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Fluids are known to trigger a broad range of slip events, from
slow, creeping transients to dynamic earthquake ruptures. Yet, the
detailed mechanics underlying these processes and the conditions
leading to different rupture behaviors are not well understood.
Here, we use a laboratory earthquake setup, capable of injecting
pressurized fluids, to compare the rupture behavior for different
rates of fluid injection, slow (megapascals per hour) versus fast
(megapascals per second). We find that for the fast injection
rates, dynamic ruptures are triggered at lower pressure levels and
over spatial scales much smaller than the quasistatic theoretical
estimates of nucleation sizes, suggesting that such fast injection
rates constitute dynamic loading. In contrast, the relatively slow
injection rates result in gradual nucleation processes, with the
fluid spreading along the interface and causing stress changes
consistent with gradually accelerating slow slip. The resulting
dynamic ruptures propagating over wetted interfaces exhibit dy-
namic stress drops almost twice as large as those over the dry
interfaces. These results suggest the need to take into account the
rate of the pore-pressure increase when considering nucleation
processes and motivate further investigation on how friction
properties depend on the presence of fluids.

laboratory earthquakes | fluid-induced seismicity | earthquake source
physics | fluid pore-pressure rate | nucleation length

The close connection between fluids and faulting has been
revealed by a large number of observations, both in tectonic

settings and during human activities, such as wastewater disposal
associated with oil and gas extraction, geothermal energy pro-
duction, and CO2 sequestration (1–11). On and around tectonic
faults, fluids also naturally exist and are added at depths due to
rock-dehydration reactions (12–15) Fluid-induced slip behavior
can range from earthquakes to slow, creeping motion. It has
long been thought that creeping and seismogenic fault zones
have little to no spatial overlap. Nonetheless, growing evidence
suggests that the same fault areas can exhibit both slow and
dynamic slip (16–19). The existence of large-scale slow slip in
potentially seismogenic areas has been revealed by the pres-
ence of transient slow-slip events in subduction zones (16, 18)
and proposed by studies investigating the physics of foreshocks
(20–22).

Numerical and laboratory modeling has shown that such com-
plex fault behavior can result from the interaction of fluid-related
effects with the rate-and-state frictional properties (9, 14, 19, 23,
24); other proposed rheological explanations for complexities in
fault stability include combinations of brittle and viscous rhe-
ology (25) and friction-to-flow transitions (26). The interaction
of frictional sliding and fluids results in a number of coupled
and competing mechanisms. The fault shear resistance τres is
typically described by a friction model that linearly relates it to
the effective normal stress σ̂n via a friction coefficient f:

τres = f σ̂n = f (σn − p), [1]

where σn is the normal stress acting across the fault and p is the
pore pressure. Clearly, increasing pore pressure p would reduce
the fault frictional resistance, promoting the insurgence of slip.
However, such slip need not be fast enough to radiate seismic
waves, as would be characteristic of an earthquake, but can be
slow and aseismic. In fact, the critical spatial scale h∗ for the
slipping zone to reach in order to initiate an unstable, dynamic
event is inversely proportional to the effective normal stress (27,
28) and hence increases with increasing pore pressure, promoting
stable slip. This stabilizing effect of increasing fluid pressure
holds for both linear slip-weakening and rate-and-state friction;
it occurs because lower effective normal stress results in lower
fault weakening during slip for the same friction properties. For
example, the general form for two-dimensional (2D) theoretical
estimates of this so-called nucleation size, h∗, on rate-and-state
faults with steady-state, velocity-weakening friction is given by:

h∗ = (μ∗DRS)/[F (a, b)(σn − p)], [2]

where μ∗ = μ/(1− ν) for modes I and II, and μ∗ = μ for mode
III (29); DRS is the characteristic slip distance; and F (a, b)
is a function of the rate-and-state friction parameters a and
b. The function F (a, b) depends on the specific assumptions
made to obtain the estimate: FRR(a, b) = 4(b − a)/π (ref. 27,
equation 40) for a linearized stability analysis of steady sliding,

Significance

Fluids present in the Earth’s crust promote earthquakes, as well
as a variety of aseismic slip events, both in natural tectonic
settings and potentially due to industrial activities, such as
wastewater disposal, geothermal energy production, and CO2
storage. To study the physical processes linking fluids and slip
motion, we have devised a laboratory earthquake setup capa-
ble of injecting fluid onto a simulated fault and monitoring the
resulting slip on a wide range of temporal and spatial scales.
Our findings indicate that faster injection rates result in lower
fluid pressure at rupture initiation, highlighting the role of
fluid injection rate in inducing seismic or aseismic slip events.
We also find that the presence of fluids significantly affects the
dynamic rupture propagation.

Author contributions: M.G., V.R., A.J.R., and N.L. designed research; M.G. performed
research; M.G. analyzed data; and M.G., V.R., and N.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: marcello.gori00@gmail.com.

This article contains supporting information online at https://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2023433118/-/DCSupplemental.

Published December 16, 2021.

PNAS 2021 Vol. 118 No. 51 e2023433118 https://doi.org/10.1073/pnas.2023433118 1 of 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
A

L
IF

O
R

N
IA

 I
N

ST
IT

U
T

E
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
O

ct
ob

er
 2

5,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
1.

21
5.

10
1.

7.

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2023433118&domain=pdf&date_stamp=2021-12-22
http://orcid.org/0000-0002-7380-3723
http://orcid.org/0000-0002-4023-8668
http://orcid.org/0000-0003-0559-0794
http://orcid.org/0000-0001-6558-0323
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:marcello.gori00@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023433118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023433118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023433118


or FRA(a, b) =
[
π(b − a)2

]
/2b, with a/b > 1/2 for quasistatic

crack-like expansion of the nucleation zone (ref. 30, equation 42).
Hence, an increase in pore pressure induces a reduction in the

effective normal stress, which both promotes slip due to lower
frictional resistance and increases the critical length scale h∗,
potentially resulting in slow, stable fault slip instead of fast, dy-
namic rupture. Indeed, recent field and laboratory observations
suggest that fluid injection triggers slow slip first (4, 9, 11, 31).
Numerical modeling based on these effects, either by themselves
or with an additional stabilizing effect of shear-layer dilatancy
and the associated drop in fluid pressure, have been successful
in capturing a number of properties of slow-slip events observed
on natural faults and in field fluid-injection experiments (14, 24,
32–34). However, understanding the dependence of the fault re-
sponse on the specifics of pore-pressure increase remains elusive.
Several studies suggest that the nucleation size can depend on
the loading rate (35–38), which would imply that the nucleation
size should also depend on the rate of friction strength change
and hence on the rate of change of the pore fluid pressure.
The dependence of the nucleation size on evolving pore fluid
pressure has also been theoretically investigated (39). However,
the commonly used estimates of the nucleation size (Eq. 2) have
been developed for faults under spatially and temporally uniform
effective stress, which is clearly not the case for fluid-injection
scenarios. In addition, the friction properties themselves may
change in the presence of fluids (40–42). The interaction between
shear and fluid effects can be further affected by fault-gauge
dilation/compaction (40, 43–45) and thermal pressurization of
pore fluids (42, 46–48).

