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Abstract In tectonically active regions, natural seismicity is often correlated with the seasonal
hydrology, suggesting that cyclic loading variations might trigger seismicity. Moreover, recent field
observations suggest that cyclic fluid injection strategies into geological reservoirs could produce less
seismicity than monotonic injections. Here we present 10 brittle creep laboratory triaxial experiments that
bring new constraints on fluid‐rock interactions during cyclic pore fluid variations. The experiments
were performed on Fontainebleau sandstone with various pore fluid pressure conditions: (i) with constant
pore fluid pressure levels from 1 to 10 MPa, at constant Terzaghi effective pressure (Pc − Pf = 30 MPa); and
(ii) with cyclic (sinusoidal) pore fluid pressure oscillations of varying amplitudes (from 0 to 8 MPa) and
periods (from 30 to 3,000 s) around a mean value of 5 MPa. During deformation, the rock's mechanical
properties and the high‐frequency acoustic emission signals were monitored to investigate the physics
underlying the rupture processes. Under macroscopically drained conditions, rather than their amplitude, the
period of the oscillations appeared to strongly affect the rock sample strength, time‐to‐failure, and dilatancy
behavior. Moreover, even for small variations of pore fluid amplitude, and at all pore fluid pressure period,
pore fluid pressure and acoustic emissions were strongly correlated. Our experiments demonstrate that pore
fluid pressure oscillations may strongly affect rocks mechanical behavior and associated seismic activity.

1. Introduction

Rock masses are porous media with internal pore networks and multiscale discontinuities often filled by
pressurized fluids. The presence of fluid affects the mechanical behavior of the rock mass through chemical
and mechanical interactions (e.g., Handin et al., 1963; Robinson, 1959). Pore fluid pressure decreases the in
situ effective stresses, lowering the rock strength and bringing the rock mass closer to failure conditions.
Fluids also promote rock‐fluid interactions that enhance subcritical crack growth and/or rock alteration
(Anderson & Grew, 1977; Atkinson, 1984; Brantut et al., 2013). These rock‐fluid interaction phenomena
are strongly time‐dependent and may result in rock weakening.

Over the past decade, brittle time‐dependent deformation has been the subject of a number of experimental
and theoretical studies (Baud & Meredith, 1997; Brantut et al., 2014; Carter & Kirby, 1978; Heap, Baud,
Meredith, Bell, et al., 2009; Lockner, 1993a; Mallet et al., 2015; Scholz, 1968; see Brantut et al., 2013 for a
review). They show that crack nucleation, growth, and coalescence can occur at stresses below the short‐
term peak strength, a phenomenon known as subcritical crack growth (Atkinson, 1984; Olsson, 1974). In
turn, the subcritical crack growth velocity is controlled by two main mechanisms: (1) the stress intensity
at the crack tip; and (2) the stress corrosion at the crack tip, which is important in silica bearing materials
(Freiman, 1984; Michalske & Freiman, 1983). A method to study this phenomenon is to perform uniaxial
or triaxial experiments where a constant stress (below the rock strength) is applied to a rock sample until
failure. Such experiments are called static fatigue tests and are also commonly referred as brittle creep tests.
While stresses are maintained constant, the sample strain rate first decreases with time down to a minimum
and then increases until macroscopic failure (Figure 1). The minimum strain rate experienced by the rock
increases, that is, the time‐to‐failure decreases, when the (1) axial stress (σax) increases (Baud & Meredith,
1997), (2) temperature increases (Heap, Baud, & Meredith, 2009), and (3) effective confining pressure
decreases (Lockner, 1998; Ngwenya et al., 2001). Varying pore fluid pressure level, while keeping effective
pressure constant, seems to not influence the deformation rates (Heap, Baud, Meredith, Bell, et al., 2009).

However, if the rock mass is subjected to repeated pore fluid pressure variations, a dynamic fatigue induced
by pore fluid pressure variations might occur (in addition to that of a rock mass subjected to constant pore
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fluid pressure). This phenomenon is hereafter referred to as hydraulic
fatigue. Pore fluid pressure variations can be due to natural or
anthropogenic causes such as oceanic tides (e.g., Wang & Davis, 1996),
seasonal hydrology (e.g., Bettinelli et al., 2008), build ups in volcanic
edifices (e.g., Farquharson et al., 2016), or geo‐engineering purposes such
as geothermal energy or carbon sequestration (e.g., Verdon et al., 2013),
and might depend on the drainage conditions of the crust. In tectonically
active regions, recent studies demonstrated that strain as well as part of
the seismicity is modulated by natural fluid loading variations. This can
originate from changes in stress field conditions and/or loading rate
variation (e.g., Bettinelli et al., 2008; Chanard et al., 2018; Craig et al.,
2017; Johnson et al., 2017). Moreover, recent numerical studies on
reservoir mechanical behavior showed that, for a given in situ pore fluid
pressure, different injection strategies result in different seismic responses
of the reservoir. Indeed, cyclic fluid injection seems to trigger less induced
seismicity compared to a monotonic injection strategy (Yoon et al., 2014;
Zang et al., 2013). Particularly, the number of events and the maximum
event magnitude are reduced (Zang et al., 2018). The present study of
hydraulic fatigue phenomena on long‐term rock behavior aims to
investigate the mechanisms governing the deformations under cyclic pore
fluid pressure variations.

