capable of injecting high pressure or chemically reactive ﬂuids to
investigate fault response to abrupt reactivation and geo-chemical reactions.
Despite thorough calibrations for jacket resistance, experiments at
high conﬁning pressure (greater than 10 MPa), and gouge samples with
large grain sizes (greater than 200 μm) are diﬃcult to accomplish.
Additionally, in the current conﬁguration, the shear loading direction is
aligned to that of ﬂuid ﬂow, and ﬂow-back occurs when the shear
platen invades the ﬂuid-ﬁlled supporting base. This eﬀect may be calibrated out by compensating for this reﬂux – evaluating this from the
product of shear velocity and cross-sectional area of the platen as the
volume rate incursion of the platen intrusion. This makes permeability
measurement problematic where the magnitude of this calibrated ﬂowback is greater than the measured Darcy ﬂow rate across the sample i.e.

Fig. 8. Evaluation of friction coeﬃcient and permeability evolution of F110
during VS and SHS (No.10).

Fig. 9. Zoom-in view of Fig. 8: Shear stress, velocity and permeability change
during SHS (No.11).
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Fig. 10. Maximum shear velocities that allow the accurate measurement of
permeability considering ﬂow-back.

where a low-permeability sample is sheared at a relatively high velocity. Thus, if we consider permeability is determined with suﬃcient
accuracy when ﬂow back is 1/10 of the measured ﬂow rate, we present
the maximum shear velocities for a range of permeabilities from the
lowest measurable value (2.2 × 10−18 m2) to 10−12 m2 as shown in
Fig. 10. It is apparent that shear velocity has to be lower than 10−4 μm/
s when we shear a low-permeability sample so that permeability can be
measured accurately. If the sample is of high-permeability (i.e.
10−12 m2), its permeability can be precisely measured with shear velocity even as fast as 48 μm/s. Therefore, we suggest choosing a suitable
shear velocity to concurrently measure the frictional property and
permeability based on Fig. 10.
5. Conclusions
A novel miniature double direct shear (mini-DDS) apparatus has
been designed and assembled within a standard TEMCO pressure vessel,
to concurrently measure the evolution of frictional strength, stability,
healing and along-fault permeability under in situ stresses and temperatures.
The mini-DDS is capable of conducting long-term experiments at a
high resolution with comparable samples to conventional DDS setups
and is ﬂexible to future expansions, such as dilation/compaction
monitoring using sample-mounted strain gauges; acoustic mapping of
micro fracture propagation and its impact on permeability; and injecting high-pressure or reactive ﬂuids to investigate the corresponding
evolution of frictional and transport properties.
System stiﬀness is carefully calibrated as 0.067 kN/μm. Jacket resistance and conﬁning stress are positively correlated. System reliability
is validated via reference materials, including F110, which are consistent with those reported in the literature.
At early stages of deformation, shear velocity change induced dilation/compaction dominates permeability evolution: permeability
enhances as velocity increases and declines as velocity decreases. As
shear displacement accumulates, grain comminution becomes a more
dominant mechanism with the generation of wear products causing
permeability decreases during slip by clogging the ﬂuid channels.
During hold periods, unclogging occurs by ﬂuid ﬂow ﬂushing of wear
products and results in permeability enhancement.
High conﬁning stress (greater than a 10 MPa ceiling, depending on
the penetration resistance of the jacket) and low shear loading rates,
due to the mandatory compensation of shear extrusion, are current
limitations of the mini-DDS apparatus.
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