Recent laboratory investigations have been quite instrumental
in uncovering the fundamentals of the fluid-faulting interac-
tions (31, 45, 49–57). Several studies have indicated that fluid-
pressurization rate, rather than injection volume, controls slip,
slip rate, and stress drop (31, 49, 57). Rapid fluid injection may
produce pressure heterogeneities, influencing the onset of slip.
The degree of heterogeneity depends on the balance between the
hydraulic diffusion rate and the fluid-injection rate, with higher
injection rates promoting the transition from drained to locally
undrained conditions (31). Fluid pressurization can also interact
with friction properties and produce dynamic slip along rate-
strengthening faults (50, 51).

In this study, we investigate the relation between the rate of
pressure increase on the fault and spontaneous rupture nucle-
ation due to fluid injection by laboratory experiments in a setup
that builds on and significantly develops the previous genera-
tions of laboratory earthquake setup of Rosakis and coworkers
(58, 59). The previous versions of the setup have been used to
study key features of dynamic ruptures, including sub-Rayleigh
to supershear transition (60); rupture directionality and limiting
speeds due to bimaterial effects (61); pulse-like versus crack-
like behavior (62); opening of thrust faults (63); and friction
evolution (64). A recent innovation in the diagnostics, featuring
ultrahigh-speed photography in conjunction with digital image
correlation (DIC) (65), has enabled the quantification of the
full-field behavior of dynamic ruptures (66–68), as well as the
characterization of the local evolution of dynamic friction (64,
69). In these prior studies, earthquake ruptures were triggered
by the local pressure release due to an electrical discharge. This
nucleation procedure produced only dynamic ruptures, due to
the nearly instantaneous normal stress reduction.

To study fault slip triggered by fluid injection, we have devel-
oped a laboratory setup featuring a hydraulic circuit capable of
injecting pressurized fluid onto the fault plane of a specimen
and a set of experimental diagnostics that enables us to detect
both slow and fast fault slip and stress changes. The range of
fluid-pressure time histories produced by this setup results in
both quasistatic and dynamic rupture nucleation; the diagnostics
allows us to capture the nucleation processes, as well as the

resulting dynamic rupture propagation. In particular, here, we
explore two injection techniques: procedure 1, a gradual, and
procedure 2, a sharp fluid-pressure ramp-up. An array of strain
gauges, placed on the specimen’s surface along the fault, can
capture the strain (translated into stress) time histories over a
wide range of temporal scales, spanning from microseconds to
tens of minutes. Once dynamic ruptures nucleate, an ultrahigh-
speed camera records images of the propagating ruptures, which
are turned into maps of full-field displacements, velocities, and
stresses by a tailored DIC) analysis. One advantage of using a
specimen made of an analog material, such as poly(methyl meth-
acrylate) (PMMA) used in this study, is its transparency, which
allows us to look at the interface through the bulk and observe
fluid diffusion over the interface. Another important advantage
of using PMMA is that its much lower shear modulus results in
much smaller nucleation sizes h∗ than those for rocks, allowing
the experiments to produce both slow and fast slip in samples of
manageable sizes.

We start by describing the laboratory setup and the diagnostics
monitoring the pressure evolution and the slip behavior. We
then present and discuss the different slip responses measured
as a result of slow versus fast fluid injection and interpret our
measurements by using the rate-and-state friction framework
and a pressure-diffusion model.

Materials and Methods
Specimen Configuration. In order to investigate the effects of fluids on the
frictional faulting, we have developed a hydraulic setup capable of injecting
pressurized fluid onto the interface of a quadrilateral PMMA specimen
through a 1-mm-diameter duct (Figs. 1 and 2). The specimen is 200 × 250 ×
12.5 mm3 and is separated into two identical halves by an oblique cut at
an angle α (see SI Appendix for details). A uniform, vertical-load P (yellow
arrows) produces resolved shear and normal prestress components acting on
the frictional interface, given by τ0 = P sin(α) cos(α) and σn = P cos2(α),
respectively. Throughout this work, we choose the notation τ or σ12 to
indicate the shear stress, σn or σ22 for the fault-normal stress, and σ11 for
the fault-parallel stress.

Fluid Injection and Measurements. The delivery of fluid onto the specimen’s
interface is controlled by two separate valves, depending on the desired
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Fig. 1. Laboratory setup with a fluid-injection circuit and extensive diag-
nostics tailored to capturing both slow slip and fast dynamic ruptures. The
fault is created by cutting the specimen into two identical halves and joining
them together to form an interface that mimics a crustal fault prestressed
in compression and shear. The fluid-injection circuit is designed to deliver
pressurized fluid to the fault over a wide range of fluid pressures and
injection rates. The diagnostics consists of an array of strain gauges, capable
of recording the strain signals over a broad spectrum of time scales, laser
velocimeters tracking well-resolved particle-velocity histories, a low-speed
camera (in the hertz framing rate) monitoring fluid diffusion during slow
injection, and a high-speed camera (in the megahertz framing rate) used
in combination with DIC to provide full-field maps of particle velocity and
shear stress.
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Fig. 2. Front- and back-side views of the specimen. A 250 × 200 × 12.5-mm3 PMMA sample is separated into two halves by an oblique interface (green-
shaded area) at an angle α = 29◦ to the horizontal. The sample is preloaded by a vertical compression P = 15 MPa (yellow arrows). A duct of 1-mm
diameter enables the injection of pressurized fluid directly onto the interface. (A) Front side with a pattern of random black dots painted over a flat white
background to allow dynamic DIC measurements. (B) Back side with two strain rosettes glued just below the interface 20 mm away from each other. Each
rosette is capable of measuring three strain components, 45◦ apart from each other. These components can be converted into the strain components along
the fault ε11, normal to it ε22, and the shear one ε12. Note that the strain gauges see a right-lateral fault, while the DIC sees a left-lateral one.

rate of injection, namely, a high-pressure regulator and a solenoid valve
(Figs. 1 and 3A and SI Appendix). The high-pressure regulator allows manual
adjustment of the fluid pressure, and it is used to produce gradual pressure
ramp-ups (Fig. 3A), with valve-opening times ranging from seconds to tens
of minutes. The solenoid valve can achieve opening times in the order of
tens of milliseconds, and it is used to produce rapid pressure ramp-ups
(Fig. 3B). The pressure evolution during the injection is measured by two
pressure transducers, each placed immediately downstream of either of the
two valves (Figs. 1 and 3A).

While these measurements capture the time evolution of the fluid pres-
sure prior to reaching the interface (Fig. 3), they do not provide information
about the spatial distribution of the pressure over the interface. To gain
insight into the pressure diffusion, we place a pressure-sensitive film onto
the interface for selected and dedicated tests (Fig. 4 and SI Appendix). Note
that this pressure transducer can only provide the maximum pressure level
it experiences rather than a time evolution and can only be used with a
horizontal interface (α = 0◦) to preserve its integrity. Nonetheless, it pro-
vides invaluable measurements that foster our understanding of pressure
diffusion over the fault.

To track the extent of fluid diffusion on the (initially dry) frictional
interface, a sequence of digital pictures is acquired during the fluid injection
(Fig. 5). The camera axis is oriented to look directly at the oblique interface
through the bulk of the specimen. The transparency of PMMA offers an
advantage over natural rocks for this kind of measurement.