While dynamic fatigue phenomena have been subjected to many studies, little has been done on hydraulic
fatigue. Indeed, most of the dynamic fatigue studies investigated the mechanical response of a dry rock sam-
ple submitted to a cyclic (often axial) loading of constant amplitude and mean stress value (Cerfontaine &
Collin, 2017). The principal characteristics of mechanical fatigue tests performed under dry conditions are
(1) strength reduction of the rock samples (e.g., Royer‐Carfagni & Salvatore, 2000) as compared to short‐term
strength; (2) residual and permanent deformations accumulated cycle after cycle; and (3) variation of the
residual strain accumulated after cycles during experiment, with the first and last cycles before rupture hav-
ing the highest strain accumulation (e.g., Liu & He, 2012).

Only rare experimental studies investigate hydraulic fatigue processes during long‐term experiments
(Chanard, 2015; Chanard et al., 2015; Farquharson et al., 2016; Zhuang et al., 2016) and show contradictory
results: In sandstone samples, the maximum recorded number of acoustic emissions (AEs) was shown to be
inversely correlated with the pore fluid pressure oscillations (i.e., a maximumnumber of emissions while the
pore fluid pressure is at the lowest level) (Chanard, 2015; Chanard et al., 2015). In andesites, however, the
opposite behavior was observed (Farquharson et al., 2016).

In this paper, we report new results on laboratory brittle creep triaxial deformation tests performed on
Fontainebleau sandstone (FS). In particular, we focus on the effect of pore fluid pressure level and pore fluid
pressure cyclic variations.

2. Experimental Methodology
2.1. Starting Sample

FS (South of Paris, France) is an early Oligocene quartz arenite (Haddad et al., 2006). It is made of almost
100% randomly oriented quartz grains cemented by quartz cement. FS spans a large range of porosity and
permeability values depending on the sample's degree of cementation (Bourbié & Zinszner, 1985; David
et al., 1994; Duda & Renner, 2013; Song & Renner, 2008). The rock was chosen because it is homogeneous
and isotropic at the scale of the block, so that samples from the same block have reproducible transport
(e.g., Fredrich et al., 1993), poroelastic (Fabre & Gustkiewicz, 1997; Sulem & Ouffroukh, 2006), and
mechanical (El Bied et al., 2002; Haied & Kondo, 1997; Reviron et al., 2009; Schubnel et al.,
2007) properties.

Cores of FS were diamond drilled from a unique block to a diameter of 36 mm. Cylinders were then sawed
and the opposite faces grounded flat in order to prevent any parallelism defect (± 100‐μm precision) for a

Figure 1. Typical strain (solid curve) and strain rate (dots) as functions of
time during a constant stress phase of a brittle creep experiment. Here the
curves show a Fontainebleau sandstone deformed at 581‐MPa axial stress,
35‐MPa confining pressure, and 5‐MPa pore fluid pressure.
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final length of 72 mm. All these preparation processes were done using tap water as a cooling fluid. The
sample cylinders were then used for physical characterization and triaxial tests.

Before triaxial testing, samples were characterized in terms of microscope imaging, porosity, permeability,
and ultrasonic P wave velocity to ensure sample reproducibility.

An optical microscopic survey confirmed that FS is a pure quartz sandstone (>99.9% quartz), composed of
200‐ to 300‐μm grains cemented together by quartz cement (Figure 2a). It presents large quasi‐spherical
pores (20–100 μm) at the junction between grains (Figures 2a and 2b). Some cracks with high aspect ratios
(≈10−3) are also present at the grain contact or within the quartz grains.

Porosity was measured using three different methods: (i) helium pycnometer (Gas Pycnometer Accupyc II
1340) using Boyle's law (Boyle, 1662); (ii) triple weight method using Archimedes' principle (see Guéguen
& Palciauskas, 1994); and (iii) from the dry sample density, assuming it is composed of 100% of quartz.
Samples from the chosen block of FS had a measured porosity of 6.8 ± 0.3%. Very similar values using
helium pycnometer, triple weight, and the density methods were found, that is, 7.0 ± 0.4, 6.8 ± 0.3, and
6.6 ± 0.4% respectively. The small differences may originate from the accuracy of the bulk volume measure-
ments. Since the density method gave similar results to the two other methods, the porosity can be consis-
tently considered as mainly connected.

