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Abstract Dilatant hardening is one proposed mechanism that causes slow earthquakes along faults.
Previous experiments and models show that dilatant hardening can stabilize fault rupture and slip in several
lithologies. However, few studies have systematically measured the mechanical behavior across the transition
from dynamic to slow rupture or considered how the associated damage varies. To constrain the processes and
scales of dilatant hardening, we conducted triaxial compression experiments on cores of Crab Orchard sandstone
and structural analyses using micro‐computed tomography imaging and petrographic analysis. Experiments
were conducted at an effective confining pressure of ∼10 MPa, while varying confining pressure (10–130 MPa)
and pore fluid pressure (1–120 MPa). Above 15 MPa pore fluid pressure, dilatant hardening slows the rate of
fault rupture and slip and deformation becomes more distributed amongst multiple faults as microfracturing
increases. The resulting increase in fracture energy has the potential to control fault slip behavior.

Plain Language Summary When rocks are breaking, the pore spaces and developing fractures
dilate, resulting in a decrease in pore fluid pressures. This decrease can strengthen the rock from ongoing
deformation in a process known as dilatant hardening. We conducted experiments to better understand how this
strengthening effect works, in particular looking at the ratio of pore fluid pressure to the external confining
pressure (simulating rocks buried at depth), and also analyzed how the fractures that develop can vary from
dilatant hardening. We found a threshold pressure at which the strengthening peaked, and increasing pore fluid
pressure did not change how strong the rocks got from continuing deformation. We also observed a drastic
increase in how damage was distributed due to this hardening effect at both a large (visible to the naked eye) and
small scale (only visible in a high‐magnification microscope). These results indicate that dilatant hardening can
increase how much energy must be expended to break the rock and to cause faults to slip when pore fluid
pressures are high enough, and likely plays a role in stabilizing fault slip, causing earthquakes to slow down and
be less dynamic.

1. Introduction
During brittle deformation, fault formation and growth leads to dilation due to an increase in fracture and pore
volume (Brace, 1978; Brace et al., 1966; Handin et al., 1963). This dilation can result in a decrease in the pore fluid
pressure within and adjacent to the faults if the rate of dilation outpaces the rate of fluid flow (e.g., Brace, 1978;
Brace et al., 1966; Frank, 1965). This process strengthens the fault by locally increasing the effective stress in a
phenomenon known as “dilatant hardening” (Brace & Martin, 1968; Rice, 1975). During the stress drop associated
with fault rupture and cohesion loss, this process has also been shown to slow the rupture and slip processes (Aben
& Brantut, 2021; Brace & Martin, 1968; Brantut, 2020; French & Zhu, 2017). As a result, dilatant hardening has
been proposed as a cause of slow modes of fault slip (Liu & Rubin, 2010; Ougier‐Simonin & Zhu, 2013; Rud-
nicki, 1984; Segall et al., 2010), particularly during the loss of cohesion (French & Zhu, 2017).

For dilatant hardening to be effective at reducing the rate of rupture, strain rates must be fast enough relative to
pore fluid diffusion into the rock and pore fluid pressures must be high enough to create a strengthening effect.
Evidence for near‐lithostatic pore fluid pressures in regions that exhibit slow modes of slip, low permeability
rocks, and the possibility of cohesion gain between slip events makes dilatant hardening a strong candidate as the
cause of slow earthquakes (Audet et al., 2009; Liu & Rice, 2007; Peacock et al., 2011; Shelly et al., 2006; Zhu
et al., 2020). However, both the effectiveness of dilatant hardening at slowing rupture in different lithologies and
evidence for it in the rock record are still unknown.

Here we present the first systematic study on the effects of dilatant hardening on the rate of cohesion loss and the
resulting distribution of fracture damage associated with fault rupture. We study dilatant hardening in a
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low‐porosity, low‐permeability homogeneous sandstone to evaluate first‐order controls on the mechanics of the
dilatant hardening process. We conducted fault rupture experiments over a broad range of pore fluid pressures and
correlated failure behavior with fracture damage at micro‐ to macroscopic observational scales. Our results show
that the ratio of pore fluid pressure to confining pressure controls both the stability of failure as well as the
magnitude and distribution of fracturing, indicating an increase in shear fracture energy.