Simultaneously, the slip behavior is monitored at two strain-gauge sta-
tions placed on the specimen outer surface within 1 mm from the interface,
one directly corresponding to the injection location and the other 20
mm away along the fault. These measurement stations are denoted as
“SG-0” and “SG-20,” respectively (Fig. 2B and SI Appendix, Fig. S1B). The
main advantage of our strain-gauge system is that it can capture both the
long-term deformation, before the occurrence of the dynamic rupture, and
the rapidly evolving fault behavior during the rupture propagation. This
system’s temporal resolution enables measurements of the strain tensor
over nine orders of magnitude in time, from 10−6 to 103 s. From the
knowledge of the strain components along three directions at each station,
the stress tensor can be reconstructed at these two locations via the linear-
elastic constitutive properties (SI Appendix, Fig. S1B). To complement these

temporally highly resolved, yet spatially coarse, measurements and obtain
the full-field spatial variations of dynamic ruptures, we employ the DIC
method coupled with ultrahigh-speed photography (65).

Two initiation protocols are investigated: procedure 1, a gradual pres-
sure buildup until a dynamic rupture spontaneously occurs (Fig. 3A); and
procedure 2, an abrupt pressure buildup, where a sharp pressure profile
is induced by the sudden opening of the solenoid valve (Fig. 3B). In the
pressure profiles of Fig. 3, the time is set to zero at the initiation of dynamic
rupture to emphasize the substantially different times leading up to rupture
nucleation in the two cases. Thus, time prior to triggering of the dynamic
rupture is indicated by negative values. The gradual pressure buildup is
achieved by the slow opening of the manual regulator, with the solenoid
valve being in the open configuration throughout (SI Appendix, Fig. S1).
The abrupt pressure buildup is obtained by a two-stage process: First, fluid
pressure in the circuit is increased upstream of the solenoid valve, using
the manual regulator, to the same level at which rupture occurs during
the slow pressure ramp-up protocol; at this point, the pipes downstream of
the solenoid are still at ambient pressure. Second, fluid pressure is rapidly
increased downstream by abruptly opening the solenoid valve. The first
step guarantees having the same pressure level upstream of the solenoid
valve in both procedures. Typically, the same specimen employed to produce
a rupture with procedure 1 is subsequently used to perform a test with
procedure 2. To ensure consistency of the frictional interface, the interface
is prepared by polishing and bead-blasting it before running a test on a
specimen using either of the two procedures, as described in SI Appendix.

PMMA versus Natural Rock. One important advantage of using PMMA as
the analog material in our laboratory earthquake setup is its reduced shear
modulus (μPMMA ≈ 1 GPa) compared to that of rocks (μrock ≈ 30 GPa). Since
characteristic rupture length scales, such as the critical sizes in Eq. 1, are pro-
portional to the shear modulus of the host material, ruptures propagating
within the bulk of the specimen have characteristic rupture length scales
smaller than rocks by a factor of μrock/μPMMA ≈ 30, under the assumption
of similar frictional properties. Indeed, the critical crack size falls in the
range of few centimeters for the set of experimental conditions that we
explore, allowing the flexibility to nucleate dynamic ruptures and letting
them spontaneously develop within the 200-mm sample size (70). For this

Gori et al.
Dynamic rupture initiation and propagation in a fluid-injection laboratory setup
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Fig. 3. Two significantly different pressure ramp-up profiles result in qualitatively different slip responses. Two protocols are employed to deliver pressurized
fluid onto the frictional interface of the sample: slow pressure ramp-up starting at t ≈ −27 min (A) (the Inset shows the pressure profile in the few tens of
milliseconds prior to and after the rupture initiation); and rapid one, over a few hundred milliseconds, achieved via the quick opening of a solenoid valve
(B). The red star indicates the triggering of the dynamic rupture (t = 0) recorded by the laser velocimeter (SI Appendix, Fig. S1B). The color code for the
pressure data mimics that of the labels of the pressure transducers in SI Appendix, Fig. S1A: purple for measurements upstream of the solenoid valve and
blue for downstream. The green dashed line represents the resolved normal stress σn in competition with the fluid pressure.

reason, our laboratory experiments with PMMA offer a unique opportunity
to study rupture features that would otherwise be impossible to reproduce
and observe on manageable samples made of natural rock materials (71, 72).
Another advantage of PMMA is its transparency, which allows tracking the
extent of fluid diffusion over the interface, as already discussed.

Results and Discussion
Pressure Measurements: Slow versus Fast Injection. Let us consider
two typical experiments where the fluid is injected onto a spec-
imen’s interface with substantially different injection rates. The
specimen is vertically loaded at P = 15 MPa, and the interface
inclination angle is α= 29◦ (Fig. 2), resulting in a resolved
normal and shear stresses of 11.5 and 6.4 MPa, respectively. In
procedure 1 (Fig. 3A), the pressure is gradually increased from
the ambient level (about 0.1 MPa)—measured at the duct by
the pressure transducers—until the insurgence of the dynamic
rupture (red star) at 8.7 MPa (76% of the resolved normal stress).
With an average rate of 5.3× 10−3 MPa/s, it takes ∼27 min
to reach the conditions for rupture initiation. In procedure 2
(Fig. 3B), the water pressure upstream of the valve and prior to its
opening is manually set to the same level of 8.7 MPa, at which the
rupture spontaneously nucleates when a slow pressure ramp-up
protocol is adopted (Fig. 3A). Upon the sudden opening of the
valve, the pressure measured in the duct by the second transducer
(SI Appendix, Fig. S1A) shows an average rate of about 3.1× 101

MPa/s over a few hundreds of milliseconds (Fig. 3B). Under these
conditions, the dynamic rupture initiation occurs at 4.9 MPa, or
42% of the resolved normal stress, much smaller than the 8.7
MPa reached by adopting the slow pressure ramp-up protocol.
We have observed similar outcomes by performing several tests
using these two injection procedures and under the same loading
conditions (SI Appendix, Table S1). These results demonstrate
that the rate of injection plays a major role in promoting the
nucleation of dynamic ruptures by considerably reducing both
the pressure and the volume of fluid required for the dynamic
rupture to initiate.

Pressure Measurements with the Tactile Sensor Film. To measure
the pressure distribution along the interface in the case of the
slow pressure ramp-up scenario (Fig. 3A), the pressure protocol
is replicated in an experiment with the pressure film sensor and
a flat interface (α= 0◦) to prevent sliding that would destroy the
film (Fig. 4). The pressure-sensitive film locally and irreversibly
changes color depending on the pressure level. In order for it
to track the fluid pressure and not the normal stress level, an
array of holes is drilled along the specimen’s interface (Fig. 4).
The measurements show that the pore pressure rapidly decays

away from the injection location, with values below the lowest
measurable level (2.4 MPa) for the tactile pressure film just
several millimeters away from the injection site. Whenever the
pore pressure drops below this limit, a value equal to the ambient
pressure (pamb ≈ 0.1 MPa) has been plotted in Fig. 4. Note that
the pressure film provides the maximum pressure level recorded
during a test. The pressure distribution along the interface at
incipient rupture initiation, associated with the rapid injection-
rate protocol, cannot be captured by using this technique, as the
pressure keeps increasing after the instance at which the rupture
would initiate (Fig. 3B).

Imaging and Simulation of Pore-Pressure Diffusion. To track the
fluid profile as it diffuses over the interface, a series of snapshots
of the interface are taken through the transparent back side of the
specimen (Figs. 2B and 5). In the slow pressure ramp-up scenario,
the rupture nucleates when the wetted portion of the interface
reaches an average length of 74 mm, spreading from the 1-mm
injection site.