Permeability was measured on an intact sample using the steady state Darcy flowmethod (i.e., by imposing a
constant pore fluid pressure difference between sample ends) at a Terzaghi effective pressure (Pc − Pf) com-
prised between 1 and 15 MPa. It showed a decrease from 6×10−16 m2 to 3×10−16 m2 between 1 and 7 MPa
Terzaghi effective pressure, respectively. Beyond 7 MPa, permeability remained quasi‐constant, which is
expected to correspond to the closure of the interconnected crack network (Bernabe, 1987; Brace, 1978;
Pimienta et al., 2017; Trimmer et al., 1980). Values found are consistent with earlier studies on FS samples
of similar porosity (e.g., Bourbié & Zinszner, 1985). The characteristic time for water diffusion across the sam-

ple length l was calculated, as td ¼ l2ηβ
k (Fischer & Paterson, 1989), from the measured permeability k, the

known fluid viscosity η = 10−3 Pa.s, and storage capacity β values found in literature (Duda & Renner,
2013; Song&Renner, 2008). This characteristic diffusion timewas found to be td < 3 s. The period of pore fluid
pressure oscillationwas chosen larger than this time, ensuring drained conditions during triaxial experiments.

Ultrasonic compressional (P wave) velocity has been measured at room conditions using two P wave piezo-
electric transducers (Olympus V103‐RB) placed on opposite faces of the samples. The electrical signal was
delivered by a multifrequency generator (Aim TTI TG1010A) and recorded with a numerical oscilloscope.
Measurements were made at 1‐MHz resonance frequency, at room pressure and temperature, using the
method introduced by Birch (1960), that is, by handpicking the time of the wave's first arrival and calculating
the velocity of the wave across the sample length l. The average ultrasonic P wave velocity measured under
ambient conditions was Vp = 2022 ± 185 m/s.

Figure 2. Optical microscope images of the intact studied FS. (a) General cross‐polarized light view and (b) general plan‐
polarized light view, a physical blue filter was inserted in the microscope head such that pores appear in dark.
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2.2. Triaxial Deformations
2.2.1. Apparatus
Triaxial deformations were performed in a Hoek cell (Figure 3) placed under a uniaxial press (Walter and
Bai). The system allowed an oil confining pressure (Pc) up to 70 MPa (± 50‐kPa resolution). The lower
and upper end platens (Figures 3c and 3h) were specifically chosen to allow for a maximum axial stress
(σax) of 1 GPa (± 100‐kPa resolution). The end platens allow for the distribution of pore fluid pressure homo-
geneously (Figure 3b) and for the placement of piezoelectric transducers (Figure 3a) in a cavity isolated from
any stresses. Pore fluid pressure (Pf) was imposed with de‐aired distilled water from a step motor pump, with
200‐cm3 capacity and allowing pressures up to 30 MPa. The pore fluid pressure was measured at the top and
the bottom of the sample (Figure 3i) using precision pressure sensors (± 10‐kPa resolution). Pump fluid
volume (Vf) variation was also monitored thanks to encoders directly mounted on the pump (± 1‐mm3 reso-
lution). In addition, wideband (200–950 kHz) AE sensors were placed in each end platen to monitor the
high‐frequency AE events radiated from the samples during the tests. The emitted signal was amplified to
40 dB through preamplifiers. The trigger was set to only record events with an amplitude higher than
0.056 V, that is, ≈1.75 times higher than the background noise of the experimental setup (measured at
0.032 V) to prevent noise recording. Each event that fulfilled this condition was recorded at a 1‐MHz sam-
pling rate, in a window of 400 μs. Axial displacements were measured using Linear Variable Differential
Transformers mounted outside of the cell with a precision of 10 μm.

Figure 3. Cross‐section drawing of the Hoek cell used for triaxial experiments. (a) acoustic emission sensor, (b) pore fluid
system, (c) upper end platen, (d) jacket, (e) confining cell, (f) confining oil inlet, (g) sample, (h) lower end platen, and (i)
pressure sensor.

10.1029/2018JB016546Journal of Geophysical Research: Solid Earth

NOËL ET AL. 804



2.2.2. Constant Displacement Rate Experiments

Constant displacement rate experiments, corresponding to a macro-
scopic axial strain rate of _εax ≈ 10−5 s−1, were performed to infer the
short‐term mechanical behavior of the FS. Both dry and water‐saturated
experiments were performed. For dry experiments, samples were oven
dried for 48 hr at 106 °C. For water‐saturated experiments, samples
were first saturated under vacuum with de‐aired distilled water at ambi-
ent pressure conditions and then placed directly into the Hoek cell. For
these experiments, confining pressure (Pc) ranged between 0 and
55 MPa and pore fluid pressure from 0 (i.e., dry) to 15 MPa (Table 1).
First, confining pressure and axial stress were increased simultaneously
(i.e., isostatic increase), and the pore fluid pressure was increased to the
target value. Then, a constant axial displacement rate of
7.2 × 10−4 mm/s was imposed, and the resulting axial stress was
recorded until the sample failure.

