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Fault slip controlled by stress path and fluid pressurization rate
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"Department of Geology, University of Maryland, College Park, Maryland, USA

Abstract The practice of injecting fluids into the crust is linked to regional increases in seismicity.
Increasing fluid pressure along preexisting faults is believed to enhance seismicity rates by reducing

the shear stress required for slip, but the processes that cause faults to slip under conditions of fluid
pressurization are poorly constrained. We use experimental rock deformation to investigate the controls
of fluid pressurization and pressurization rates on fault slip style. We show that pore fluid pressurization

is less effective that mechanical changes in fault normal stress at initiating accelerated slip events. Fluid
pressurization enhances the total slip, slip velocity, and shear stress drop of events initiated by mechanical
changes in normal stress, and these parameters are correlated with pressurization rate, but not the
magnitude of fluid pressure. This result is consistent with field-scale observations and indicates that
processes active at the pore network scale affect induced seismicity.

1. Introduction

Fault reactivation occurs when pore fluid pressure increases as a result of natural fluid sources [Hubbert and
Rubey, 1959] and geologic engineering practices that include wastewater disposal [Keranen et al., 2013; Kim,
2013], geothermal stimulation [Majer et al., 2007; Deichmann and Giardini, 2009], and hydraulic fracturing
[Holland, 2013]. The most common model for faulting is a threshold criterion whereby slip occurs when the
shear stress along the fault, 7, reaches a critical value, z.. For a given fault normal stress, o, the critical shear
stress is 7. = u(o, — P;), where y is the coefficient of sliding friction (0.6 < u < 0.85 for most rocks) [Byerlee,
1978], Py is pore fluid pressure, and o] =6, — Py is the “effective normal stress.” Increasing pore fluid pressure
by fluid injection causes a corresponding decrease in the effective normal stress and critical shear stress, and
according to the threshold model, slip occurs when the critical shear stress is reduced to the resolved shear
stress along the fault.

Althoughiitis clear that regional increases in seismicity rates are correlated with increased fluid injection activ-
ities [Keranen et al., 2013; Kim, 2013; Brodsky and Lajoie, 2013; Petersen et al., 2015], in most cases fluid injection
does not cause earthquakes that can be felt at the surface either because fault slip does not occur or slip is
aseismic [Ellsworth, 2013]. Thus, efforts to minimize the effects of induced seismicity focus on understanding
the fundamental processes and geologic factors that cause faults to slip seismically during fluid injection.
Geophysical observations show regional differences in the efficiency with which fluid injection induces
seismicity [Frohlich et al., 2015], indicating that local and regional geology such as the presence of faults
preferably oriented for slip are important controls [Horton, 2012; Kim, 2013]. The moment magnitude and
magnitude distribution of seismic slip events have been correlated with the rate of fluid injection and total
volume of fluid injected to understand the fundamental processes by which fluids induce seismicity [McGarr,
1976; Brodsky and Lajoie, 2013; McGarr, 2014; Martinez-Garzon et al., 2014; Frohlich et al., 2015; Weingarten et al.,
2015]. Constraining the conditions and mechanisms that control the occurrence and style of fault slip from
geophysical observation is difficult, however, because of regional differences in injection history, lithology,
structure, and stress state.

The threshold model is not sufficient for modeling and predicting whether slip along a favorably oriented
fault induced by fluid injection will be seismic or aseismic. We use experimental methods to investigate the
fundamental processes and efficiency of increasing pore fluid pressure on inducing fault slip. We induce slip
under constant and decreasing effective normal stress, to investigate the effective stress path associated
with fluid injection. We compare the results of decreasing effective normal stress by reducing the mechanical
load (c,,) to increasing the pore fluid pressure (P;) to isolate the role of evolving fluid pressure on fault slip style.
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Table 1. Table of Experiments®