To record the rupture initiation in the rapid pressure ramp-up
scenario, in analogy to the result shown in Fig. 5, a Shimadzu
HPV-X high-speed camera, capable of resolving the millisec-
ond time scale, is employed. The presence of water on the
interface becomes visible about 1 ms after the initiation. It is
difficult to estimate a characteristic length for the fluid extension
over the interface at rupture initiation. However, it is clear that
the quantity of fluid delivered to the interface is much smaller
compared to the slow nucleation procedure. The experimental
evidence suggests that, if the rate of injection is sufficiently fast,
dynamic events can be triggered at much lower fluid pressures
and smaller volumes of injected fluid. Note that during gradual
procedure 1, droplets of water leak out of the fault before rupture
nucleation, whereas no water is detected leaking out prior to
the nucleation of dynamic rupture during procedure 2. This
is due to the different pressure distribution on the interface
at slip onset developing during the two injection procedures
and the diffusion time scale compared to the nucleation ones.
The fluid leakage from the fault does not significantly affect
the outcome of the presented experiments since pore pressure
rapidly decays away from the injection site, as illustrated by
the numerical model discussed next. However, the droplets do
prevent us from conducting quasistatic DIC next to the fluid-
injection site, which otherwise could enable us to measure the
slow slip that should be associated with the slow fluid injection.
We present indirect evidence for such slip in our strain-gauge
measurements.
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Fig. 4. Fluid-pressure distribution over the fault of a specimen with an
horizontal interface (α = 0◦) using a tactile pressure-sensor film. The speci-
men was loaded to P = 15 cos2(29◦) = 11.5 MPa (the resolved normal stress
of our frictional specimen at P = 15 MPa and α = 29◦) and replicated the
same injection rate profile as the gradual one of Fig. 3A so that the pressure
distribution over the interface mimicked the one leading to the triggering
of the dynamic rupture in our frictional specimen (Fig. 2). (A) Drawing of
the bottom half of the specimen with a horizontal cut (α = 0◦). An array of
holes of 0.5 mm in diameter and depth is manufactured over the bottom-
half interface. (B) Pressure distribution measured by the tactile pressure film.
The sensitivity lies between 2.4 and 9.7 MPa, and the pressure film saturates
(bright orange area) except in correspondence to the drilled holes (darker
spots). The holes filled by fluid at pressures above 2.4 MPa record the local
pressure. (C) Fluid-pressure distribution over the interface, corresponding
to the injection pressure of 8.7 MPa obtained by interpolating the pressure
data at the holes. It shows rapid pore-pressure decay at short distances away
from the injection duct caused by the ambient-pressure boundary conditions
around the interface.

We numerically simulate fluid diffusion to estimate the pres-
sure distribution over the interface given the knowledge of its
time history at the injection site, measured by the pressure trans-
ducer downstream of the solenoid valve. The numerical model
is constrained by the experimental measurements obtained with
the pressure-sensor film in the case of slow pressure increase—
procedure 1. The model can then be used to predict the pressure
distribution along the interface for the case of rapid pressure
increase, where local pressure measurements are not available.

We consider a 2D diffusion model (73, 74):

∂p

∂t
− αhy∇2p = 0, [3]

where αhy is the hydraulic diffusivity. We impose free boundary
conditions and initial conditions of no pressure on the interface.
The numerical discretization covers the entire thickness of the
specimen and length of the interface. The known pore-pressure

time history (Fig. 3) is imposed at the location of the injection
duct. An implicit Crank–Nicholson finite-difference scheme is
adopted to numerically solve Eq. 3. The comparison between the
simulation results and the pressure measurements, obtained with
the pressure-sensitive film for the slow pressure rate of procedure
1 (Figs. 3A and 6C), allows us to constrain the hydraulic diffusivity
αhy = 10−6 m2/s, which we use to simulate the fast pressure
ramp-up case (Figs. 3B and 6B). Note that this value of hydraulic
diffusivity is within the range of independent estimates obtained
for PMMA interfaces (75). Both cases are characterized by sharp
gradients of pressure about the injection location, rapidly de-
caying away from it, although the fast ramp-up case exhibits
steeper gradients. A qualitative check on the inferred hydraulic
diffusivity can be obtained by considering the extent of the wetted
portion of the interface obtained during the slow injection. The
diffusion distance can be approximated by the square root of the
product of the hydraulic diffusivity and time; for the hydraulic
diffusivity of 10−6 m2/s and the slow injection time of about
25 min (or about 1,500 s), the diffusion distance is 40 mm. This
is consistent with about 37 mm of the wetted interface on each
side of the injection (Fig. 5B). While the presence of the pressure
film on the fault may slightly change the fluid-pressure diffusivity
of the interface, the main goal of the measurements obtained
with the pressure-sensitive film, combined with the theoretical
estimates, is to show the substantial difference in the pressure
distribution between the slow and the fast injection cases when
the rupture initiates, and this difference would not be affected by
changes in hydraulic diffusivity.

Initiation of Aseismic Slip. Eq. 1 can be rearranged to find the
corresponding critical pore pressure p∗, which would allow for
the initial resolved shear stress τ0 to match the peak friction
coefficient fp = 0.65 typical for our experimental interfaces (64):

p∗ = σn − τ0
fp

= P cos2(α)
(
1− tan(α)

fp

)
. [4]

For P = 15 MPa, α= 29◦, and fp = 0.65, the corresponding
pore-pressure value p∗ = 1.7 MPa. As captured by rate-
and-state friction based on laboratory experiments (23), slip
on frictional interfaces occurs all the time, sometimes with
imperceptibly small slip rates that can only be measured by
sensitive instruments; however, overcoming the typical peak
friction often leads to more significant slip (34). The resulting
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Fig. 5. Fluid diffusion over the frictional interface during a slow injection
rate experiment. (A) Snapshot of the back side of the specimen (Fig. 2B).
The wet portion of the interface has been color-enhanced for visibility.
(B) Evolution of the fluid distribution over the interface of a nominally iden-
tical experiment to the one shown in Fig. 3A. At the onset of the dynamic
rupture (t = 0), the wet portion (enclosed by the blue lines) amounts to
74 mm.
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Fig. 6. Numerical predictions of the pore-pressure distribution over the interface at rupture initiation. The pressure distribution is estimated by numerically
solving Eq. 3, where the pressure ramp-up profiles from Fig. 3 are imposed at the node corresponding to the injection duct. (A) Pressure distribution for slow
pore-pressure increase (Fig. 3A). The pressure rapidly decays away from the injection channel due to the ambient-pressure boundary conditions. (B) Pressure
distribution over the interface for a rapid pore-pressure increase (Fig. 3B). (C) Cross-section of the pressure distribution of A through the plane x3 = 0 (blue
solid line). The measurement from the tactile pressure film (Fig. 3) is added for comparison (black solid line). (D) Cross-section of the pressure distribution
of B through the plane x3 = 0 (blue solid line). Note the substantial differences amid the two injection cases in the pressure distribution under which the
dynamic rupture spontaneously initiates.

slip motion can be either stable (aseismic) or unstable (seismic),
depending on whether the length of the slipping patch exceeds
the nucleation size (see introduction). However, once significant
slip occurs, it redistributes the stress on the interface and
results in a highly coupled problem of elastodynamic stress
changes and rate-and-state friction effects, which cannot be
solved analytically. We employ strain-gauge measurements to
experimentally explore this regime (Strain Measurements during
Rupture Nucleation and Propagation).

