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Abstract Montmorillonite is a common mineral in fault zones, and its low strength relative to other
common gouge minerals is important in many models of fault rheology. However, the coefficient of
friction, μ, varies with degree of saturation and is not well constrained in the literature due to the difficulty of
establishing fully drained or fully dried states in the laboratory. We measured μ of both saturated and
oven-dried montmorillonite at normal stresses up to 700 MPa. Care was taken to shear saturated samples
slowly enough to avoid pore fluid overpressure. For saturated samples, μ increased from 0.10 to 0.28 with
applied effective normal stress, while for dry samples μ decreased from 0.78 to 0.45. The steady state rate
dependence of friction, (a � b), was positive, promoting stable sliding. The wide disparity in reported
frictional strengths can be attributed to experimental procedures that promote differing degrees of partial
saturation or overpressured pore fluid conditions.

Plain Language Summary Montmorillonite is a common mineral in fault zones, and its low
strength relative to other common fault minerals is important in many models of fault rheology. However,
the coefficient of friction varies with degree of saturation and is not well constrained in the literature due to
the difficulty of establishing fully drained or fully dried states in the laboratory. In this study, the coefficient of
friction, μ, of both saturated and oven-dried montmorillonite was carefully measured in order to avoid
pore fluid overpressure. For saturated samples, μ increased from 0.10 to 0.28 with applied effective normal
stress, while for dry samples μ decreased from 0.78 to 0.45. The steady state rate dependence of friction,
(a � b), was positive, promoting stable sliding. The wide disparity in reported frictional strengths can be
attributed to experimental procedures that promote differing degrees of partial saturation or overpressured
pore fluid conditions.

1. Introduction

The coefficient of friction of the weak phyllosilicate mineral montmorillonite has been a topic of particular
interest in earthquake research ever since Lachenbruch and Sass [1980] concluded that a fault frictional
strength of 0.2 or less would satisfy the heat flow paradox along the San Andreas fault. Montmorillonite is
one of the weakest minerals commonly found in fault zones and satisfies the Lachenbruch and Sass [1980]
constraint under certain conditions. It is a low-temperature phyllosilicate, generally transitioning to mixed
layer montmorillonite/illite and then pure illite above 120 to 150°C. For typical geothermal gradients, mon-
tmorillonite could be an important fault zonemineral phase to depths of 4 to 5 km. Different researchers have
employed a variety of techniques to measure dry and/or partially to fully saturated frictional strengths of both
Na- and Ca-montmorillonite. A partial list (chronologically) includesWarkentin and Yong [1962], Summers and
Byerlee [1977a, 1977b], Wang et al. [1980], Lupini et al. [1981], Shimamoto and Logan [1981], Morrow et al.
[1982, 1992, 2000], Bird [1984], Logan and Rauenzahn [1987], Saffer et al. [2001], Saffer and Marone [2003],
Brown et al. [2003], Moore and Lockner [2007], Takahashi et al. [2007], Ikari et al. [2007], Tembe et al. [2010],
Behnsen and Faulkner [2012, 2013], Haines et al. [2013], and Carpenter et al. [2016]. Moore and Lockner
[2007] point out that inconsistencies in the published data on montmorillonite are often due to differences
in saturation state or to uncertainty in the true effective pressure acting on a sample, particularly during
undrained or partially drained conditions. These difficulties arise in part because montmorillonite is an
expandable clay that typically takes on one to three layers of water in the interlayer spaces. In addition, it
has a very high specific surface area, and each crystal surface can adsorb multiple layers of water (as many
as six at saturation [Hagymassy et al., 1969;Ormerod and Newman, 1983; Sakuma, 2013]). Moreover, montmor-
illonite has extremely low permeability in the range of 10�20 to 10�22 m2 at the pressures of interest (0 to
200 MPa) in crustal geophysical studies [Morrow et al., 1984]. This low permeability slows the attainment of
fluid pressure equilibrium, as described byWang [2011]. For these reasons, we have undertaken a systematic
study of both oven-dry and wet montmorillonite with care taken to establish fully dry or fully drained
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conditions. We have also extended the range of effective normal stress, σneff, to 700MPa, well above the pres-
sure range of previous studies. Since smectite clays are low-temperature phyllosilicate minerals, they are unli-
kely to occur naturally at the highest normal stresses used in this study. Our motivation for spanning such a
wide pressure range is based on the fact that water has a profound effect on the frictional properties of mon-
tmorillonite, reducing strength by as much as 80%. Moore and Lockner [2007] argue that this weakening is
due to lubrication of clay platelets by thin films of adsorbed water. Israelachvili et al. [1988] demonstrated
experimentally that adsorbed water layers between mica sheets can be expelled by increased normal stress,
resulting in increased shear strength. In the current study, we measure the strengthening of wet montmor-
illonite at high normal stress where lubricating water films are increasingly expelled. We find that even at
the highest pressures tested, water-saturated montmorillonite has only about half the frictional strength of
dried montmorillonite. Additionally, Saffer et al. [2001] suggested that with increasing normal stress a transi-
tion occurs in montmorillonite from frictional (normal stress-dependent) shear strength to constant shear
strength that is insensitive to normal stress. However, at effective normal stress up to 600 MPa, we see no
evidence for such a plastic limit in room temperature, water-saturated montmorillonite strength if sufficient
care is taken to maintain fully drained conditions. Instead, what is reported as a plastic limit is more likely a
transition from a partially saturated to an overpressured state due to compaction in poorly drained samples.