Experiment v 03 dos/dt Ps dp;/dt do; /dt # Slip
ID Sandstone Type (m/s) (MPa)  (MPa/min) (MPa) (MPa/min) (MPa/min) Events
Bc30 Berea R 35x1077 61 -1 9.2 1.2 -33 2
B1 Berea R 31x1077 58 -1 9.2 0.9 -3. 3
B2 Berea R 1.6x 1077 58 -0.5 9.2 0.5 -1.6 3
B3 Berea R 2.1x1077 55 — 0,dry 0 -1.6 0
B4 Berea R 21x1077 62 -1 9.2 0 -1.6 0
B5 Berea R 1.6x 1077 62 -0.5 9.2 0.5 -1.6 2
B6 Berea C 1.8x 1077 62 0 9.2 0.96 -1.5 0
Bc21 Berea C 46x1077 52 0 9.2 0 0 0
Bc20 Berea C 46x1077 42 0 0,dry 0 0 0
Bc25 Berea C 46x10~7 52 0 0,dry 0 0 0
DD1 Darley Dale R 3.8x1077 58 -1 9.2 0.9 -3.0 2
DD2 Darley Dale R 1.6x 1077 58 -0.5 9.2 0.5 -1.6 4
DD3  Darley Dale R 2.0x1077 58 -1 0, dry 0 -1.6 1
DD4  Darley Dale R 2.0x1077 58 -1 9.2 0 -1.6 7
DD6  Darley Dale C 6.5x1077 58 0 9.2 0.3 -0.5 0
DD7 Darley Dale C 46x1077 58 0 9.2 0 0 0
DD8 Darley Dale C 2.1x1077 62 0 9.2 0.9 -14 0

@R and C indicate lateral relaxation and axial compression tests, respectively. v is the imposed shear slip rate. 63 and
P; are the confining and pore pressures at the beginning of shearing.

2. Methods and Materials

We study slip along faults within two isotropic and homogeneous sandstones; the Berea sandstone and Darley
Dale sandstone have high porosity and permeability that facilitate rapid diffusion of pore fluid through the
samples (supporting information). The samples are sandstone cores 25.4 mm in diameter and 50.8 mm in
length prepared with sawcut surfaces oriented 8 =30° to the axis of the cylindrical samples (Figure S1 in the
supporting information).

The experiments were conducted in a triaxial deformation apparatus at room temperature. In this configura-
tion the maximum principal stress (o) is axial, and the minimum principal stress (o5) is radial. The pore fluid
pressure is adjusted by a servocontrolled pressure intensifier connected at the upstream sample end. The spa-
tial averages of the shear and effective normal stresses along the fault surface are determined from o, 63, and
P; and are corrected for the reduction in elliptical area of the fault with increasing axial displacement [Tembe
etal., 2010, Appendix A]. The shear and effective normal stresses along the fault surface are

T = %(0'1 — 03)sin 20 (M)
U,/, = (03— P+ %(01 —03)(1 — cos 20) )

We investigate fault slip under conditions of constant effective normal stress as well as decreasing effective
normal stress, which was achieved either by changing the mechanical stresses (¢, and ¢3) or increasing the
pore fluid pressure (Pf) during slip along the fault (equation (2)). During frictional sliding in the triaxial config-
uration, o5 is controlled and o, is limited by the strength = < 7. Loading rates are chosen to ensure that the
rates of decreasing effective normal stress and shear stress and fault slip velocity are similar in all experiments
(Table 1). Slip rates are corrected for elastic distortion of the apparatus (supporting information).

We employ the conventional “axial compression” path during which confining pressure is held constant while
the axial piston advances to cause sliding along the saw cut surface. At constant pore fluid pressure, this
stress path results in an increase in shear and normal stresses until stress reaches the frictional sliding enve-
lope at which point sliding occurs at constant shear and normal stresses (Figures 1a, 2a, and 2b and Table 1).
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Figure 1. Mohr-Coulomb diagrams showing the evolution of stress with time along the simulated experimental faults.
(a) Axial compression stress path with constant fluid pressure (orange) and increasing fluid pressure (green). (b) Lateral
relaxation stress path with constant fluid pressure (yellow) and increasing fluid pressure (green).

Pore fluid pressure is increased during sliding along the fault in some axial compression experiments, which
causes decreasing effective normal stress and shear stress owing to the reduction in 7. according to % =
- % (Figures 1a, 2¢, and 2d and Table 1).