Quasistatic versus Dynamic Nucleation of Seismic Slip for Slow versus
Rapid Fluid Injection. During slow fluid injection of procedure 1
(Fig. 3A), the pore pressure on the interface gradually builds
up near the injection site, as shown by the diffusion model.
Since the peak pore fluid pressure soon exceeds the estimate
of 1.7 MPa from Initiation of Aseismic Slip to overcome peak
friction, increasingly more significant and expanding slow slip
likely occurs on the interface until the nucleation size is reached;
we see indirect evidence for such slip at the end of the nucleation
process in our strain measurements, as discussed later. Since this
process is quasistatic, we can obtain approximate lower bounds
of the nucleation size h∗ using Eq. 2 with the resolved normal
stress on the interface unaffected by the pore fluid pressure. We
find values of 23 and 57 mm for the two different forms of the
function F, using a resolved normal stress σn of 11.5 MPa, a shear
modulus μ of 1 GPa, a Poisson’s ratio ν of 0.35, and rate-and-
state parameters a, b, and DRS of 0.011, 0.016, and 1 μm, respec-
tively (76). (The rate-and-state parameters employed here have
been constrained for similarly prepared interfaces for another
analog plastic material, Homalite-100.) Note that the average
pore fluid pressure over the 23- and 57-mm extent of the interface
at the time of rupture nucleation is only 1.2 and 0.6 MPa, respec-
tively, suggesting that the pore fluid pressure, being concentrated
around the injection site, serves to initiate the nucleation process,
but may not affect it much in the average sense. Hence, the
74-mm length of the wetted portion of the interface (Fig. 5) for
the slow pressure ramp-up case is a relatively distant upper bound
for the quasistatic theoretical estimates of the nucleation size, a

plausible conclusion given that most of the wetted interface is
not significantly pressurized by fluids. More detailed analysis of
the nucleation procedure and nucleation sizes for nonuniform
effective stress distributions in our experiments will be explored
in future numerical studies. However, this analysis suggests that
the nucleation size is likely to be tens of millimeters in the case
of the slow pore-pressure ramp-up.

When the pore pressure increases rapidly (Fig. 3B), the initia-
tion is likely characterized by a different, more dynamic process.
The instantaneous change of the local shear resistance τres of the
interface with pore pressure follows Eq. 1, which indicates that
the interface rapidly weakens as the pore pressure increases at
the injection site. The rapid weakening likely directly results in
seismic slip rates at the injection site.

An insight into the effects of rapid pressurization of the inter-
face (procedure 2) on slip rate can be obtained by considering the
approximation of the rapid ramp-up profile by an instantaneous
pressure change; the associated strength drop, and hence stress
drop, results in high, dynamic levels of slip rates that jump-start
the rupture. The 2D elastodynamic relations allow us to express
the stress on the fault plane in terms of the slip history as (77):

τ(x1, t) = τ0(x1, t) + g(x1, t)−
μ

2cs
δ̇(x1, t), [5]

where μ= 2.2 GPa is the dynamic shear modulus (SI Appendix),
cs = 1.4 km/s is the corresponding shear wave speed, δ̇ is the slip
rate, τ0 = P sin(α) cos(α) = 6.4 MPa is the initial shear stress,
and g(x1, t) is a linear functional of the history of slip. Let us
idealize the rapid pressurization procedure to assume that the
pore pressure instantaneously increases from zero to its peak
value of paft = 4.9MPa (Fig. 3B), which is equivalent to assuming
that the pressure increase occurs with negligible slip. The slip
functional g(x1, t) is then zero, and we can write:

f (σn − paft) = τ0 −
μ

2cs
δ̇aft, [6]

where f is the friction coefficient after the pore-pressure jump,
and δ̇aft is the slip rate around the injection site right after the
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jump. Assuming f = 0.65, a typical quasistatic friction coefficient
for our experimental interfaces (64), we find that δ̇aft ≈ 3 m/s.
One can make a slightly more sophisticated estimate by tak-
ing into account the rate-and-state nature of the interface and
including the direct effect in the friction coefficient, and that
estimate predicts the same qualitative values of slip rate of more
than 1 m/s. The actual slip rates would be somewhat lower than
the estimated ones due to the noninstantaneous pore-pressure
increase that would activate the stress-redistributing functional
g, penalizing the slip-rate term of Eq. 5.

These estimates qualitatively explain the rapid, near-
instantaneous initiation of the rupture in the scenario of fast
pore-pressure increase of procedure 2. The resulting seismic
slip rates likely further induce an additional dynamic weakening
of the friction coefficient, at least over the wetted portion of
the interface, as discussed in Dynamic Friction Measurements
for Dry versus Wet Interfaces using Ultrahigh-Speed DIC, further
promoting seismic slip. Since this dynamic nucleation is achieved
without much fluid diffusion around the interface (Fig. 6D), the
dynamic nucleation size is likely of the order of 1 mm (or several
millimeters), comparable to the size of the fluid-injection duct,
and hence much smaller than the lower bounds of 20 to 50 mm for
the quasistatic nucleation size of the case with slow pore-pressure
increase. Estimates of the nucleation size may also be obtained by
using expressions in which the critical length scale is proportional
to b−1, according to μ∗DRS/b(σn − p) (30, 78). These estimates
result in smaller values of the nucleation length scale, but still
larger than the estimate of the order of 1 mm reported above.
The much smaller dynamic nucleation size is consistent with
numerical studies of the effect of instantaneous stress changes
(35), as well as dynamic rupture initiation due to interface
pressurization via the electrical discharge through an NiCr wire
used in a different version of this laboratory setup (58–60, 62, 65).
In those experiments, the release of the normal stress across the
interface using a 0.1-mm wire initiates—within microseconds—a
dynamic rupture from the interface extent of several millimeters,
as confirmed by numerical simulations of that nucleation process
(70). Since the nucleation size is inversely proportional to the
weakening rate, even in quasistatic problems (29), an important
causative factor for the smaller fast-injection nucleation size
is that the nucleation occurs with much larger weakening
rates of shear stress with slip (imposed in our experiments
externally by rapidly increasing the pore fluid pressure). The
weakening rate due to the standard rate-and-state friction during
quasistatic slip acceleration is much smaller and proportional to
(b − a)σ/DRS, as captured by the quasistatic nucleation size
estimates (Eq. 2).

Strain Measurements during Rupture Nucleation and Propagation.
Let us consider the interface behavior near the injection site
using the shear-stress evolution history (Fig. 7), inferred from two
strain-gauge measurements at the lateral surface of the sample
(Fig. 2B), one right next to the injection site (SG-0) and the
other 20 mm further along the interface (SG-20). (The fault-
normal and fault-parallel stress components are described in
detail in SI Appendix, Figs. S2 and S3.) The plots of Fig. 7 exhibit
the change in the shear-stress magnitude, with the decrease in
magnitude (release) indicated by negative values and increase
in magnitude (accumulation) by the positive ones. Note that the
strain-gauge measurements are reset as soon as the desired far-
field loading (Fig. 2, yellow arrows) is reached, and, therefore,
they represent changes from this initial condition.
Stress variations during rapid pressure ramp-up. While the ap-
plied load is kept constant at P = 15 MPa, the shear-stress
time history exhibits a mild increase (Fig. 7A) for 3 min of
recording prior to the injection of fluid onto the interface. A
similar increase is also visible in the other stress components
(SI Appendix, Fig. S2 D and G). Note that there is no fluid yet on

the interface, and the stress measurements obtained at the two
locations—SG-0 and SG-20—closely agree with each other. In
these conditions, the apparent increase in shear stress is an effect
of the load frame trying to maintain the prescribed constant load
P (Fig. 2, yellow arrows), while the PMMA specimen is under-
going viscoelastic relaxation in the bulk (SI Appendix). Hence,
the apparently increasing shear stress is a potential artifact of
the viscous strain interpreted as elastic strain by our stress com-
putations. That is why we focus our attention, in the quasistatic
loading regime, on the deviations of the computed stresses from
this viscous-flow-induced trend and interpret the stress measure-
ments qualitatively rather than quantitatively. Note that, during
the dynamic regime, this artifact is unimportant, due to short
deformation times, and the main effect of viscoelasticity is to
increase the effective elastic moduli (66, 79), which we take into
account (SI Appendix).