2. Materials and Methods
2.1. Sample Description

We performed triaxial compression experiments on the Pennsylvanian Crab Orchard sandstone from Tennessee,
US. This sandstone is dominantly quartz (80%–90%) (Ceia et al., 2019; Churcher et al., 1991; Menéndez
et al., 1996), which minimizes compositional complexity and heterogeneity that can cause sample‐to‐sample
variability and impact fracture patterns. Bedding occurs as mm‐scale cross‐beds (Gehne & Benson, 2017),
which we identified as minor compositional variations due to oxide concentrations.

Experimental specimens are cores 25.4 mm in diameter and 52 mm in length. Cores were prepared from a single
block of sandstone and from the same bedding interval in an effort to minimize potential sample variability. All
cores were prepared with bedding perpendicular to the long axis of the cores. We measured the initial connected
porosity of each sample, ϕ, to be 3.5% ± 0.5%. We measured the permeability of the sandstone to be
1.3 × 10−17 m2 and within the range reported values for the Crab Orchard sandstone (10−18 to 10−17 m2) (Gehne &
Benson, 2017).

2.2. Deformation Experiments

We conducted fault rupture and slip experiments on 13 intact sandstone cores using a standard triaxial defor-
mation apparatus (Table S1 and Figure S1 in Supporting Information S1). The experiments are axial compression
tests, whereby confining and pore fluid pressures are held constant and the axial piston is advanced at a constant
rate until the sample fails by fault formation and subsequent slip. Each sample was deformed at an axial
displacement rate of 0.011 μm/s (axial strain rate, ε̇a, of 2.35 × 10−7 s−1) to 3.6% axial strain. To systematically
evaluate the roles of fluid pressure on dilatant hardening and for comparison with previous studies, all experi-
ments were conducted at an effective confining pressure (σ3′ = σ3 − Pf) of 10 MPa but at varying magnitudes of
confining (σ3) and pore fluid (Pf) pressures. All experiments were conducted at room temperature (∼23°C).

2.3. Structural Analyses

Damage due to dilatant hardening during fault nucleation and propagation was characterized at three scales:
macroscale through hand sample observations, mesoscale using X‐ray micro‐computed tomography (μCT), and
microscale using transmitted light microscopy. The samples chosen for imaging and structural analyses were
deformed to similar axial strains (∼3.6%) and pore fluid pressures between 1 and 120 MPa.

The faulted samples were both qualitatively and quantitatively described at the macroscale. We noted whether
fractures appeared localized or distributed. We also counted fractures using a circumferential transect line at
approximately the middle of each core and classified fractures as either major and minor. Major faults display
visible offset along the fracture indicated by displacement at the ends of the core, bedding offset, or radial
protrusion normal to the surface of the core.

Mesoscale 3D fracture patterns were characterized for seven cores using μCT images collected at the High
Resolution X‐ray Computed Tomography Facility at The University of Texas at Austin. We processed the data
using ImageJ. We then isolated and measured the orientations of individual fractures and calculated the fracture
surface area using Autodesk Fusion 360 (Text S4 and Figures S3–S8 in Supporting Information S1).

The intensity and spatial distribution of microscale deformation was evaluated by measuring microcrack density
and orientation on two cores that were also analyzed using μCT. One was faulted at high pore fluid pressure
(G0165, 120 MPa) and the other low pore fluid pressure (G0163, 1 MPa). We measured local microcrack
densities along a 20 × 9 point grid with grid points spaced 2.54 mm using transects spanning 1,000 μm across,
centered on each grid point (Figure 1a). This method allows us to measure a representative number of micro-
cracks, their spatial distribution relative to larger fractures, and their preferred orientation.
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3. Results
3.1. Mechanical Data

During faulting, strain‐weakening occurred in multiple punctuated steps whereby periods of weakening were
separated by periods of strain‐neutral strength often indicative of frictional sliding, which we refer to as “apparent
frictional sliding” (Figure 2). We observe a range of strain‐weakening rates which we distinguish as “rapid” and
“slow” stress drops during failure based on stress drop gradient. “Rapid” stress drops are dynamic, meaning the
measured drop is controlled by the apparatus stiffness and inertia (Figures 2d and 2h). Slow stress drops occurred
at rates between 10−6 and 10−1 MPa/s, and rapid stress drops occurred between 10−1 and 105 MPa/s. Rapid stress
drops were sometimes audible, but only when the stress drop was relatively large. No sound was observed during
any of the slow stress drops. Because there are multiple periods of both rapid and slow stress drops in any given
experiment, we quantify the cumulative sum of both within each experiment. We normalize the cumulative sum
of rapid and slow stress drop to the total stress drop to account for variations in peak strengths when comparing
experiments.