2.2.3. Constant Stress Experiments
Brittle creep behavior was determined by performing conventional (i.e., constant stress) and stress‐stepping
creep tests. Samples were loaded, using the same method as for the constant displacement rate experiments,
until a percentage of the short‐term peak differential stress (Qpeak) was reached. Then, both confining
pressure and axial stress were kept constant and the samples were allowed to deform over time. For the
conventional experiments, the stresses (confining pressure and axial stress) were kept constant at 97% of
the short‐term rock strength until the sample failed. For the stress‐stepping experiments, samples were first
loaded to 80% of the short‐term rock strength during 24 hr. Then, the axial stress was increased every 24 hr to
85, 90, 95, 97, 98% of the short‐term strength until the sample failed within the time step interval. This stress
step strategy (i.e., decreasing the stress step interval after 95% of the Qpeak) was used to increase the number
of recorded data at high differential stress.

To investigate the effects of pore fluid pressure and cyclic variations on the long‐term behavior of FS, two sets
of experiments were performed. The first set aimed to investigate the effect of pore fluid pressure level on
brittle creep deformations of FS. To this end, we performed creep tests at constant pore fluid pressure, with
various pore fluid pressure levels (from 1 to 10 MPa) but the same Terzaghi effective pressure
(Pc − Pf = 30 MPa). The second set of experiments aimed to investigate the effect of repeated pore fluid pres-
sure oscillations during long‐term deformations of FS. To this end, we performed creep tests with cyclic (i.e.,
sinusoidal) pore fluid pressure oscillations. During the constant stress phases, the axial stress and the confin-
ing pressure were held constant, while the pore fluid pressure was oscillating with a chosen peak‐to‐peak
amplitude (A) and period (T). These cyclic pore fluid pressure experiments were all performed at the same
constant confining pressure of Pc = 35 MPa and mean pore fluid pressure (i.e., average over one oscillation)
Pf

mean = 5 MPa values. As only the pore fluid pressure was oscillating, both effective axial stress and effec-
tive confining pressure oscillations were induced. Pore fluid pressure oscillations were started only once the
target axial stress was reached and the fluid was injected from both top and lower end platens. Oscillation
periods from 30 to 3,000 s were chosen so that T was large enough for the sample to always be drained.
Note that for stress stepping experiments, as axial stress was increased every 24 hr, each stress step had a dif-
ferent cumulative strain. However, they have the same number of pore fluid pressure oscillations allowing a
comparison from one step to another. To investigate the amplitude effects of the fluid oscillations, experi-
ments were performed with cyclic pore fluid pressure variations of T = 30 s and A ranging from 0 to 8 MPa
(i.e., the effective confining pressure was varied up to ≈27% for A= 8MPa). The period of 30 s was chosen to
maximize the number of pore fluid pressure oscillations during one experiment (i.e., 2,880 per step). To
investigate the period effects of the oscillations, experiments were performed with constant A = 4 MPa
and T ranging from 30 to 3,000 s. A listing of experiments is reported in Table 2.

2.3. Data Treatment and Analysis

For constant displacement rate experiments, displacement measured from Linear Variable Differential
Transformer sensors was corrected from elastic distortion of the apparatus column (i.e., press column
and anvils), calibrated using a metal plug of known stiffness. For all triaxial tests, axial strain was then

Table 1
Constant Velocity Experiments (_εax ≈ 10−5 s−1) Performed and Mechanical
Data Obtained for the Studied FS

Pc
(MPa)

Pf
(MPa)

E
(GPa)

Q at D′
(MPa)

Q at C′
(MPa)

Qpeak
(MPa)

0 0 (dry) 51.9 ‐ ‐ 155.1
15 5 52.7 132.7 51.0 366.0
25 15 54.7 143.2 55.15 357.7
25 5 55.0 232.8 104.4 474.6
35 15 61.2 228.9 125.3 504.9
35 5 55.8 346.0 108.0 566.4
45 15 62.5 250.5 138.2 627.2
45 5 56.0 403.2 156.6 700.6
40 0 (dry) 55.3 ‐ ‐ 700.1
55 15 64.3 378.8 144.3 669.1

Note. FS = Fontainebleau sandstone.
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Table 2
Summary of the Experimental Conditions for Constant Stress (Creep) Experiment Performed on FS

Sample
Pc Q

Pore fluid pressure

Minimum
strain rate

Comment

Mean Amplitude Period

(MPa) (MPa) (MPa) (MPa) (s) (s−1)