Upon the opening of the solenoid valve, a sharp fluid-pressure
profile, developing over several tens to few hundreds of millisec-
onds, is delivered to the interface at the 1-mm-diameter injection
duct (Figs. 2 and 5 and SI Appendix, Fig. S1B). This sharp profile
causes the dynamic rupture to start almost immediately (Fig. 3B),
as discussed in Quasistatic versus Dynamic Nucleation of Seismic
Slip for Slow versus Rapid Fluid Injection). Correspondingly, on
the time scale of tens of milliseconds before the rupture initiation
(Fig. 7 A, Inset), during the increase of fluid pressure, the shear
stresses close to the injection site do not change much (Fig. 7 A,
Inset, and SI Appendix, Fig. S2).

As the dynamic rupture initiates, the shear stress experiences
an initial small increase up to a peak value (more prominently at
the SG-20 station) (Fig. 7B and SI Appendix, Fig. S2 C, F, and I,
dashed dark line), corresponding to the stress concentration
during the dynamic rupture, followed by a substantial decrease
associated with frictional weakening (64). These effects are well
described by the rate-and-state friction law. After the initial drop,
the shear stress continues to decrease steadily, indicating addi-
tional weakening with slip and a crack-like rupture propagation
within the observation window, as opposed to a pulse-like propa-
gation, for which the shear stress would increase at the end of the
slip pulse. These time histories can be used to infer key rupture
properties, such as rupture speed and cohesive zone size (80–82).
Since the rupture initiates from a small zone around the injection
site—where SG-0 is located—and propagates toward SG-20, the
average rupture speed in the early stages of propagation can be
estimated by tracking the time lag (Δt = 8.8 μs) between the
shear-stress peaks at the two locations (separated by Δx = 20
mm). This procedure yields an average rupture speed of Vr =
Δx/Δt = 2.27 km/s, which indicates an already well-developed
rupture in the first 20 mm of propagation. Note that this estimate
is obtained assuming a 2D nature of the experimental setup,
where the rupture propagation along the surface of the sample
reflects the actual one on the interface. However, close to the ini-
tiation site, three-dimensional (3D) effects can play a role: When
the rupture initiates around the 1-mm injection site—away from
the sample’s surface, where the measurements are taken—and
then radially spreads on the interface, a transition occurs from
this 3D process (2D interface plus the off-interface dimension)
to the eventual 2D propagation (one-dimensional interface plus
the interface-normal dimension); the 2D propagation dominates
when the rupture length is significantly larger than the interface
thickness of 10 mm. For the first 20 mm of rupture, the correspon-
dence between the average apparent rupture speed along the
sample’s lateral surface (where the measurements are taken) and
the actual rupture speed within the interface is affected by this 3D
to 2D interplay. The apparent rupture speed at the boundary is
likely higher, due to the rupture front coming from the interior
of the sample and arriving at the free surface obliquely. With
this caveat, the cohesive zone size, Δx (CZ), can be estimated by
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Fig. 7. Shear-stress evolution from the two strain gauges SG-0 and SG-20 (Fig. 2B and SI Appendix, Fig. S1B). The shear stress σ12 is shown over three time
scales: minutes (A and C), milliseconds (A, Inset, and C, Inset; notice the different scales of both axes), and microseconds (B and D). t = 0 corresponds to
the rupture initiation. (A) Shear stress during rapid pressure ramp-up in the few minutes prior to the opening of the solenoid valve. No fluid has been
delivered to the interface yet, and σ12 accumulates as a consequence of the viscoelastic relaxation of the bulk polymer under constant external load. Upon
the opening of the valve, in the few hundred milliseconds prior to the rupture initiation (A, Inset), there is minimal precursory stress redistribution due to
limited accelerated slip prior to the incipient dynamic event. (B) Shear-stress evolution during the resulting (right-lateral) dynamic rupture. (C) Shear stress
during slow pressure ramp-up. The delivery of pressurized fluid begins about 27 min prior to the rupture initiation, promoting heterogeneous slow slip and
different σ12 variations from SG-0 to SG-20. Note that σ12 at both locations also accumulates as a consequence of the viscoelastic relaxation of PMMA. In the
few tens of milliseconds leading to the rupture initiation (C, Inset), σ12 redistributes due to the local accelerated slip at SG-0 as a precursor of the incipient
dynamic event. (D) Shear-stress evolution during the resulting (right-lateral) dynamic rupture. Note that the stress drop is approximately twice as large as
the one in the rapid ramp-up counterpart.

considering the time interval Δt(s) over which the shear stress
decays from peak to residual level, through the relation: x (CZ) =

Vr Δt(s), yielding 8.6 mm for the SG-20 station.
Stress variations during slow pressure ramp-up. As in the rapid
ramp-up case, the recording starts about 3 min before the ini-
tiation of the fluid injection (which, in turn, starts at t ≈−27
min.) During this initial 3-min phase, the shear-stress increase is
quite similar to the rapid ramp-up scenario and, again, associated
with the viscoelastic relaxation of the material (SI Appendix). The
strain-gauge measurements at the two stations are in mutual
agreement before the fluid injection. After the fluid-injection
phase begins, the records start to deviate from each other. Since
the viscoelastic relaxation should be similar at the two SG sta-
tions, the deviation of the traces from one another signifies stress
changes induced by fluids and slow slip. Recall that this deviation
is absent in the rapid injection rate. Since lower shear stress
signifies stress release, the SG-0 trace lying below the SG-20
in Fig. 7C indicates that the injection-induced effects are more

prominent at the location closer to the injection site. As the fluid
diffuses over the interface, the pore pressure increases and locally
(frictionally) weakens the interface (Eq. 1), likely inducing slow
slip. We observe that the shear stress (Fig. 7C) at SG-0—which
is closer to the slipping injection location—becomes increasingly
lower than that at SG-20. At the same time, the compressive
fault-normal stress increases at both locations, yet more sub-
stantially at SG-0 (SI Appendix, Fig. S3D). This is consistent with
the interpretation that the portion of the interface around the
injection location undergoes more (and faster) slip motion than
the adjacent areas, due to the significantly higher pore pressure.

In the few tens of milliseconds prior to the initiation of the
dynamic rupture (Fig. 7 C, Inset; note the different scales of
both axes of Fig. 7 A, Inset, and C, Inset), the measurement
closer to the injection location (SG-0) shows an increase in
shear stress, presumably due to stress concentration caused by
more rapidly accelerating slip nearby, around the injection site;
in contrast, there is not much change at the farther location
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(SG-20), indicating that the increased slip is relatively local,
several millimeters around the injection site. Note that this
predynamic-failure shear-stress increase is much larger than that
of the rapid pressure ramp-up scenario, which shows almost
no shear-stress change over the same time scale (Fig. 7 A,
Inset). There are similar increasing effects in the normal stress
components (SI Appendix, Fig. S3 B, E, and H).