With increasing pore fluid pressure, the proportion of the total stress drop that is slow increases as the proportion
that is rapid decreases (Figure 3a). The relationships between rapid and slow stress drops and pore fluid pressure
are non‐linear. As pore fluid pressure increases from 1 to 15 MPa, the rapid stress drops decrease from ∼70% to
∼20% of the total stress drop as slow stress drops increase from ∼30% to ∼80%. The degree to which this
transition is gradual or abrupt is difficult to resolve. However, at higher pore fluid pressures (>15 MPa), further
increasing pore fluid pressure does not systematically change the proportion of slow and rapid stress drops. For

Figure 1. Methodology and results of microcrack density measurements. (a) Transmitted light photomicrograph of sample G0165 deformed at 120 MPa pore fluid
pressure. Overlain is a 20 × 9 grid with a uniform 2.54 mm spacing (cyan dots); microcracks were counted along transects in the radial (x) and axial (y) directions
centered along each grid point. We allowed for a 20° sweep of the stage, and therefore the transect line, to capture a larger area while still preserving the record of
orientation differences. (b) Microcrack density map from samples faulted at low (G0163, 1 MPa) and high (G0165, 120 MPa) pore fluid pressures. Microcrack densities
measured along radial and axial transects are shown separately.
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most experiments with pore pressure greater than 15 MPa, total strain‐weakening is accommodated almost
entirely through slow failure (Figure 3a).

We calculated the duration from peak strength to the end of the first measured rapid stress drop for each
experiment to evaluate initial failure rate prior to the more complicated strain weakening behavior. At the onset of
failure, we observe that higher pore fluid pressure correlates to an increase in the duration from peak strength to
the end of the initial rapid stress drop. The rate of strain weakening during this period indicates the same: a
substantial decrease in stress drop per unit time with increasing fluid pressure (Figure 3b).

The samples dilate during all stress drops. Generally, dilation initiates prior to strain weakening of the initial
stress drop, with a large proportion of total dilation coinciding with the initial stress drop (Figures 2a and
2e). Dilation continues throughout apparent frictional sliding and subsequent stress drops (Figures 2b
and 2f).

Figure 2. Mechanical data for representative experiments at low and high pore fluid pressures (a) An overview of the experiment comparing differential stress versus
time, (b) A zoomed in segment of (a), as indicated by the gray bar, highlighting the relationship of minor stress drops with pore fluid volume, (c) The same segment but
plotting differential stress as a function of axial strain, (d) The stress drop gradient plotted for the same segment and highlighting the method used for distinguishing
rapid and slow failure modes. “Rapid” failure is identified as a plateau or near‐constant stress drop gradient, (e–h) Are plots of the same parameters, but for experiment
G0165, which was conducted at 130 MPa confining pressure and 120 MPa pore fluid pressure.

Geophysical Research Letters 10.1029/2024GL108840

WILLIAMS AND FRENCH 4 of 8

 19448007, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L108840, W
iley O

nline Library on [01/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



3.2. Fracture Patterns

At the macroscopic scale, cores faulted at lower pore fluid pressures appear
more localized than those faulted at higher pore fluid pressures. At low pore
fluid pressures, single faults appear to accommodate the majority of short-
ening (Figure 4a). Cores deformed at higher pore fluid pressures exhibit more
distributed fracturing, such as conjugate sets of major faults that appear to
accommodate equal magnitudes of shortening (Figure 4b). Overall, there is a
general increase in the number of major faults with increasing pore fluid
pressure, an average of 3.7 major faults per sample at low pore fluid pressures
(<15 MPa) and 4.9 major faults per sample at high pore fluid pressures
(≥15 MPa) (Figure 4c).

There is not a systematic trend in the quantity or orientation of mesoscopic
fractures with increasing pore fluid pressure (Figures S7 and S8 in Supporting
Information S1). In general, fracture surface area increases slightly with
increasing pore fluid pressure (Figure S5 in Supporting Information S1).