Microfabric evolution of fault gouge has been studied by numerous authors, including, for example, Riedel
[1929], Mandl et al. [1977], Byerlee et al. [1978], Logan et al. [1979], Lupini et al. [1981], Chester and Logan
[1986], Rutter et al. [1986], Logan and Rauenzahn [1987], Biegel et al. [1989], Moore et al. [1989], Moore and
Byerlee [1991], Beeler et al. [1996], Tembe et al. [2010], and Haines et al. [2013]. For Coulombmaterials with fric-
tional strength that increases with σneff, failure occurs on planes that are oblique to the plane of maximum
shear stress [Byerlee and Savage, 1992; Savage et al., 1996] and initial loading typically involves development
of crosscutting Riedel shears [Moore et al., 1989; Haines et al., 2013]. Stress-strain failure curves can be divided
into two types. After an initial, rapid stress increase, many samples attain a peak stress followed by weakening
to a residual, steady state stress. Haines et al. [2013] associate Riedel shear development with the rapid early
compaction and attainment of this peak stress. Other samples do not display a peak in stress but rather
undergo a monotonic stress rise to the residual stress. In soil mechanics, the residual stress level is associated
with a critical void ratio ecr (e = ϕ/(1 � ϕ), where ϕ is porosity). Underconsolidated samples that undergo a
monotonic increase in stress begin with a void ratio greater than ecr and steadily compact until the critical
void ratio is attained. Samples that undergo a peak in stress are initially overconsolidated (e < ecr) and dilate
until attaining residual strength.

Examples of underconsolidated and overconsolidated samples are found in Haines et al. [2013], their Figures
3a (underconsolidated) and 3f (overconsolidated). In our experiments, we were careful during initial loading
to keep stress below the target σneff. As a result, nearly all of our samples were underconsolidated. Whether a
particular sample is underconsolidated or overconsolidated depends in large part on how the sample is
prepared as well as the initial loading history. A commonly used technique is to overpressure a sample to
precompact it prior to shearing. Thus, the peak stress or the initial rollover in stress-strain curves that typically
occurs at about 1 mm displacement should not be considered a material property but mainly the result of
sample preparation and preloading history. The residual strength, however, is attained whether the sample
is initially overconsolidated or underconsolidated and represents a stable microstructural configuration.
This is the stress state that we attempt to identify in the present study. Consequently, we are not interested
in the details of the early microfabric development including Riedel shear or P shear formation. In retrospect,
the combination of underconsolidation and choice of gouge thickness contributed to challenges in attaining
residual strength levels in the higher σneff runs.

2. Experimental Procedure

Frictional sliding experiments were performed at room temperature on a commercially available
Na-montmorillonite, American Colloid Volclay MPS-1, that has the composition Na0.3(Fe

+2,Mg)0.3(Al,Fe
+3)1.7

Si4O10(OH)2·nH2O. The goal of the wet experiments is to measure the saturated, fully drained strength of
montmorillonite over a wide range of normal stress and to see how mechanical expulsion of adsorbed water
films would reduce lubrication of platelets at high normal stress. Given the low permeability of the clay, we
designed a sample geometry and test sequence that would keep internal pore pressure in equilibrium with
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the external control system. In the
past, our standard experimental
approach was to apply a 1 mm thick
layer of clay paste between the two
driving blocks. However, at high nor-
mal stress the clay can be pressed
into the driving blocks, especially
the porous blocks needed to allow
good pore fluid communication with
the external pore pressure system.
To quantify this effect, we examined
driving blocks in thin section and
found that clay penetration into the
sandstone was limited to a few grain
diameters (<1 mm). There was no
apparent penetration of clay into
the granite driving blocks, and there
was never extrusion of the clay layer
between the driving blocks and
jacket material. Nevertheless, to
assure that driving blocks would not
touch as the gouge layer thinned,
especially at high normal stress, we
tested thicker clay layers. Accordingly,
in the main sequence of tests, 4 g of
room drymontmorillonite was placed

between roughened 2.54 cm diameter cylindrical driving blocks containing a 30° sawcut and held together
with a 0.013 mm thick copper sleeve (Figure 1a). See Tembe et al. [2010] for further details on the sample
assembly. We found that 4 g of room dry clay resulted in a layer thickness of approximately 2 mm at the
end of each run. While this thick sample guaranteed a continuous clay gouge layer, it also resulted in less total
shear strain and slower equilibration of pore pressure transients. We performed two additional dry tests
(at 350 and 550 MPa normal stress) using 2 g of clay, resulting in an ending gouge thickness of 0.8 mm
(see Appendix A), to measure how additional shear strain would affect the strength observations.

For most experiments, the upper driving block was composed of Berea sandstone (20% porosity) and the
lower block was Westerly granite. With this configuration, pore fluids have easy access through the high-
permeability sandstone to the external pore pressure system. That is, pore pressure gradients are restricted
to the 2 mm width of the gouge layer in contrast to other test geometries where flow to a central port or
external boundary would result in a flow path of tens of millimeters. A low-porosity material is desirable
for the lower block, so that pore fluids do not become trapped and overpressured or underpressured below
the gouge layer during shearing. Above 300 MPa confining pressure, Berea sandstone will crush, so for dry
samples above this value, solid Westerly granite was used for both driving blocks (Figure 1b). For the
higher-pressure water-saturated experiments, a modified upper sliding block was fashioned. This consisted
of an outer cylinder of Westerly granite (for strength) glued to a 12.7 mm diameter inner core of Berea
sandstone that retained a high-permeability path to the gouge layer (Figure 1c). The result is essentially a
Westerly granite driving block with a high-permeability central core.

For dry experiments, the rock assembly was vacuum dried at 150°C for 2 to 3 days before being placed in a
latex or polyurethane jacket. Weighing of the clay (initially room dry) before and after vacuum drying showed
between 7.2 and 7.9 wt % loss of adsorbed water. Similar tests run by Ikari et al. [2007] and Carpenter et al.
[2016] reported about 11 and 16% weight loss during drying, respectively. For wet experiments, a room
dry sample was jacketed and placed in a pressure vessel with a small confining pressure. The sample and pore
pressure system were then evacuated for 0.5 h before deionized water was introduced. Confining pressure
was increased to the desired pressure, then pore pressure was fixed at 10 MPa and the sample left to equili-
brate for a minimum of 14 h. Care was taken to not overconsolidate the samples during pressurization. The

Figure 1. (a) Cross section of the sample assembly with a montmorillonite
gouge layer between 30° sawcut sandstone (upper) and granite (lower)
driving blocks. (b) Granite upper and lower driving blocks for high normal
stress, dry samples. (c) Modified upper granite block with a sandstone core
for high normal stress, wet samples.
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volume and flow rate of the water expelled from the gouge was monitored in order to determine when the
pore fluid pressure had equilibrated at the desired test pressure.