As the dynamic rupture initiates (Fig. 7D), both measurement
locations exhibit an initial increase in shear stress up to a peak
value, followed by a rapid shear-stress decrease, resulting in
the dynamic stress drop (the difference between the initial and
dynamic shear stress) about twice as large as the one observed
during the previous case of the rapid pressure ramp-up. Using
these measurements to estimate the average rupture speed and
cohesive zone size with the same approach adopted as in Stress
Variations during Rapid Pressure Ramp-Up, we obtain Vr = 3.13

km/s and the cohesive zone lengths Δx (CZ) of 8.8 mm for SG-20.
The rupture speed Vr = 3.13 km/s is unrealistically high, since
the dilatational wave speed is estimated to be 2.8 km/s (66),
assuming a dynamic Young’s modulus ofEd = 5.9GPa (Materials
and Methods). This high apparent rupture speed is likely the
manifestation of the 3D effects discussed in Stress Variations
during Rapid Pressure Ramp-Up, in which the oblique arrival
of the rupture front from the interior of the sample leads to
apparent higher rupture speeds at the surface of the sample. This
3D effect can be even more complex in the case of a quasistatic
nucleation process. In this case, part of the interface around the
injection site experiences preslip that could accelerate to dynamic
slip rates nearly simultaneously over a portion of the interface
and without a clear dynamic rupture propagation between the
two strain-measurement stations. Hence, while the rupture speed
estimate of 3.13 km/s points to rapid rupture initiation, the actual
rupture speed cannot be accurately inferred.

Once nucleated, the rupture produces approximately twice as
much shear-stress release (Fig. 7D) compared to the rupture
produced by the rapid pressure ramp-up (Fig. 7B). This is a
quite unexpected finding that suggests substantial differences in
dynamic rupture propagation between dry and wet interfaces,
which is discussed in more detail in Dynamic Friction Measure-
ments for Dry versus Wet Interfaces using Ultrahigh-Speed DIC. As
in the rapid pressure ramp-up scenario, after the initially rapid
shear-stress decrease, the shear stress continues to decrease
steadily, indicating continuing weakening with slip and crack-
like rupture propagation within the observation window, but with
larger shear-stress variation.

The clear difference between the dynamic ruptures in the two
cases is the shear-stress decrease behind the crack tip, which is
much more pronounced in the slow pressure-increase scenario
(Fig. 7D) compared to the rupture produced by the rapid pres-
sure ramp-up (Fig. 7B). The two dynamic ruptures have differ-
ent nucleation procedures and different interfaces to navigate:
wetted and pressurized near the injection site in the case of
slow pressure increase versus dry in the case of rapid pressure
ramp-up. The approximately twice-larger weakening behind the
rupture tip for the slow pressure-increase case is quantitatively
consistent with lower dynamic friction values on wetted interfaces
independent of the rupture-initiation procedure, as discussed
in Dynamic Friction Measurements for Dry versus Wet Interfaces
using Ultrahigh-Speed DIC. Hence, the difference in the rate of
pore-pressure ramp-up during the nucleation procedure plays, in
comparison, at most a minor part in the difference between the
two dynamic ruptures, other than resulting in the wetted interface
for the case of the slow pressure ramp-up.

Dynamic Friction Measurements for Dry versus Wet Interfaces using
Ultrahigh-Speed DIC. In order to further investigate the behavior
of fluid-induced dynamic ruptures, we have conducted an
experiment under analogous conditions (in terms of loading,

specimen geometry, and fluid-injection profile) to the fast
pressure ramp-up case while employing ultrahigh-speed DIC
(64, 65) (SI Appendix, Full-Field Imaging with Digital Image Corre-
lation). The field of view is ∼110 mm away from the location
of the fluid injection, which corresponds to a (dry) portion
of the interface not reached by the fluid (Fig. 2A). The DIC
produces displacement fields in the x1, x2 directions (i.e., u1 and
u2, respectively) that can be differentiated in time and space
to obtain velocity and strain fields. Under the assumption of
linear elasticity—but with elastic moduli modified according
to the visco-elastic high-strain-rate properties of the material
(64, 66)—strain fields can be converted into stress fields. Note
that the DIC adopts the frame immediately before the triggering
of the dynamic rupture as the reference configuration and
computes the fields relative to that frame rather than to the
state at the beginning of recording by the strain gauges.

The fault-parallel velocity field (Fig. 8A) shows particle ve-
locities of several meters per second, indicating the propagation
of a robust dynamic rupture, consistent with the strain-gauge
observations (Fig. 7). The shear stress (Fig. 8B) exhibits an initial
increase of 0.5 MPa ahead of the rupture tip, consistent with
stress concentration at the rupture tip and effects of the rate-and-
state friction, followed by a drop of about 3 MPa as the rupture
tip swipes through (Fig. 7). Note that this drop is much lower
than the 4-MPa shear-stress change experienced by a similarly
nucleated rupture during its propagation over the wetted inter-
face 20 mm away from the fluid injection, as established by the
strain gauges (Fig. 7D). This difference suggests that dry versus
wet interfaces have different dynamic friction properties.
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Fig. 8. Full-field images obtained via ultrahigh-speed DIC of a dynamic rup-
ture triggered by fluid injection via rapid pressure ramp-up. (A) Velocity in
the fault-parallel direction, u̇1. (B) Shear-stress variation σ12 with respect to
the reference/initial condition corresponding to the trigger of the dynamic
rupture.
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To further understand the effects of fluids on the dynamic
frictional properties of PMMA interfaces, we perform separate
tests on dry and prewetted interfaces, with the same level of
applied loading as discussed above. In these tests, dynamic rup-
tures are initiated by using a wire-based procedure to have the
same nucleation for both tests and hence to enable focus on the
different types of the interface, dry versus wet. The initiation
procedure is based on the rapid pressure release associated with
the sublimation of an NiCr wire, used in previous versions of
this setup (58). Once initiated, dynamic ruptures spontaneously
propagate under the level of applied shear and normal stress.
Images of propagating ruptures are captured by the ultrahigh-
speed camera and processed by using DIC (65), as described
above. The total levels of shear and normal stress are obtained
by summing the measured stress change to the applied level of
prestress, and the dynamic friction coefficient is computed as
the ratio of shear to normal stress (64). The friction evolution
versus slip shows qualitatively similar features for the wet and dry
cases during dynamic rupture propagation (Fig. 9), with an initial
increase in the shear resistance at the rupture tip, consistent
with rate-and-state friction, followed by subsequent weakening,
as shown by our previous studies (64, 69).