FFB8 35 547.70 5 ‐ ‐ 4.73 × 10−9 Failure

FFB11 35 445.80 5 ‐ ‐ 1.42 × 10−9

475.79 1.61 × 10−9

505.90 2.18 × 10−9

535.93 2.83 × 10−9

548.09 3.31 × 10−9

553.99 5.95 × 10−9 Failure

FFB35 40 441.01 10 ‐ ‐ 1.46 × 10−9

470.84 1.61 × 10−9

500.85 2.38 × 10−9

530.92 3.11 × 10−9

542.81 8.17 × 10−9

548.98 1.95 × 10−8 Failure

FFB14 31 449.78 1 ‐ ‐ 1.13 × 10−9

479.47 2.07 × 10−9

509.80 1.94 × 10−9

540.14 3.51 × 10−9

551.97 4.41 × 10−9

558.09 6.37 × 10−9 Failure

FFH5 35 547.10 5 1 30 3.95 × 10−9 Failure

FFB10 35 445.77 5 1 30 1.15 × 10−9

475.64 1.69 × 10−9

505.82 1.57 × 10−9

535.88 3.55 × 10−9

548.04 3.91 × 10−9

553.97 5.08 × 10−9

559.89 1.03 × 10−8 Failure

FFH12 35 445.96 5 4 30 1.35 × 10−9

475.98 1.80 × 10−9

505.88 1.91 × 10−9

536.09 2.95 × 10−9

547.86 3.23 × 10−9

553.80 3.44 × 10−9

559.86 1.53 × 10−8 Failure

FFB13 35 445.70 5 8 30 1.89 × 10−9

475.71 1.68 × 10−9

505.89 2.30 × 10−9

535.82 3.44 × 10−9

547.02 5.33 × 10−9

553.83 7.10 × 10−9 Failure

FFB33 35 445.85 5 4 300 1.83 × 10−9

475.98 1.91 × 10−9

505.90 4.14 × 10−9

536.06 1.75 × 10−7 Failure

FFB32 35 445.89 5 4 3,000 1.83 × 10−9

475.89 2.24 × 10−9

506.01 4.24 × 10−9

536.06 3.49 × 10−8 Failure

Note. FS = Fontainebleau sandstone. For each stress step, minimum strain rates found are presented.
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inferred from the corrected axial displacement over the sample length. Porosity change was calculated
from the ratio between the injected pore fluid volume (Vf) and initial bulk volume of the sample.

For each creep experiment, and for each stress step, axial strain and AE events were recorded as a function of
time. The minimum strain rate and AE rate were computed as the minimum derivative of the strain and
cumulative number of AE events as a function of time, respectively. These rates reflect the sample sensitivity
to the stress conditions (Brantut et al., 2013, 2014; Heap, Baud, Meredith, Bell, et al., 2009; Heap et al., 2015;
Nicolas et al., 2017). Note that using a stress stepping method with time steps of 24 hr, minimum strain rates
can be overestimated for low axial stresses, that is, when strains are small. However, the method deployed in
this paper allows for the number of pore fluid pressure oscillations to be kept constant for each stress step,
which facilitates the comparison from one step to another when aiming to understand pore fluid pressure's
implication on deformation mechanisms.

When investigating the effect of pore fluid pressure oscillations, further data processing was attempted to
correlate AE events and pore fluid pressure oscillations. For each stress step performed, AE events were split
with time interval corresponding to the period of the pore fluid pressure oscillation as it was made by
Chanard (2015). This allowed for the investigation of the distribution of stacked AE events over a period
of pore fluid pressure oscillation for each cyclic experiment and stress step.

3. Results
3.1. Constant Displacement Rate Experiments

Mechanical data (Table 1 and Figure 4) from the constant displacement rate experiments were used to char-
acterize the short‐term behavior of the rock. Samples first showed a linear increase in strain with differential
stress until the onset on dilatancy, noted C′ (Figure 4a). This phase was accompanied by a decrease in

Figure 4. Mechanical and AE events data of the FS tested with constant displacement rate experiments (_εax ≈ 10−5 s−1).
(a) Differential stress as function of the porosity reduction, (b) differential stress as function of the axial strain, (c)
cumulative AE events as function of axial strain. For two experiments, Qpeak, D′, and C′ are shown. Note that the AE data
were correlated with the mechanical data, having an increase in events before each stress drop. FS = Fontainebleau
sandstone; AE = acoustic emission.
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porosity due to crack closure. After the elastic deformation, the sample
deformed in a nonlinearly decreasing function with differential stress
prior reaching a peak (Qpeak), corresponding to the sample strength
(Figures 4a and 4b). This phase was accompanied by a dilatant dominant
behavior, starting at D′ (Figure 4a), due to crack nucleation, growth, and
coalescence. Before Qpeak was reached, and almost simultaneously after C
′, an increase in AE events was observed (Figure 4c). Then, following
Qpeak, the samples entered a strain‐softening phase (i.e., stress drop).
After this stress drop, a quasi‐constant residual strength remained. The
postmortem analysis of the samples showed that the deformation was
always localized along anastomosed shear fractures oriented at about
30° from σ1.