Triaxial sliding experiments on both wet and dry samples were conducted at constant effective normal stress
ranging from 10 to 700 MPa at room temperature. In the test geometry shown in Figure 1, increasing shear
stress on an inclined sawcut is accompanied by an increase in normal stress. Thus, confining pressure was
adjusted as needed under computer control, once per second, to maintain constant normal stress. We varied
axial shortening rates in decade steps to determine the dependence of friction on sliding velocity. Dry experi-
ments lasted about 20 h at axial shortening rates of 0.01, 0.1, and 1.0 μm/s (sliding times of 20,000, 5000, and
1000 s, respectively). The wet experiments were run more slowly, lasting more than 3 days each, with
constant shortening rate segments of 0.01 and 0.1 μm/s (sliding times of 50,000 and 5,000 s, respectively)
to maintain pore pressure equilibration between the gouge layer and the external control system. It should
be noted that additional shear-enhanced compaction will inevitably occur when the samples are deformed.
For the wet samples, the volume of expelled pore water was recorded to help determine whether the gouge
layer porosity had equilibrated satisfactorily with each change in sliding velocity. If shearing is conducted too
quickly, excess pore pressure can build up in the gouge layer, causing the true effective normal stress to be
less than what is measured externally.

In all tests, shear stress was corrected for the decreasing area of contact along the 30° inclined sawcut, as the
driving blocks were displaced, and for the shear strength of the latex or polyurethane jacketing material. As
sliding proceeded, the jackets would stretch and shear resistance would increase, but by 8 mm slip, shear
stress corrections remained less than 1 MPa. See Tembe et al. [2010] for additional details on corrections.
Axial shortening of the sample column was measured outside the pressure vessel and was corrected for
elastic shortening of the piston and sample assembly. Gouge compaction was not measured during the
experiments, but upon removal from the pressure vessel, gouge layer thickness was measured
whenever possible.

The uncertainty in measured stresses and jacket strength corrections give an accuracy of ±0.01 for coefficient
of friction, and variability in sample preparation gives a repeatability of about ±0.02. But in a single experi-
ment, changes in μ (used to determine the velocity dependence parameter (a � b)) are known to ±0.001
because many of the sources of error cancel within a single run. Coefficients of friction were determined at
8 mm of axial displacement at an axial shortening rate of 0.1 μm/s so that the gouge texture had time to
evolve. For a 30° inclined fault, fault-parallel slip is ~1.155 times the axial shortening. Then, at 8 mm axial
shortening, shear strain is 4.6 (assuming a nominal 2 mm thick shear zone). Experimental conditions and
results are given in Table 1.

3. Results
3.1. Friction

We report all strength measurements as coefficient of friction

μ ¼ τ= σn–pð Þ (1)

resolved on the inclined sawcut surface, where τ is fault-parallel shear stress, σn is fault-normal stress, and p is
pore pressure. Note that this is different than the tangent to the failure curve, commonly used in defining the
internal coefficient of friction. Friction results from typical sliding experiments are shown in Figure 2 for both
wet and dry samples at representative effective normal stress (σneff = σn � p). In all tests, the coefficient of
friction increased rapidly as deviatoric stress was applied until between 0.5 and 2 mm of axial displacement
and thereafter showed a gradual, roughly linear strengthening with slip. This strengthening was greater at
higher effective normal stress and also higher for the dry versus wet samples (see Table 1). None of the
friction data showed a significant peak stress before shearing commenced [e.g., Haines et al., 2013] indicating
that the gouge layer was not overconsolidated at the start of the experiment. Given the limited total slip
available in this test geometry, most samples did not reach a residual strength by the end of the experiment,
that is, strength that remains constant with continued displacement. Final friction values at 8 mm axial short-
ening are therefore considered a lower bound of the residual strength. Decade changes in sliding velocity
caused small variations in the coefficient of friction (inset, Figure 2b) that are discussed in section 3.2.
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The strain hardening rate is defined as h = ∂μ/∂γ where γ is shear strain. For final clay thickness t, we approx-
imate shear strain as γ ~ δ/t where δ is fault-parallel slip. Then we approximate the hardening rate as

h≈Δμ=Δγ: (2)

Hardening rates, as determined between 6 and 8 mm displacement, are plotted in Figure 3 and listed in
Table 1. For both wet and dry experiments h increases with increasing σneff. The normal stress dependence
is essentially the same for wet and dry runs (Δh/Δσneff = 5.2 × 10�5 MPa�1) with an offset for the dry experi-
ments of 0.015. Since the same trend is observed in both wet and dry series, it cannot be the result of pore
fluid effects. The hardening trend is more likely the result of the efficiency of microfabric evolution, grain size
reduction, and densification as described, for example, in Haines et al. [2013]. Precise determination of these
processes is beyond the scope of the present study. However, as seen in Figure 2, based on our data with a
maximum slip of 8 mm, we cannot estimate the total slip beyond which strain hardening would cease (espe-
cially at higher σneff). Two additional dry tests were conducted at 350 and 550 MPa normal stress (red crosses
in Figure 3) using thinner clay layers as described in Appendix A. By using half the gouge thickness, 8 mm of
axial shortening produced about twice the total shear strain (γ ~ 10). The strain hardening rate was lower for

Figure 2. Coefficient of friction as a function of axial displacement for dry and wet montmorillonite samples at three pres-
sure ranges, showing how strain hardening rate increases with increasing normal stress. Axial sliding velocities are indi-
cated in μm/s along the curves. (a) Effective normal stress = 50 MPa. The strain hardening rate, h, reported in Table 1, is
determined from the strength slope between 6 and 8 mm. (b) Effective normal stress = 190 MPa. A blowup (inset) of the
frictional response of the dry sample to changes in sliding velocity between 7 and 8 mm axial displacement shows how the
change in steady state friction, Δμss, is determined. (c) Effective normal stress = 450 and 500 MPa.
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these two samples, although it was
still positive. With continued strain,
dry strength is indeed approaching
Byerlee law frictional values [Byerlee
1978] that are not normally asso-
ciated with phyllosilicates.