The second stress path we employ is the “lateral relaxation” path [e.g., Tamarkin et al., 2012]. During this stress
path, the sample is stressed until yield using the axial compression (i.e., until deviation of the stress-strain
curve from linear indicating the onset of inelastic strain), which establishes an initial stress state within a typ-
ical seismic stress drop (a few MPa) of the friction envelope. The confining pressure is subsequently reduced
at a constant rate as the axial piston is advanced. For both constant and increasing pore fluid pressure, the
lateral relaxation path causes decreasing effective normal stress and increasing shear stress until frictional

sliding occurs. During frictional sliding the effective normal stress decreases at the imposed rates and shear
do, dPy¢
Tat T Tdr
that the rate of shear stress decrease (dz/dt) in a lateral relaxation experiment is comparable to that in the

corresponding axial compression experiment with increasing pore pressure.

stress decreases according to % =u < ) (Figures 1b and 2e-2h). Mechanical loading is controlled so

We investigated frictional sliding under conditions of constant and decreasing effective normal stress using
the axial compression and lateral relaxation paths (1) with constant pore fluid pressure, (2) with increasing
pore fluid pressure at constant rate (0.5 MPa/min and 1.0 MPa/min), and (3) dry (Table 1).

3. Results

Fault slip occurs at a near-constant shear stress and normal stress during the axial compression tests con-
ducted at constant pore fluid pressure (Figures 2a, 2b, and 3a). When pore fluids are injected at a constant
rate, slip during axial compression occurs as effective normal stress and shear stress decrease (Figures 2¢, 2d,
and 3b). Fault slip during all axial compression tests is consistent with the threshold criterion and occurs at
near-constant sliding velocity (Figures 3a, 3b, and S2).

The shear stress decreases during slip in all lateral relaxation tests as a result of the decreasing effective nor-
mal stress (Figures 2e-2h, 3¢, and 3d). Episodes of accelerated fault slip occur during the lateral relaxation
paths and do not occur during the axial compression paths (Figures 3d and S2). Slip events are evidenced
by a decrease in shear stress that is more rapid than that caused by decreasing effective normal stress
(i.e., %: u <ddi: - % ) ).The shear stress drops range from 0.5 to 3.8 MPa (Figures 4a and S2). The Darley Dale
sandstone experiences slip events under dry conditions as well as constant and increasing pore fluid pres-
sure, and the Berea sandstone experiences slip events during pore fluid pressurization, but not dry or under

constant pore fluid pressure.

When a slip event occurs during pore fluid pressurization, a rapid, uncontrolled, and permanent increase in
the pore pressure is observed during the event (Figures 3d and S2); the increase in pore pressure is between
0.3 and 2.5 MPa and is on average 55% of the magnitude of the shear stress drop (Figure 4a). Only the tests
with pore fluid injection exhibit a jump in pore fluid pressure during slip.
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Figure 2. (3, ¢, e, and g) Shear stress and effective normal stress during sliding and (b, d, f, and h) shear stress evolution
during sliding for (Figures 2a and 2b) axial compression stress path at constant fluid pressure, (Figures 2c and 2d)

axial compression stress with increasing fluid pressure, (Figures 2e and 2f) lateral relaxation stress at constant fluid
pressure, and (Figures 2g and 2h) lateral relaxation stress with increasing fluid pressure. Grey dashed lines indicate

the friction envelope.
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Figure 3. Examples of slip along faulted Berea sandstone under (a and b) axial compression and (c and d) lateral relaxation paths. Data are from four
experiments shown in Figure 2. Shear stress (gray), pore pressure (blue), and slip velocity (red) are shown with time. Imposed slip velocity is ~10~% mm/s in

all tests. (Figure 3a) Pore pressure is constant (9.2 MPa) (# Bc21; Table 1). (Figure 3b) Imposed pore pressurization at 1 MPa/min (# B6). (Figure 3c) Pore pressure
is constant (9.2 MPa) (# B4). (Figure 3d) Pore pressurization rate is 1 MPa/min (dashed blue line). t = 0 s indicates the beginning of the slip event (shaded green)
(# Bc30). All data are smoothed using a five-point moving average. Small-amplitude variations in shear stress and slip velocity are caused by electrical noise.