The greatest difference in damage occurs at the microscale. There are more
than twice the number of total microcracks (3,102) in a sample faulted at high
pore fluid pressure (120 MPa) than in one faulted at low pore fluid pressure
(1,497, 1 MPa) (Figure 1b). At high pore fluid pressure, intragranular cracks
are 126% (517 vs. 1,170) greater along radial transects and 108% (680 vs.
1,416) greater along axial transects, respectively. Transgranular cracks are
also more abundant at high fluid pressure, with 89% (96 vs. 181) and 64%
(204 vs. 335) more microcracks along radial and axial transects, respectively.
This increase in microcracking appears to be distributed throughout the bulk
sample. Transgranular microcracking, in particular, appears predominantly
around major fractures at low pore fluid pressures, but much more distributed
throughout the sample at high pore fluid pressures.

4. Discussion
Several aspects of the mechanical data indicate that slow failure is caused by
dilatant hardening in our experiments. The slower failure process and inhi-
bition of dynamic fault growth and slip with increasing fluid pressure occurs
concomitant with sample dilation (Figure 2). This is further supported by the
fact that the rate of strain weakening during the initial stress drop decreases
with increasing pore fluid pressure (Figure 3b). However, structural obser-
vations show the samples are undergoing the same processes of dilation,
microcrack coalescence, and fracture localization that occurs during typical

brittle failure, albeit at a slower rate. Overall, our findings agree with previous studies of low‐porosity crystalline
rocks which show similar behaviors of fault stabilization as a result of high pore fluid pressure (Aben & Bran-
tut, 2021, 2023; Brace & Martin, 1968; Brantut, 2020; French & Zhu, 2017; Martin, 1980). We posit that apparent
frictional sliding reflects transient sliding of geometrically complex faults and not a dilatant hardening process, as
evidenced by the lack of a stress drop over durations lasting minutes to hours. Periods of constant strength over
such long durations have not been observed in previous studies of dilatant hardening. However, it is possible that
some of our shorter duration periods of apparent frictional sliding are analogous to the stable failure events
identified by Aben and Brantut (2023).

We show that the transition from dynamic to predominantly slow failure due to dilatant hardening occurs over a
small range of fluid pressures between 5 and 15 MPa, above which failure behavior is relatively constant
(Figure 3). We propose that below this threshold, fracture‐induced dilatancy causes a complete drop in local pore
fluid pressures causing pore fluids to transition from liquid to vapor. Once fluid pressure drops to zero, additional
hardening is not possible and failure becomes dynamic. In contrast, at higher pore fluid pressures (≥15 MPa) the
same magnitude of dilation causes pore fluid pressure to drop, but not to 0 MPa. Thus, dilatant hardening can
occur throughout a stress drop and fracture propagation is inhibited. For example, at 25°C, the specific volume of

Figure 3. Patterns in stress drops with increasing pore fluid pressure
(a) Cumulative sum of the slow and rapid stress drops normalized by the
total stress drop, (b) The rate of stress drop during the first rapid stress drop
of each experiment, (c) Shear fracture energy calculated from mechanical
data.
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water increases from 0.996322 to 1.002961 cm3/g between 15 and 0 MPa (Fine & Millero, 1973), indicating a
local increase of 0.7% is required for a complete fluid pressure drop. In contrast, a pore fluid pressure drop from
70 to 0 MPa requires a 2.9% increase in local pore volume, and from 100 to 0 MPa a 4.1% increase. Our hypothesis
of water vaporization at low pore fluid pressures is based on the work of Aben and Brantut (2021) who measured
on‐fault pore fluid pressure and showed that dynamic failure occurs when fault pore fluid pressure decreases to
0 MPa and stable failure occurs when pore fluid pressure decreases, but not completely to 0 MPa.

The transition from rapid to slow failure at pore fluid pressures below 15 MPa corresponds to stabilization at pore
pressure ratios (λ = Pf /σ3) greater than 0.6, which we compare with previous studies at slightly different con-
ditions. The only other studies that evaluate stabilization at several fluid pressures were conducted on granite
(Aben & Brantut, 2021; Martin, 1980), which exhibits a transition from dynamic to slow failure at λ = 0.4 − 0.6.
The variability in threshold values of λ is likely the result of differences in sample porosities and characteristic
dilational volumes associate with fracturing. Specifically, lower thresholds indicate lower sample porosity and/or
more fracture‐induced dilation, which likely varies according to lithology. This is generally consistent with our
observation that the threshold for a ∼3% porosity sandstone (λ = 0.6) is at the high end of values reported for
granite, which tends to have porosity of ∼1%. It is also consistent with the results of Martin (1980), who showed
that this transition occurs at lower values of λ, with increasing effective pressure. However, more data is needed
comparing microcrack dilatancy, pore structure, and porosity.