Shear stresses and coefficients of fric-
tion determined at 8 mm of axial
displacement and a sliding velocity
of 0.1 μm/s are shown in Figure 4 as
a function of effective normal stress
for all of the test samples. Dry and
wet samples follow distinct trends;
shear stress and friction values for
the dry samples plot significantly
higher than the equivalent wet
samples, as observed in Figure 2.
The two trends are distinctly
nonlinear, particularly at lower
pressures, as best seen in the friction
plot in Figure 4b. The coefficient of
friction of the dry samples decreased

from 0.8 to around 0.45 between 10 and 700 MPa normal stress, whereas μ of the weaker wet samples
gradually increased from 0.10 to 0.28 between 10 and 600 MPa. That is, the dry and wet data sets approach
each other with increasing normal stress but do not merge. By 600 MPa effective normal stress, wet strength
was still about half of the dry strength. Multiple runs at the same conditions give an indication of repeatability
inmeasuring friction (about ±0.02). The decrease in μ of the dry samples is more or less complete by 250MPa.
The wet samples, on the other hand, strengthen with increasing stress over the entire pressure range that we
tested. The steady increase in wet friction coefficient with increasing σneff indicates a progressive reduction in
the lubricating ability of pore water, similar to pressure-sensitive friction of wet chrysotile [Moore et al., 2004].

The two dry tests on thinner gouge layers (red crosses in Figures 4a and 4b) were notably stronger, showing
the effect of doubling the average shear strain (see Appendix A). Since even the thin gouge layers were still
strengthening at the end of the tests, we were not able to determine the residual frictional strength of the
samples, especially the high normal stress dry samples. Thus, the dry strengths plotted here represent a lower
bound on the frictional strength of the clay.

3.2. Sliding Velocity

Changes in sliding velocity caused systematic variations in the coefficient of friction, with instantaneous, tran-
sient, and steady state responses, as shown in Figure 2. We will not discuss the transient frictional response
that immediately follows each velocity change, displaying a distinctive peak (or trough) and which occurs
over a characteristic displacement, dc. Instead, we report the changes in steady state friction response follow-
ing the strength transients. By constructing parallel trend lines linking the coefficient of friction during like
velocities (see inset, Figure 2b), the change in steady state friction, Δμss, that is related to changes in velocity
can be separated from the irreversible displacement-dependent strengthening represented by h.

The steady state velocity dependence of friction is defined as

a� b ¼ Δμss= ln V2=V1ð Þ; (3)

where Δμss is the change in steady state friction, and V1 and V2 are initial and final sliding velocities. Note that
in this definition of a� b, steady state friction is not necessarily the same as residual (i.e., constant) friction as
discussed above because we remove strain hardening during the measurement of Δμss. The parameter
(a� b) is important inmodels of fault stability in that neutral or rate-strengthening values indicate a tendency
for stable sliding, analogous with creep on active faults. The measured (a� b) values, plotted in Figure 5, are
all positive: increasing slip rate results in increasing strength. Small open symbols are the measured data

Figure 3. Strain hardening rate, h, for dry and wet samples taken from the
slopes of the friction curves between 6 and 8 mm of axial displacement.
Lines are least squares fits to the data. Red crosses are for samples with
approximately half the layer thickness and therefore twice the shear strain.
See Table 1 for values of h.
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(between two and four measure-
ments per experiment), and the large
filled circles are the averaged values.
The average (a � b) values of dry
samples are largest (0.005 to 0.009)
below 50 MPa and decrease to a
minimum of around 0.002 at
200–250 MPa before increasing again
to 0.004 at 700 MPa. The trend for
wet samples was distinctly different,
with a much lower (a � b) of 0.0017
at low stress, dropping to nearly 0 at
50 MPa and then steadily increasing
to more than 0.006 at 600 MPa. The
wet and dry values of (a � b) overlap
in the effective normal stress range
200 to 350 MPa. The velocity depen-
dence of the two data sets is most
divergent at effective normal stresses
below 200 MPa. Average (a � b) of
wet and dry samples are plotted as
a function of the coefficient of
friction, μ, in Figure 5b. Least squares
fits to the wet and dry data show that
(a � b) generally increases with
friction.

Although differences between wet
and dry (a � b) values have been
reported in the literature, it is difficult
to compare our overall results with
other studies, as most have different
saturation conditions and focus on
normal stresses below 100 MPa. In
this normal stress range, our dry
montmorillonite values range from
(a � b) ≈ 0.005 to 0.009 and are
higher than pure dry montmorillonite
values of 0 to 0.004 reported by Ikari

et al. [2007]. Our determination of wet montmorillonite (a � b) is in good agreement with a value of
0.0005 reported by Tembe et al. [2010] at σneff = 40 MPa.

4. Discussion
4.1. Friction Mechanisms of Wet Versus Dry Montmorillonite

Frictional strength of montmorillonite and its dependence on normal stress are strongly dependent on
whether the sample is dry or wet and, if wet, are functions of saturation state. Morrow et al. [2000], Moore
and Lockner [2004], and Behnsen and Faulkner [2012] found that the dry frictional strength of the 2:1 sheet
silicate minerals is correlated with the strength of their calculated interlayer, (001), bonds [Giese 1978;
Sakuma and Suehara 2015]. The (001) bond strength is a function of the layer charge and whether or not
the mineral is dioctahedral or trioctahedral [Giese 1978]. As discussed byMoore and Lockner [2004], dioctahe-
dral montmorillonite, with its small layer charge, might be expected to have a dry friction coefficient slightly
higher than that of dioctahedral pyrophyllite, which has no layer charge (μ ~ 0.4 at 100 MPa). However, the
coefficient of friction of dry montmorillonite at the lowest pressures approaches 0.8. Kosoglu et al. [2010] note
that when montmorillonite is dried, the platelets tend to form small aggregates in a slightly misaligned,

Figure 4. (a) Shear stress and (b) coefficient of friction as a function of effec-
tive normal stress for dry and wet samples. Red crosses are for thinner clay
layers that have undergone approximately twice the shear strain as the
standard samples. Error bars for individual experiments are smaller than the
data points.
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subparallel way with some edge-face
contacts rather than purely face-face
stacking like a deck of cards.
Platelets only a few layers thick will
curl or flex to fit their surroundings
[Güven 1992], and, in consequence,
they will not be optimally oriented
for easy shear by cleaving through
the weak (001) planes. Hence, for this
complex edge-face structure, fric-
tional strength exceeds that of the
nominal bond strength in the basal
plane. During shearing at higher nor-
mal stresses, more (001) planes rotate
into alignment with the shear planes,
resulting in μ < 0.8.