The highest rates of effective normal stress reduction during lateral relaxation correspond to the greatest slip,
shear stress drop (uncontrolled), and slip rates (Figures 4a and 4b). Specifically, lateral relaxation tests con-
ducted at the same rate of decrease in effective normal stress (~ —1.5 MPa/min) both entirely by mechanical
changes in stress and by a combination of mechanical changes and an increase in pore fluid pressure exhibit
similar slip behavior and shear stress changes (Figure 4a).

Fault slip rates increase up to 2 orders of magnitude during slip events and are generally highest during the
highest rates of effective normal stress decrease (Figures 4b and S2). The magnitude of the fluid pressure
increase is linearly correlated with slip rates (Figure 4b). The largest shear stress drops usually occur during
the fastest reduction in effective normal stress, and the smallest stress drops occur under dry conditions. The
magnitude of the stress drop is not correlated with the magnitude of the fluid pressure at the beginning of
the event nor is it specific to either sandstone (Figure 4c).

In all of the experiments, shearing of the fault surfaces produces a granular gouge layer that is tenths of a
millimeter thick. Although the fault surfaces have negligible cohesion at the beginning of an experiment,
after shearing the fault surfaces and gouge are cohesive and must be pried apart. The gouge layers exhibit
striations parallel to the slip direction (Figure S1d).

4, Discussion

4.1. Slip Acceleration Under Stress Paths of Decreasing Effective Normal Stress

The observation that with constant fluid pressure, slip events occur during the lateral relaxation paths and not
the axial compression paths indicate decreasing normal stress and shear stress promote accelerated slip. This
result can be explained by previous experimental observations and analyses which show that decreasing
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Figure 4. Correlations between slip event parameters and pore fluid pressure conditions during lateral relaxation tests.
(a) The increase in pore pressure is defined as the magnitude of the pore pressure change during which the rate of
change is greater than the imposed rate. The shear stress drop is defined as the magnitude of the shear stress change
during which —dz/dt > —u(do, /dt — dP¢/dt). For fluid pressurization tests, a linear correlation exists between the pore
pressure increase and shear stress drop (and slip). The rate of effective normal stress reduction roughly correlates

with the magnitude of the shear stress drop. (b) Peak velocity is the maximum velocity calculated during a slip event
(supporting information). Peak velocities are positively correlated with the pore pressure increase during an event
(linear regression has a slope of 0.0051). Higher rates of effective normal stress reduction roughly correlate with higher
peak slip velocities. (c) Shear stress drop is not correlated with the magnitude of the pore pressure at the beginning of
the event. Error bars for pore pressure and shear stress changes were determined by visual inspection of the data and
indicate the potential range of values caused by uncertainty in determining the initiation and end of a slip event. Error
in velocity determination is the result of electrical noise and was determined as the standard deviation from a constant
slip velocity calculated between slip events.
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normal stress can cause unstable fault slip [Linker and Dieterich, 1992; Dieterich and Linker, 1992; Chambon and
Rudnicki, 2001; He and Wong, 2014]. The instability is shown to occur because a decrease in the effective nor-
mal stress causes an immediate decrease in the friction coefficient and, therefore, shear stress (z = u(o,, — Py))
that is analogous to the direct effect in velocity-stepping tests followed by an increase in friction coefficient
to steady state. Unstable slip caused by decreasing normal stress is, therefore, analogous to stick slip that
occurs at constant normal stress in fault rocks with velocity-weakening frictional strength [Gu et al., 1984]; for
decreasing normal stress, however, unstable slip may occur along faults that exhibit velocity-strengthening
friction [Dieterich and Linker, 1992]. Thus, the slip events that we report are most easily explained as being
caused by decreasing normal stress associated with the lateral relaxation stress path.

Slip events that occur during the lateral relaxation tests have lower slip rates (< 0.1 mm/s) than those of typ-
ical stick-slip events observed during previously reported normal stress reduction tests or constant normal
stress tests in velocity-weakening fault rock [Johnson and Scholz, 1976]. We infer that these events represent
the nucleation of slow slip rather than seismogenic slip. This slow slip behavior may indicate that experimental
conditions are near a transition between unstable and stable slip, as has been shown to exist under vari-
able normal stress conditions much like geophysical observations of slow slip phenomena are proposed to
occur near a transition from unstable to stable fault slip under velocity-weakening conditions [He et al., 1998;
Perfettini et al., 2001].