The final deformations and the mechanical curves were typical of the
brittle regime. Therefore, the brittle failure envelope, applying Hoek
and Brown criterion (Hoek & Brown, 1980), and damage envelopes,
applying a linear regression, were computed from Qpeak and Q at D′
values, respectively (Figure 5). The Hoek and Brown criterion can be

written as Q ¼ mσUCS Pc−Pf
� �þ sσ2UCS

� �1
2 , where m and s were found

by best fit to be 72 and 0.94, respectively, and σUCS is the uniaxial com-
pressive strength. The linear regression of the damage envelope is of
type Q = c(Pc − Pf) + d, where c = 7.4 and d = 70 MPa. The experi-
ments performed at similar Pc − Pf but different pore fluid pressure
conditions present similar strength. For example, for
Pc − Pf = 40 MPa, Qpeak = 700.1, 700.6, and 669.1 MPa, respectively,

for the dry, 5, and 15 MPa pore fluid pressure experiments. Therefore, for our experiments, we assumed
that the Terzaghi effective pressure holds for FS at failure, that is, with an effective stress coefficient
equal to 1.

Figure 5. Qpeak (circles) and the Q at D′ (diamonds) of the tested FS at _εax
≈ 10−5 s−1 plotted in a diagram of differential stress as function of
Terzaghi effective pressure (Pc − Pf). The failure envelope (solid line) and
damage envelopes (dash dotted lines) inferred from the Qpeak and the
Q at D′, respectively, are reported. Hoek and Brown parameters found are
m = 72 and s = 0.94. The linear regression parameters for the damage
envelope are c = 7.4 and d = 70 MPa. The dashed and dotted curves are the
95% confident bound of the envelopes. FS = Fontainebleau sandstone.

Figure 6. Experimental curves obtained from the conventional creep experiment with Pc = 35MPa and constant Pf = 5MPa
(a–c), and oscillating pore fluid pressure of A = 1 MPa and T = 30 s (d–f). (a and d) Stresses applied versus time, with a
zoomingwindow on the confining and porefluid pressure. (b and e)Measured strain as a function of recording time, with the
minimum strain rate obtained reported (dashed red curve). (c and f) Cumulative AE events (green line) and energy (pink
line) as function of time, with the minimum AE rate reported (dashed red line). AE = acoustic emission.
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3.2. Creep Experiments at Constant Pore Fluid Pressure

For the conventional constant stress experiments (Figure 6a), strain and AE rates as function of time
(Figures 6b and 6c) present a typical deceleration phase toward a minimum value (4.76 × 10−9 s−1 and 0.4
event/s, respectively), followed by an abrupt accelerating phase leading to rock failure.

We performed three stress stepping creep tests, at a Terzaghi effective pressure of 30MPa with three different
pore fluid pressures of 1, 5, and 10 MPa, to test the effect of pore fluid level on the creep behavior. From all
experiments, both theminimum strain and AE rates increased with the applied differential stress (Figures 7a
and 7b). Stress stepping and conventional creep experiments showed similar strain and AE rate patterns at a
given applied stress. It suggests that for Q ≥ 547 MPa the time of constant stress step was sufficient for sam-
ples to approach a minimum strain rate values.

At different pore fluid pressures, but similar Terzaghi effective pressures, all the samples failed at Q between
549 and 558 MPa, corresponding to 98% of the short‐term strength. For all stress steps, the experiments had
very similar values of minimum strain and AE rates, ranging from 10−9 to 7 × 10−9 s−1 and 6 × 10−3 to 4.4
event/s, respectively, when increasing Q from 440 to 560 MPa. Only the experiment at a pore fluid pressure
of 10 MPa showed a deviation from the other ones, with a large increase in minimum strain rate near the
rupture. These results suggest that for similar Terzaghi effective pressure conditions, static fluid pressure
level does not influence brittle creep kinetics.

Figure 7. Semi‐log plot of the (a) minimum strain rates and (b) minimumAE rates found as function of differential stress
applied for three stress stepping experiments and one conventional creep experiment at Pc − Pf = 30 MPa. Each color
represents an experiment, and the stars highlight the conditions at failure. The measurement errors are represented by the
size of the data points. AE = acoustic emission.