In contrast to dry montmorillonite,
the strength of saturated samples is
strongly influenced by lubrication
from weakly bound structured water
layers that separate clay particles
and facilitate shear [e.g., Israelachvili
et al., 1988]. At higher pressures
(and temperatures) this water is
expelled and its ability to aid particles
in slipping past each other is
reduced. This tendency is clearly
demonstrated for wet chrysotile
[Moore et al., 2004] and has been pro-
posed as amechanism for high defor-
mation rate strengthening in granitic
gouge layers [Sammis et al., 2011].

Figure 6a is a compilation of all pub-
lished room temperature montmoril-
lonite strength data. It represents an
updated version of Figure 11.10 of
Moore and Lockner [2007], adding

the data shown here in Figure 4 and additional recent data from the literature. Because most studies concen-
trate on effective normal stresses below 100 MPa, we have provided an expanded plot of this range in
Figure 6b. We discovered that normal stress was plotted incorrectly for the montmorillonite strength data
in Morrow et al. [1992, Figure 7a] and was subsequently reproduced in Moore and Lockner [2007]. Those data
are now plotted correctly in Figure 6 and are in close agreement with the current observations.

Figure 6 shows room temperature friction values reported in the literature that span a remarkable range from
0.02 to 0.79. While there is some dependence of μ on effective normal stress, the principal variable controlling
μ appears to be water content. The frictional strength of Na-montmorillonite differs slightly from
Ca-montmorillonite, a result of the difference in hydration energy of these two cations (see discussion in
Behnsen and Faulkner [2013]), but any subtleties between Na- and Ca-montmorillonite are of secondary
importance in understanding the range of friction presented in Figure 6. All values fall below Byerlee’s law,
[Byerlee, 1978], provided, for reference, as the dashed line in Figure 6a. Indeed, Byerlee [1978] noted that phyl-
losilicates were generally weaker than the framework silicates and other common minerals that he used in
formulating his composite strength relation. To understand the frictional properties of montmorillonite, we
group data into four general categories comprising a continuum between dry, partially saturated,

Figure 5. (a) Velocity dependence of friction, (a � b), as a function of effec-
tive normal stress for dry and wet samples. Small symbols show measured
data; open triangles are slower velocities, and open circles are faster
velocities. Large solid symbols indicate average values. (b) Average (a� b) as
a function of coefficient of friction, μ.
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Figure 6. (a) Coefficient of friction of montmorillonite from this study (red and blue circles and red crosses) combined with
all available strength measurements from the published literature. This represents an update of a similar plot inMoore and
Lockner [2007]. Solid symbols denote Na-montmorillonite, and open symbols are Ca-montmorillonite. Byerlee’s law
(dashed line) is included for reference. Data are grouped into four regions: dry, partially saturated, saturated, and
overpressured, according to fluid content. Contours of constant shear stress, τ (MPa), are plotted as grey lines in the
overpressured region. (b) Blowup of Figure 6a showing details at low effective normal stress.
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saturated, and overpressured, in decreasing order of strength. The four sections of this figure provide a useful
guide for establishing the saturation state for other montmorillonite friction data sets not described here.

4.2. Dry Strength of Montmorillonite

Dry samples are those that are treated in some way to remove interlayer and surface-adsorbed water, usually
by heating. Many data points cluster near our dry curve, but a few points, both Ca and Na exchange varieties
[Moore and Lockner, 2007; Bird, 1984; Summers and Byerlee, 1977a, 1977b], as well as our two samples with
thinner gouge layers and correspondingly more shear strain (red crosses), fall well above it. The difference
in strength is most likely because many of our samples along the dry curve were still strengthening at
8 mm of displacement. By using a relatively thick gouge layer in our main test series, the total strains are gen-
erally less than those achieved in similar studies and tend to end while samples are still strain hardening. By
preparing our samples in a consistent manner, our results show an overall reduction in dry friction with
increasing effective normal stress that is similar to Byerlee’s law although well below it. Identifying a precise
value for dry friction is problematic for a hydrophilic mineral such as montmorillonite. Even small amounts of
adsorbed water will facilitate intergranular slip and reduce friction. Therefore, the boundary that we have
drawn between “dry” and “partially saturated” is only approximate and should be considered a lower bound
on dry strength. Natural faults in the earth are rarely, if ever, dry, and friction values associated with this con-
dition are primarily of interest for understanding the mechanisms that control shear strength.

4.3. Partially Saturated Strength of Montmorillonite

Frictional strength in the partially saturated region is strongly dependent on the amount of adsorbed water
that provides a lubricating surface on the clay platelets as described by Moore and Lockner [2007] and many
other researchers. Note that several studies report on the frictional strength of “room dry” gouge. These
might best be described as “room humidity” experiments, having taken on significant water from the atmo-
sphere [e.g., Saffer and Marone, 2003; Ikari et al., 2007; Haines et al., 2013; Kawai et al., 2015]. Such samples
would be more correctly considered within the partially saturated region since there is affinity for water both
through direct adsorption and through attraction of hydrated counterions [Revil and Lu, 2013]. In drying our
starting material, we found approximately 7% weight loss. Ikari et al. [2007] and Carpenter et al. [2016]
reported about 11 and 16% weight loss during drying, respectively. In fact, room dry data from Behnsen
and Faulkner [2012] and others fall neatly into this partially saturated region. In principle, contours represent-
ing the degree of partial saturation could be drawn in this domain given enough information on porosity and
water content. Bird [1984] and Ikari et al. [2007] state the weight percent of water in their samples, although
from this alone we cannot deduce the percent saturation (which also depends on the void ratio of the clay at
a given normal stress and strain). Since porosity is reduced as normal stress increases, the degree of partial
saturation should systematically increase in an experiment where the water content is fixed and normal stress
is progressively increased. With sufficient reduction in porosity, water will fill all available pore space and the
sample will attain a fully saturated condition. Thus, these samples exhibit decreasing friction as the saturation
level increases and ultimately intersects the fully saturated curve, as shown in Figure 6. In their room dry
experiments, Saffer et al. [2001] proposed a plastic limit to shear strength above around 30 MPa. We see
no indication that there is a plastic limit (constant shear strength independent of increasing normal stress)
in our fully saturated experiments (see Figure 4a). Under both wet and dry conditions, deformation is always
frictional in the sense that shear strength is effective normal stress dependent, even above 600 MPa.