The experimental results show that a reduction in mechanical stress is more efficient than increasing pore
fluid pressure at initiating slip events even though both represent conditions of decreasing effective normal
stress. This is consistent with experimental data of brittle faulting in intact rock samples [Ougier-Simonin and
Zhu, 2015]. Specifically, despite the fact that the effective normal stress decreases at similar rates during axial
compression stress paths with increasing pore fluid pressure and during all lateral relaxation stress paths, slip
events only occur during lateral relaxation stress paths (Table 1). This result suggests fundamental differences
in the effects of mechanical loading and pore fluid pressure on slip processes, contrary to the effective stress
criterion for which the evolution of fluid pressure and normal stress are equivalent. We propose that whereas
mechanical loading causes instantaneous and uniform changes in stress, changes in pore fluid pressure occur
by diffusion which results in a gradual evolution of contact-scale stresses and spatially heterogeneous fluid
pressure. Although the permeability of the sandstone is high (107'* to 10~'3 m?), facilitating rapid diffusion
of pore water to the fault zone, gouge layers produced by shearing of rock surfaces are shown to have per-
meability that is as low as 10~'7 m? [Zhang and Tullis, 1998]. Thus, increasing pore fluid pressure may be less
effective atinducing slip events because pore fluid pressure evolution has a more gradual and heterogeneous
effect on the evolution of grain contact area and strength within the fault gouge.

4.2. Pore Pressure Evolution During Slip Acceleration

The increase in pore fluid pressure that occurs during slip events indicates that the sandstone rapidly
compacts, and correlations between pore pressure increase and shear stress drop and peak velocity may indi-
cate that this compaction-induced pressurization enhances slip (Figures 4a and 4b). Previous studies of faulted
porous sandstone sheared under axial compression show a decrease in fluid pressure indicating dilation
during the rapid slip portion of the stick-slip cycle, and the magnitude of depressurization is similar to that
of the pressurization we observe in the lateral relaxation tests [Logan, 1978; Teufel, 1980]. On the other hand,
stick-slip events in crystalline rocks and simulated fault gouges tested using the direct shear configuration
occur synchronous with slight compaction during rapid sliding [Sundaram et al., 1976; Fulton and Rathbun,
2011; Scuderi et al., 2015]. When pore fluid pressure is monitored during direct shear tests, the magnitude
of pressurization during compaction is 2 orders of magnitude smaller than that during the lateral relaxation
tests in this study and is on the order of 10% of the magnitude of the shear stress drop, compared to 55%
for slip events during lateral relaxation. The difference is likely caused in part by the decoupling of shear and
normal stresses that are characteristic of the direct shear configuration or by the lower normal stresses often
employed in the direct shear configuration. Nevertheless, comparison of porous rocks sheared in the triaxial
configuration indicates that rapid slip during axial compression causes an increase in pore volume and
depressurization of pore fluids, whereas slip in the lateral extension tests is accompanied by compaction and
pressurization of the pore fluid.

Note that the stress states as well as the stress paths during the slip events are the same in the axial com-
pression and lateral relaxation experiments; during slip events, the axial load (c,) decreases while confining
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pressure (o3) remains approximately constant resulting in a decrease in both normal and shear stresses.
Thus, differences in the pore volume changes that occur during slip events in the two experimental config-
urations must be caused by differences in porosity evolution that occur between slip events. It is inferred
that between stick-slip events in conventional tests, the faulted rock undergoes elastic compaction, which
is partially released and causes dilation and depressurization during the stick-slip event [Logan, 1978; Teufel,
1980]. By comparison, we infer that the faulted rock and gouge layer dilate between slip events in the lateral
relaxation path, and compact as the strain is partially recovered during the slip event.

Higher imposed pressurization rates are inferred to enhance slip by increasing the rate of effective normal
stress reduction. Evidence to support this inference is in the correlation between shear stress drop (and slip)
and the rate of effective normal stress change (Figure 4a). Although slip events do not occur during axial
compression even with fluid pressurization, the fluid pressurization during lateral relaxation does contribute
to the size of these events; otherwise, the slip events in tests conducted at 1 MPa/min fluid injection and with
constant fluid pressure would be expected to be similar in slip and slip velocity.