Figure 8. Semi‐log plot of the (a) minimum strain rates and (b) minimumAE rates found as function of differential stress
applied for four stress stepping and one conventional creep experiments, with varying amplitudes of pore fluid pressure
oscillation at a constant period of T = 30 s. Each color represents an experiment, and the stars highlight the conditions at
failure. The measurement errors are represented by the size of the data points. AE = acoustic emission.
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Figure 9. AE events stacked over one oscillation of pore fluid for the reference experiment (i.e.,A= 0MPa) and the three experiments withA= 1, 4, and 8MPa and
T= 30 s. The bar charts represent the number of AE event for each step of appliedQ. The red dashed lines represent the pore fluid oscillation.N is the total number
of AE during the step. AE = acoustic emission.
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3.3. Creep Experiments Under Oscillating Pore Fluid Pressure
3.3.1. Amplitude Effects
The amplitude effect of oscillatory pore fluid pressure on mechanical and seismic behavior was tested with
five creep experiments (one conventional and four stress stepping), at constant Pc = 35 MPa and Pf
mean = 5 MPa. For all the tests, the oscillation period was kept constant, at T = 30 s, and the peak‐to‐peak
amplitude A ranged from 0 to 8 MPa.

During the constant stress phase of the conventional creep experiments performed atA= 1MPa (Figure 6d),
strain andAE rates (Figures 6e and 6f) present a decelerating phase toward aminimumvalue of 3.95 × 10−9 s−1

and 0.5 event/s, respectively, followed by an accelerating phase leading to the rock failure.

For all amplitudes of pore fluid pressure, both minimum strain and AE rates increased with the applied dif-
ferential stress (Figures 8a and 8b). Again, stress stepping and conventional creep tests at Q = 547 MPa
showed very similar results.

Surprisingly, very similar results were obtained independently of the amplitude of the oscillation. All
experiments failed at Q between 553 and 560 MPa. For all the pore fluid pressure amplitudes, minimum
strain and AE rates showed the same increase with Q, ranging from 10−9 to 10−8 s−1 and 4.0 × 10−3 to
2.4 event/s, respectively when increasing Q from 440 to 560 MPa. In summary, with a period of 30 s, the
oscillating amplitude did not affect the stress to failure and the minimum strain and AE rates during
each stress step. This holds even for very large pore fluid oscillations of 8 MPa, that is, variation of up
to 27% of the effective confining pressure. Note that at the last stress step (Q = 554 MPa), when Pf
reached its maximum value (9 MPa), the stress conditions corresponded to ≈99% of the short‐term sam-
ple strength (Figure 5).

For each step and experiment, the total number of AE events N per step was computed (Figure 9). We
observed that (i) N increased with Q; (ii) N did not highlight any apparent correlation with the imposed
amplitude of pore fluid pressure oscillation; and (iii) the total number of AE events during each experiment
(i.e., sum of N) showed no correlation with increasing the amplitude of pore fluid pressure oscillation, being
158, 181, 143, and 114 k for A = 0, 1, 4, and 8 MPa, respectively.

Investigating the AE stacking over one oscillation of pore fluid pressure (Figure 9) showed that (i) for
A = 0 MPa, AE events were almost constant during each stress step. (ii) During the first stress step (80%
ofQpeak), no strong correlation between the pore fluid pressure level and the AEs was observed, independent
of the amplitude of oscillations. For higher stress steps, and A > 0 MPa (i.e., 1, 4, and 8 MPa), an increase of
AE events was concomitant with the maximum level of pore fluid pressure of the oscillation. Moreover,
increasing Q close to failure promoted the occurrence of AEs at the peak of oscillations. This behavior

Figure 10. Semi‐log plot of the (a) minimum strain rates and (b) minimumAE rates found as function of differential stress
applied for three stress stepping creep experiment with A= 4MPa, compared to a constant pore fluid pressure experiment
with the same average conditions. Each color represents an experiment, and the stars show the conditions at failure.
The measurement errors are represented by the size of the data points. AE = acoustic emission.
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Figure 11. AE events stacked over one oscillation of pore fluid for the three experiments with T= 30, 300, and 3,000 s and
A = 4 MPa. The bar charts represent the number of AE events for each steps of applied Q. The red dashed lines represent
the pore fluid oscillations. N is the total number of AE during the step. AE = acoustic emission.
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was enhanced by increasing the amplitude of oscillations. (iii) For A = 8 MPa, a correlation between the AE
events and the minimum pore fluid pressure level was also observed in addition to the correlation with the
maximum pore fluid level. It was dominant in the first stress steps (fromQ= 446 to 506 MPa), and minor for
higher stress steps (from Q = 548 MPa). In summary, AE correlations with pore fluid oscillations increased
with both an increase of Q and A.
3.3.2. Period Effects
At constant Pc = 35 MPa and Pf

mean = 5 MPa, we performed three stress stepping experiments with pore
fluid pressure oscillations of the same peak‐to‐peak amplitude of A = 4 MPa but different periods T of 30,
300, and 3,000 s. Those experiments were compared to the reference one, that is, A = 0 MPa (Figure 10).

Under all conditions described above, both minimum strain and AE rates increased with the applied differ-
ential stress (Figure 10).