4.4. Fully Drained, Saturated Strength of Montmorillonite

Poroelastic theory typically considers two end member conditions for deformation of saturated rock or geo-
logic material, referred to as drained and undrained. An undrained condition is one in which no pore fluid
enters or leaves the sample. In this case, compression of the sample also compresses the trapped pore fluid,
resulting in increased pore pressure and a corresponding decrease in σneff. This case is discussed in the next
section. Conversely, a fully drained sample allows free flow of pore fluid and is represented by constant pore
pressure such that the measured external pore pressure is the same as pore pressure within the gouge.
Several data sets fall within the fully saturated and fully drained region including data from this paper,
Morrow et al. [1992], Moore and Lockner [2007], Tembe et al. [2010], and Behnsen and Faulkner [2012, 2013].
In principle, these data should represent a material property of the clay and fall in a narrow band, taking into
account the differences in frictional strength between, for example, Na- and Ca-montmorillonite as described
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by Behnsen and Faulkner [2013], and the data should be reproducible between different laboratories. Behnsen
and Faulkner [2012] report all friction values just after the early elastic portion of the loading curve transitions
into shear sliding in order to avoid strain-hardening effects altogether. Most other studies report friction
values under fully developed steady state shearing or residual strength conditions. The solid line plotted in
Figure 6 represents a third-order polynomial fit to our measured values with adjacent dashed lines indicating
a two standard-deviation confidence interval. The curve represents the frictional strength of room tempera-
ture water-saturated montmorillonite clay at a sliding rate of 0.115 μm s�1 that corresponds to a nominal
shear strain rate of 5 × 10�5 s�1. This polynomial fit is consistent with data reported in other similar studies
carried out under precisely controlled pore pressure conditions. Note that rate dependence given by
equation (3) implies increased μ at faster strain rates. For example, if (a � b) = 0.0043, a tenfold increase in
strain rate would increase μ by 0.01.

4.5. Overpressured Regime

Finally, as discussed in Moore and Lockner [2007], steady state sliding strength values cannot technically plot
in the overpressured region below the shaded saturated strength curve in Figure 6a. We believe that the
most likely reason for reported strength values appearing in this region is that test samples are undrained
or partially drained and that shear-enhanced compaction produces pore fluid pressure within the clay layer
that is higher than the externally measured pore pressure. In this case, plotted value should be termed appar-

ent effective normal stress σappneff and apparent coefficient of friction μapp. The true effective normal stress σneff
and true friction μ lie on the fully saturated strength curve, where a simple construction allows for determi-
nation of these parameters as well as the overpressure pexcess = pinternal � pexternal. For a given stress state

with shear stress τ, we have μ = τ/σneff and μapp = τ/σappneff = τ/(σneff + pexcess). Contours of constant τ (gray lines)
have been drawn in the overpressured region of Figure 6a. The measured shear stress does not depend on
pore pressure, and therefore μ and μapp must lie on the same constant shear stress contour. As an example, a

stress state of [σappneff, μapp] = [500 MPa, 0.16] plots at “A” in Figure 6a. This point falls on the τ = 80 MPa contour.

In this example, the true stress state within the gouge layer is [σneff, μ] = [360 MPa, 0.22] and is found at the
intersection of the same 80 MPa shear stress contour with the fully saturated strength curve at “B.” Excess
pore pressure, pexcess is then 140 MPa. While the saturated strength curve is concave down, it can be reason-
ably approximated by a linear function of σneff with constant slope β of the form

μ ¼ μ0 þ βσneff : (4)

In this case, the following relations hold:

σneff ¼
�μ0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0

2 þ 4βμappσ
app
neff

q

2β
(5a)

μ ¼ μapp
σappneff

σneff
(5b)

pexcess ¼ σappneff � σneff (5c)

A least squares fit to the saturated strength data in Figure 6a yields μ0 = 0.112 and β = 0.000312 MPa�1.

Undrained experiments subject to increasing pressure are susceptible to the overpressure described above,
as are tests run at higher strain rates or with poor communication between the gouge layer and the external
pore pressure system. An example of the development of excess pore pressure in a partially drained experi-
ment is presented in Appendix B. This effect was previously noted in experiments byWang et al. [1980] (solid
red squares in Figure 6) in which conventional triaxial tests were performed on sealed (undrained) room dry
samples. Saffer et al. [2001] (open green crosses) and Saffer and Marone [2003] (open red squares) tested
room dry montmorillonite between 5 × 5 cm steel driving blocks in a double-direct shear loading frame.
Ikari et al. [2007] extended those measurements, in the same apparatus, by controlling starting water content
from room dry (11 wt %) to 20 wt % water. Many of the sliding steps in the double-direct shear tests were run
at high deformation rates (in excess of 100 μm/s). In this configuration, free water expelled from the center of
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the sample would have to travel more than 2 cm through low-permeability clay to reach a free surface. With
increasing normal stress, partially saturated samples would compact, reducing pore space until it was
completely filled by the included water; that is, the samples would reach full saturation. At this point, sample
strength would lie on the fully saturated curve in Figure 6. This process is consistent with the steady decrease
in μ with increasing σneff observed by Saffer et al. [2001] (open green crosses in Figure 6b), where the final
50 MPa measurement had apparently compacted the sample to full saturation. With further increase of
applied normal stress, frictional strength for an undrained sample would follow a constant shear stress curve
into the overpressured region. We suggest that even though the tests cited here used room dry or partially
saturated starting material, samples were compacted at high normal stress to the point that adsorbed water
was compressed but had insufficient time to be expelled. If this interpretation is correct, then in addition to
reporting anomalously low friction, the rate-dependent effects in those studies may not be measuring a
material property of the clay but rather some combination of intrinsic rate dependence combined with por-
oelastic and diffusion-controlled, partially drained pore-pressure response.