The lack of a correlation between shear stress drop and the magnitude of the pore fluid pressure (Figure 4c)
indicates that the fluid pressure itself is not an important control on slip events. In contrast, there is a pos-
itive correlation between the shear stress drop and the imposed rate of effective normal stress reduction
(Figure 4a), which indicates that fluid pressurization rate may be important in inducing slip events in that it
enhances the rate of effective normal stress reduction.

4.3. Relevance to In Situ Stress Conditions

The results of this experimental study are consistent with previous studies which show that decreasing effec-
tive normal stress promotes accelerating slip, but modeling of fluid-induced seismicity using an effective
stress criterion may overestimate the effectiveness of increased pore fluid pressure on triggering seismic slip.
These results indicate that pore fluid pressurization is most likely to enhance slip rates under in situ boundary
conditions of decreasing total normal stress. Fluid injection is shown to cause aseismic creep events that pre-
cede seismicity [Guglielmi et al., 2015]. Under certain boundary conditions, such aseismic creep events may
cause a decrease in fault normal stress that leads to seismicity during fluid injection, as demonstrated in these
experiments. Changes in normal stress during slip may occur because of tectonic regime particularly where
there are free boundary conditions, nonplanar fault geometry, and contrast in the elastic properties of wall
rocks [Chambon and Rudnicki, 2001].

Studies of induced earthquakes are limited in their ability to constrain fluid pressure evolution in space and
time, and it must, therefore, be inferred. As a result, estimates of the fluid pressure changes required to induce
slip vary from less than 0.1 MPa to 10 MPa [Terakawa et al., 2012; Keranen et al., 2014]. Because fluid pres-
sure cannot be monitored with sufficient spatial resolution, it is difficult to distinguish between the effects of
fluid-injection rate and the absolute magnitude of pore fluid pressure, which is expected to correlate with and
reflect injection rate. In our experiments, the pressurization rate is a critical control on slip behavior because
it controls the rate of normal stress reduction independent of the fluid pressure magnitude, and this is con-
sistent with known correlations between injection rates and the maximum size of triggered earthquakes
[Brodsky and Lajoie, 2013; Martinez-Garzon et al., 2014; Frohlich et al., 2015]. Bachmann et al. [2012] correlate a
higher frequency of smaller magnitude events with high injection rates, because it correlates with high pore
fluid pressure. An alternative hypothesis is that the injection rate is itself the factor that enhances rates of
microseismicity.

The heterogeneous permeability structure of fault zones is known to cause spatially variable fluid pressures
over scales of meters to kilometers and to, therefore, control the spatial and temporal evolutions of fault slip
during fluid diffusion [Bachmann et al., 2012]. If fluids are less effective at inducing slip because fluid diffusion
through fault gouge and surrounding rock is heterogeneous, as we hypothesize, then quantifying the pore
structure and transient heterogeneous fluid pressure in the principal slip zone is as critically important to
predicting induced seismicity as understanding regional permeability tensors. The multiscale nature of the
problem is illustrated by observations that seismic slip occurs when fluid diffuses tens of kilometers through
host rock into fault zones [Keranen et al., 2014] as well as when fluid is pumped directly into the fault zone
itself [Horton, 2012; Kim, 2013].
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5. Conclusions

We investigated fault slip behavior under conditions of fluid pressurization. Although fault slip is well pre-
dicted to occur at a threshold shear stress that depends upon an effective normal stress, the style of slip is
cannot be determined by a threshold criterion.

1. We show that decreasing effective normal stress induces accelerated slip events when accomplished by
changes in mechanical stresses, but fluid pressurization alone is insufficient to induce slip events.

2. We propose that the differences reflect the fact that mechanical loading alters contact-scale stresses within
the gouge layer in a manner that is both more rapid and uniform than occurs by changes in pore fluid
pressure, which occurs by diffusion.

3. Compaction during slip enhances both the rate and magnitude of slip as a result of increasing the pore fluid
pressure.

4. Pore fluid pressurization does enhance slip events induced by a mechanical reduction in normal stress.
Under these conditions, the magnitude of slip, slip velocity, and shear stress drop all correlate with the rate
of effective normal stress reduction. Thus, fluid pressurization is an important control on slip behavior in
that it increases the rate of effective normal stress reduction.
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