The dynamic friction-coefficient values are much lower in the
case of the wetted interface (with f ≈ 0.2; Fig. 9, blue line),
compared to the dry case (where f ≈ 0.35; Fig. 9, red line). The
result is obtained for a location at the center of the field of
view, but other locations show a similar history, indicating near-
steady rupture propagation through the observation window.
Rupture on the wet interface also results in higher slip rates,
with peak levels just shy of 14 m/s for the wet (blue) and 10 m/s
for the dry (red) interfaces, and sustained slip rates below 4 m/s
(SI Appendix, Fig. S4). While the dynamic friction coefficients of
∼0.5 for slip rates of the order of 10 m/s for the dry interfaces
are broadly consistent with the weakening due to the standard
logarithmic rate-and-state friction (64), the substantially lower
dynamic friction values of about 0.4 for the wetted interfaces
indicate additional dynamic weakening. The fact that the peak
friction and postpeak weakening are similar for the wet and

0 20 40 60 80 100 120 140
Slip  [µm]
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0.2

0.4

0.6

0.8

1
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Fig. 9. Evolution of friction with slip along a dry (red) and prewetted
(blue) interface. Friction is obtained as the ratio of shear to normal stress
measured using the ultrahigh-speed DIC method over a field of view of size
18 × 11 mm2. The curves are obtained for a point at the center of the field
of view, with other locations showing similar behavior. The two tests are
conducted under the same nominal loading conditions of P = 15 MPa and
α = 29◦. In these tests, ruptures are initiated by using a different procedure,
not involving fluid injection (as described in Dynamic Friction Measurements
for Dry versus Wet Interfaces using Ultrahigh-Speed DIC), so as to better
characterize the role of preexisting fluids on the interface.

dry interfaces suggests that the friction strength is similar at
smaller slips, but the interface becomes weaker at larger slips,
potentially pointing to a shear-heating weakening mechanism,
such as thermal pressurization of pore fluids (47), although
other fluid-related mechanisms can play a role. Interestingly, the
dry PMMA interface does not seem to experience substantial
additional dynamic weakening due to flash heating at slip rates
of the order of 10 m/s, as we previously found for Homalite-
100 interfaces (64), which is characterized by steady-state friction
coefficients as low as 0.2 to 0.3 for slip rates of the order of 10 m/s.
However, it is possible that the PMMA interface would exhibit
flash heating for higher slip rates.

These experimental measurements of dynamic friction on wet
versus dry PMMA interfaces indicate that larger dynamic stress
drops for ruptures initiated by slow fluid-injection rates are likely
mostly due to their propagation over a wet interface, rather than
any other effects of the nucleation procedure.

Peak Pore-Pressure Values for Different Injection Rates. In our ex-
periments, the rapid pressure ramp-up procedure 1 results in
rupture initiation at a substantially lower peak injection pressure
than the slow pressure-rate counterpart, 4.9 versus 8.7 MPa. In
contrast, the experiments of Passelègue et al. (31), which employ
pressure-injection rates similar to ours, show that increasing the
pressure rate results in a higher pressure level required for slip
to initiate. Their experiments study the effects of fluid injection
along the inclined interface of a cylindrical specimen made of
Westerly granite, loaded in a triaxial apparatus.

The main difference between the two studies is that our results
are for the peak pore fluid pressure at the initiation of dynamic
(seismic) slip, with slip rates larger than 1 m/s, whereas the work
of Passelègue et al. (31) considers the initiation of slow slip, with
slip rates up to 0.1 mm/s (or 0.0001 m/s). Indeed, both of our
fluid-injection procedures (slow and fast) result in nucleation
of dynamic rupture, whereas fluid injection in Passelègue et al.
produces fault reactivation as aseismic slip. A related differ-
ence is that our interface length (∼200 mm) is substantially
larger than the estimates of the quasistatic nucleation size (23
to 57 mm), whereas the relation is reversed for the samples in
Passelègue et al., making their interfaces inherently more stable.
By employing Eq. 2, the quasistatic nucleation size associated
with the experiments of Passelègue et al. can be estimated as
h∗ = 230 mm, using a shear modulus μ= 30 GPa, Poisson’s
ratio ν = 0.35, a = 0.01, b = 0.015, DRS = 1 μm, and confining
stress of 100 MPa; the nucleation size would be larger for larger
values of DRS. This 230-mm estimate of h∗ is larger than the
specimen size of 46 mm (the major axis of the elliptical interface).
Hence, fluid injection at slow injection rates can only result
in aseismic slip, consistent with their results. At high injection
rates, similar to the rapid pressure ramp-up of our experiments,
the experiments of Passelègue et al. may have also produced
higher, near-seismic slip rates at the vicinity of the injection site,
but those slip rates 1) clearly did not lead to the initiation of
dynamic rupture; and 2) would stay undetected due to slip-rate
measurements averaged over the entire sample.

The difference in the documented results of the two types
of experiments for the high injection rates, while unsurprising
due to the differences between the experimental configurations,
indicate the need for further systematic study of rapid rupture
initiation, including estimates of nucleation sizes for rapid, near-
dynamic loading, which would be relevant not only for rapid fluid
injection, but also for other common rupture-initiation scenarios,
such as dynamic triggering.

Conclusions
The complex interplay between fluids and the initiation of seis-
mic or aseismic slip is an open research topic with paramount
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implications for hazard mitigation, given the abundance of faults
permeated with fluids due to natural or human-induced activities
in proximity to populated areas.

Our laboratory setup, capable of injecting fluid into the spec-
imen’s interface with different pressure-evolution histories, has
been employed to study the effects of two qualitatively different
pore-pressure protocols at the injection location: procedure 1, a
slow pressure ramp-up over ∼30 min; and procedure 2, a rapid
pressure ramp-up over a few hundreds of milliseconds. A range
of diagnostic tools has been used to measure the evolution of
fluid pressure and strains/stresses at several locations over a wide
range of temporal scales, as well as full-field particle velocities
and stresses during dynamic ruptures.

We find that, in cases of rapid increase in pore pressure,
unstable, fast slip is promoted nearly instantaneously and for
rupture lengths considerably smaller than the critical sizes pre-
dicted by the quasistatic theoretical estimates (27–30, 77, 83),
consistent with the dynamic nucleation process. Compared to the
gradual pore-pressure-increase scenarios, considerably less fluid
is delivered into the fault prior to the nucleation of seismic events,
and dynamic slip is triggered at lower levels of fluid pore pressure.
At the surface of the sample close to the fluid-injection location,
we also experimentally observe significant stress changes due to
the slow pore fluid injection, which likely signify slow fault slip
around the injection site that redistributes the stress over the
interface. Such fluid-injection-related prerupture stress changes
are much smaller in the fast-injection case. These findings indi-
cate that the rate of pore fluid-pressure increase is a key param-
eter in determining the nucleation process and the nucleation
size, and its effect needs to be systematically studied. Our future
work will be directed toward quantifying this effect through a
combination of experimental and numerical studies.

The subsequent dynamic rupture propagation has similar fast
rupture speeds that are a significant fraction of the shear wave
speed just 20 mm away from the initiation location for both types
of fluid injection. This indicates that the resulting dynamic events
are quite dynamic very soon after initiation. One important
difference is that, in the slow pressure ramp-up scenario, the
dynamic rupture weakens the interface more, with almost a twice-
larger dynamic stress drop right behind the rupture front. Our
dynamic friction measurements for wet versus dry interfaces are
consistent with this observation, indicating lower dynamic fric-
tion for wet interfaces, independent of the initiation procedure
and for the same initial effective normal stress. The reduced
friction values may be caused by shear-heating effects, such
as thermal pressurization, or by a combination of mechanisms.
Either way, the dynamic friction resistance of the interface is
clearly altered by the presence of fluids, a phenomenon that we
plan to investigate in greater detail in future experiments. The
findings presented here are important for the understanding of
fundamental physical and mechanical processes at play during
fluid injection and should lead to better models of induced
seismicity with relevance for industrial operations involving fluid
injection into the Earth’s crust.

Data Availability. Structure data have been deposited in CaltechDATA (DOI:
https://doi.org/10.22002/D1.1667).
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