The experiment described in Appendix B illustrates the importance of measuring shear strength of low-
permeability materials at strain rates that allow excess pore fluid to equilibrate. Conversely, dilatancy in
Coulomb materials can result in reduced internal pore pressure, increased σneff, and dilatancy hardening
[Brace and Martin 1968; Schmitt and Zoback 1992; Lockner and Byerlee 1994]. Pore fluid pressure transients will
decay according to the diffusion equation

∂p
∂t

¼ α∇2p (6)

where α is hydraulic diffusivity. Solutions to equation (6) will depend on the specific sample and fault
dimensions. An approximate time constant for transient decay can be estimated by assuming a simple
one-dimensional flow path. In this case, a characteristic pressure decay time for a flow path of length L
is T ≈ L2/4α. Hydraulic diffusivity of a sheared clay layer will decrease with effective normal stress and
strain as platelets rearrange and the microstructure and void space evolve. If we assume a representative
diffusivity of α = 10�5–10�7 m2/s [i.e., Wibberley, 2002], then draining a pressure perturbation in a 2 mm
thick clay layer into the adjacent sandstone driving block in our experiments will occur in less than 1 s.
For other test geometries where the driving blocks are essentially impermeable, the flow path, either
to a central port or to the sample edge, becomes significantly longer. For samples with an average flow
path of 2 cm (a common laboratory sample size), pore pressure equilibration may take 100 s or more.
Some laboratory geometries can have average flow paths that exceed 4 cm and therefore can expect
pressure transients to last well over 1000 s. In this case, deformation tests at slip rates exceeding
10 μm/s may have apparent effective normal stress that is significantly different from the true effective
normal stress within the clay test layer.

The choice of appropriate deformation rates is further complicated by shear-enhanced compaction within
the clay. When normal stress is applied to the wet clay samples without shearing, they undergo instanta-
neous compaction followed by decaying time-dependent compaction. However, when a sample is then
sheared, additional shear-enhanced compaction will occur that includes strain hardening of the sample as
seen in Figure 2. In a fully saturated sample, this additional compaction requires expulsion of pore water. If
the strain rate is too rapid, as discussed above, the trapped pore water will become overpressured.
Consequently, a balance has to be found, given the particular test geometry, among strain rate, compaction
rate, and fluid expulsion that leads to an acceptable overpressure.

5. Summary

With careful attention to saturation state, we have demonstrated that the dry and wet frictional strengths of
Na-montmorillonite have distinctly different frictional behavior that depends on applied normal stress. Dry
friction decreases with effective normal stress from μ ~ 0.8 at 10 MPa to μ ≥ 0.45 at 700 MPa. When samples
are water saturated and deformed slowly enough to maintain equilibrium with the external pore pressure
system (fully drained), friction increases steadily from μ ~ 0.1 at 10 MPa effective normal stress to μ ~ 0.25
at 600 MPa. The gradual rise in wet friction coefficient can be attributed to mechanical expulsion of

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013658

MORROW ET AL. MONTMORILLONITE STRENGTH 13



interlayer and surface-adsorbed water that separates the clay platelets and facilitates sliding. The rate depen-
dence of dry and wet frictional strength at a given effective normal stress also differs, particularly below
200 MPa. However, all values of the rate dependence parameter (a � b) are positive, implying a tendency
for stable sliding at room temperature.

We find that the wide disparity in frictional strength values reported in the literature can be attributed to
experimental procedures that promote various degrees of partial saturation or overpressured pore fluid
conditions. When comparing different studies, it is important to note how the samples were prepared
and how the experiments were conducted. The constitutive law for fully saturated and drained Na-
montmorillonite at room temperature and constant sliding rate can be reasonably approximated by a
linear regression as presented in equation (4), especially if restricted to σneff ≤ 200 MPa which would
be applicable to most natural situations. Through proper characterization of the degree of partial satura-
tion, a similar constitutive equation could, in principle, be developed that would express shear strength in
terms of normal stress and saturation state.

Both the frictional and rate strengthening properties of montmorillonite are important parameters for mod-
els of fault behavior. The results reported here provide an important base line for room temperature frictional
strength of montmorillonite when sheared under saturated and fully drained conditions. Future work will
extend these findings to the evolution of frictional strength at elevated temperature.

Appendix A: Strain Hardening and Development of Residual Strength

With sufficient slip, a sheared clay layer should attain a steady state condition with constant shear strength
referred to as residual strength. Ideally, this is the frictional strength value that we measure. In our experi-
ments at higher normal stress, however, samples exhibit strain hardening throughout the deformation. For
themain test series, we used 4 g of clay, which resulted in a nominal 2mm layer thickness. With this geometry
we could attain shear strains of γ ~ 5. In this appendix, we present two additional deformation tests on oven-
dry montmorillonite at 350 and 550 MPa normal stress. In this case, the starting material was 2 g of clay,
resulting in gouge layers that are half the thickness of the standard test layers, obtaining about twice the
strain and ending with higher strength. Results are compared to standard thickness tests in Figure A1. We
plot coefficient of friction as a function of shear strain as calculated using the ending layer thickness. The

periodic fluctuations in strength are
caused by decade changes in the
imposed slip rate that are used to
determine (a � b). The friction-strain
curves show good agreement until
the thick gouge experiments end at
γ ~ 5. This is consistent with our
choice to represent hardening rate
in terms of average strain rather than
total fault slip. If the shear strain loca-
lized into a narrow shear band within
the gouge layer, then hardening rate
should scale with total fault slip and
not strain averaged over the layer
thickness. Strain hardening rate at
the end of the tests is about half the
hardening rate measured in the
thicker samples (see Figure 3). Still,
even with total strain>9, the samples
have not yet achieved steady state
conditions. These results confirm that
our estimates of dry frictional strength,
especially at higher normal stress,
should be treated as lower bounds.