Our structural observations indicate that deformation becomes more distributed at the micro‐ and macroscopic
scales at high pore fluid pressures where dilatant hardening slows the rate of faulting. Distributed fracturing is
proposed to occur when dilatant hardening causes fracture growth to arrest due to locally low pore fluid pressure
and then migrate to a region where fluid pressures are higher (French & Zhu, 2017; Figure 5). Our observations do
indeed indicate that dilatant hardening results in more distributed deformation, as evidenced by higher microcrack
densities and more distributed slip on faults at the macroscopic scale, although not the number of faults and
mesoscopic faults.

The transition from dynamic to slow failure requires a decrease in the slope of the slip weakening curve (Figure 5)
which corresponds to an increase in fracture energy (the area under the curve) with increasing fluid pressure
(Martin, 1980). Unfortunately, it is not possible to document this change from mechanical data, because fracture

Figure 4. Macroscopic descriptions of fault patterns at different pore fluid pressures. (a) Representative sample faulted at low pore fluid pressures with a single
throughgoing faults, (b) Representative sample faulted at high pore fluid pressures with a conjugate fault sets and more equal slip partitioning, (c) The number of major
faults and minor fractures identified at different pore fluid pressures. A qualitative description of localized or distributed is given for each based on if there was a single
throughgoing fault or distributed conjugate or complex faulting.
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energy cannot be accurately quantified during dynamic failure as the slip weakening measured is the apparatus
stiffness and not the rock properties. Nonetheless, the transition in behavior that we observe requires an increase
in fracture energy, which we observe evidence for based on the increased microfracture densities at high fluid
pressure. Our mechanical data does show that above 15 MPa pore fluid pressure fracture energy does not sys-
tematically vary during dilatant hardening (Figure 3c), as expected given the consistent hardening behavior above
this threshold.

5. Implications
Our results indicate that faults may develop with variable degrees of deformation localization based on λ, whereby
dilatant hardening can influence microfracture densities and whether slip occurs on a single fault or across
multiple faults. Our observations are consistent with more limited documentation of deformation distribution in
serpentinite (French & Zhu, 2017), indicating the structural effects of dilatant hardening are not strongly
dependent on lithology. Thus, we expect that these processes may be reflected in the rock record as zones of
distributed deformation where fault slip and dilation is more equally distributed between neighboring structures as
opposed to single localized deformation (Figure 5).

The dynamics of slip along natural faults will depend on a loss of cohesion that is smaller than our intact samples
and the stiffness of the natural system; however, our results provide important insights into the processes con-
trolling dilatant hardening. We and previous studies show that stabilization in the lab can occur at values of
λ ≈ 0.6, which is well‐below the near‐lithostatic pore fluid pressures inferred at geologic settings where slow slip
and high pore fluid pressures are interpreted to coincide (Audet et al., 2009; Liu & Rice, 2007; Peacock
et al., 2011; Shelly et al., 2006), indicating that the process is likely active and increases fracture energy of fault
slip in geologic settings where slow slip is observed.

6. Conclusions
We document the mechanical and structural impacts of dilatant hardening during loss of cohesion in a low‐
porosity sandstone, to constrain the processes driving this phenomenon in fault zones. Our results show a tran-
sition in mechanical behavior at fluid pressure ratios less than λ = 0.6, above which dilatancy stabilizes failure and
the resulting deformation is relatively insensitive to fluid pressure. Observations of stable slip correlate to sig-
nificant structural observations that inform the deformation process. At the macroscopic scale, stable failure
coincides with more equivalent fault development and slip distributions between major faults, and at the
microscopic scale microcracking increases by a factor of 2. Thus, dilatant hardening has the potential to change
the dynamics of slip through increased fracture energy while also being recorded in the structures of fault rocks.

Figure 5. A conceptual structural model for the process of dilatant hardening at low and high pore fluid pressure conditions based on our observations of micro‐ and
macrofractures. On the left is a schematic slip weakening curve by which stability is defined: the dashed line is the response of the apparatus determined by its stiffness.
Stable rupture is observed when it occurs above this line, while unstable dynamic failure happens underneath. On the right is a time‐evolution series for microstructures
for both low and high pore fluid pressures, their corresponding progress indicated on the slip weakening curve to the left.
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Data Availability Statement
Processed data for each experiment and corresponding CT‐image data sets on which this article is based on are
available in Williams and French (2024).
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