Figure A1. Coefficient of friction of dry montmorillonite tests run at 350 and
550 MPa normal stress to 8 mm axial shortening. Horizontal axis is average
shear strain based on ending gouge layer thickness. Standard tests at
these pressures had a layer thickness of about 1.7 mm and ended after
strains of γ ~ 5. Two additional tests shown here had a layer thickness of
approximately 0.8 mm and attained strains of γ ~ 10. These thin layer tests
achieved higher strength than the corresponding thick layer tests.
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Appendix B: Overpressure Test

We conducted a water-saturated experiment with limited pore fluid connectivity between the sample and
the external pore pressure system to produce transient excess pore pressure in the clay gouge. In this experi-
ment we replaced the upper sandstone driving block with a solid granite piece to restrict fluid flow between
the clay layer and the external pore pressure system. Permeability of Westerly granite at these run conditions
is on the order of 10�20 to 10�21 m2. Given the sample geometry, we would expect that expelling pore water
equivalent to 1% of the clay sample volume at a pore pressure difference of, for example, pexcess = 10 MPa
should take approximately 0.1 to 1 days. In the actual experiment, apparent effective normal stress was
applied in increasing steps of 80, 130, 180, and 230 MPa as indicated by the red curve in Figure B1a.
Throughout the test, external pore pressure was held constant at 10 MPa. The axial shortening rate was
1 μm/s until 6 mm, for a duration of 5000 s. Then the rate was reduced to 0.01 μm/s for an additional
3 mm shortening at σappneff = 230 MPa for a period lasting 3.5 days. The measured shear stress response, τ, is
plotted in dark blue. Shear stress was nearly constant for the four initial rapid deformation steps, even though
the apparent effective normal stress increased from 80 to 230 MPa.

The actual shear strength and friction coefficient for a fully drained sample that correspond to the applied
normal stress and pore pressure are known from the primary experiments in our study. Thus, we can infer
the fault zone pore pressure and the excess pressure. Furthermore, if we had ended the experiment at

Figure B1. (a) Observed shear stress, τ (dark blue line), for a partially drained experiment in which the externally controlled
effective normal stress σappneff (red line) was periodically increased during the experiment from 80 to 130, 180, and 230 MPa.
The axial sliding velocity was fixed at 1 μm/s until 6 mm of displacement, where it was decreased to 0.01 μm/s allowing
excess pore pressure to drain. Points A through E mark the end of each pressure or rate segment on the τ curve. Effective
normal stress and excess pore pressure were calculated from equations (5a) and (5c) (green and light blue lines, respec-
tively). (b) Corresponding apparent coefficient of friction, μapp (blue), true coefficient of friction, μ (red, from equation (5b)),
and pore volume change (green, note inset scale bar). Apparent friction values (A0 through E0) and true friction values
(a0 through e0) correspond to shear stress points (A through E) in Figure B1a. (c) Simplified view of shear stress points A
through E as a function of effective normal stress. The curved red line corresponds to the saturated frictional strength curve
in Figure 6a. Points a through e are obtained by projecting points A through E back to the saturated curve at constant shear
stress. (d) Figure B1c replotted as coefficient of friction, with the saturated frictional strength line (red) and constant τ
contour lines (black) taken from Figure 6a. True coefficient of friction (points a0 through e0) is found by shifting apparent
coefficient of friction (A0 through E0) back along constant τ contour lines to the saturated friction curve.
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6 mm displacement, the nearly constant apparent shear strength could be misinterpreted as indicating a
plastic yield stress in the clay. However, after the deformation rate was reduced at 6 mm, shear strength
steadily increased. The relative change in pore volume (green curve in Figure B1b) indicates the volume of
water expelled from the sample at constant external pore pressure. The water loss during the slow deforma-
tion step between 6 and 9 mm represents ~10% compaction of the clay layer. Applying equations (5a)–(5c),
true effective normal stress (green curve in Figure B1a) and excess pore pressure (light blue curve) are calcu-
lated. Relations expressed in equations (5a)–(5c) assume that the clay layer is actively shearing. Thus, gaps
appear in the τ and σneff curves where changes in applied stress result in the shear stress briefly dropping

below the yield stress. By the end of the rapid deformation at 6 mm, σneff is only 37% of σappneff and the pore
fluid overpressure within the gouge layer is more than 150 MPa. The nearly constant shear strength during
rapid shearing before 6 mm deformation results in a decreasing apparent friction μapp (blue curve in
Figure B1b). However, the calculated actual friction (red curve) is almost constant since the rise in applied
normal stress is nearly matched by a corresponding rise in internal pore pressure. That is, the fault zone is
effectively undrained and the Skempton-like poroelastic coefficient relating pore pressure change to normal
stress change is 1 (i.e., no change in effective stress in the fault zone).

The five points designated as A through E that represent shear strength at the end of each deformation step
in Figure B1a are plotted as a function of effective normal stress, σappneff in Figure B1c. The curved red line was
taken from the saturated frictional strength curve in Figure 6a and converted into shear stress. Points A
through D deviate slightly from a constant shear stress line and indicate partial draining of the pore fluid
through the low-permeability granite. When given sufficient time (D to E), excess pore pressure is relieved
and the shear stress approaches the saturated, fully drained curve. True shear stress, points a through e,
can be found by shifting A through E back horizontally to the saturated line at constant shear stress.

Finally, this same graphical exercise is illustrated for the coefficient of friction in Figure B1d, where μapp points
A0 through E0, taken from Figure B1b, are plotted versus σappneff. Constant shear stress curves are shown in black,
and the red curve is taken from the saturated frictional strength curve in Figure 6a. Points A0 through D0

deviate slightly from a constant shear stress curve as in the previous figure, indicating partial draining of
the pore fluid through the granite. With sufficient time (D0 to E0), excess pore pressure is relieved and μapp
approaches the saturated curve. Points a0 through e0, the calculated actual friction from Figure B1b,
correspond to the projection of the apparent friction A0 through E0 back along constant τ contours to the
saturated curve.
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