Until Q = 476 MPa, the minimum strain rates reached were similar for every experiment, ranging from
1.35 × 10−9 to 2.29 × 10−9 s−1. Starting from Q > 467 MPa, experiments with larger T (i.e., 300 and
3,000 s) showed larger minimum strain rates compared to that at lower T and reference experiments
(Figure 10a). For example, at Q = 506 MPa, the minimum strain rate was approximately twice as large for
the two experiments with larger periods, that is, of about 2 × 10−9 and 4 × 10−9 s−1 for small and large T,
respectively. Similarly, oscillations of large T values increased AE rates observed at each stress step, with
minimum rates being twice as large (Figure 10b). Finally, the effect of T is even more evident on the time‐
to‐failure. Indeed, samples subjected to T > 30 s failed at Q = 536 MPa, corresponding to failure after 3 days,
while experiment with low T failed at Q = 560 MPa, corresponding to failure after 6 days.

The total number of AE events per step N (Figure 11) showed that (i) N increased with Q. (ii) N was greater
for larger periods (i.e., 300 and 3,000 s) compared to shorter ones (i.e., 30 s). (iii) The total number of AE
events were very similar for each experiment, with an average total number of 114 k and a standard devia-
tion of 397 events.

AE stacking over one oscillation period of pore fluid pressure (Figure 11) showed (i) an increase of AE events
concomitant with the maximum level of pore fluid pressure of the oscillation and (ii) a stronger correlation
when increasing Q and T.

For those experiments, we computed the relative strain rates as the local gradient of the strain‐time curve
(i.e., [εax(t + dt) − εax(t)]/dt) for each stress step and we stacked them over one oscillation period
(Figure 12). For low periods of oscillations (T = 30 s), the relative strain rate was not affected by the pore fluid
pressure oscillations. However, for higher periods (T= 300 and 3,000 s) and high differential stress, the relative
strain rates were correlated with the pore fluid pressure oscillations. Moreover, the maximum relative strain
rate was in phase with the maximum of pore fluid pressure. This behavior mimics the one of the AE events
that were mostly emitted when the pore fluid pressure reached a maximum and at high differential stresses.
3.3.3. Dilatancy
Dilatancy (or porosity change) curves were obtained as a function of time during pore fluid cyclic experi-
ments (Figure 13). For experiments at T = 30 s, dilatancy behavior similar to the reference experiment
was observed. For experiments with A = 4 MPa and T = 300 and 3,000 s, dilatancy was much faster at all
stress steps compared to low T experiments, especially for the first phase of creep (i.e., immediately after load
increase). Interestingly, for all the oscillating periods and amplitudes, most samples failed when porosity
increase reached approximately 1%.

4. Interpretation and Discussion

Mechanical and AE data from our brittle creep experiments showed the following.

1. At equivalent Terzaghi effective pressure, the pore fluid level had no influence on sample creep deforma-
tion, time‐to‐failure, and AE rate.

2. Samples exhibited dilatancy behavior during deformation. The dilation rate depended on the pore fluid
oscillation period. However, the amount of dilatancy at failure was constant and around 1% under all the
tested conditions.

3. On the contrary to pore fluid amplitude, the oscillation period influenced the time‐to‐failure, failure
strength, and dilatancy rate.
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4. Pore fluid oscillations controlled the acoustic event rate, with an increase of AE rate at the maximum of
pore fluid pressure. Correlation between oscillations and AE rate increased with (i) increasing the differ-
ential stress applied to the sample and getting closer to sample rupture, and (ii) increasing the pore fluid
oscillation amplitude and period. We noticed an out‐of‐phase increase of AE rate for high Pf amplitude
(A = 8 MPa).

5. AE distribution mimics the relative strain rate distribution during deformation.

In the following, these five main results as well as their implications to the upper crust deformation
are discussed.

4.1. Pore Fluid Pressure Level

Both short‐ and long‐term mechanical behaviors of the FS showed no apparent dependence to pore fluid
level for constant Terzaghi effective confining pressure. Moreover, comparing short‐term experiments
under dry and water‐saturated conditions, no effect of fluid was observed. It implies that the short‐

Figure 12. Relative strain rate stacked over one period of pore fluid pressure oscillation for the reference experiment (A = 0 MPa) and three experiments with an
amplitude of 4 MPa and periods from 30 to 3,000 s. The four first stress steps are presented. The green bar chart represents the relative strain rate. The red dashed
lines represent the pore fluid oscillation.
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term behavior of FS is not affected by water‐induced weakening and
that both short‐ and long‐term behaviors are governed by a simple
Terzaghi effective stress law, with an effective stress coefficient equal
to 1. This result is in agreement with previous experimental work on
short‐term failure performed on FS and other pure quartz sandstones
(e.g., El Bied et al., 2002; Reviron et al., 2009; Schubnel et al., 2007).
It is also in agreement with brittle creep experiment results obtained
by Heap, Baud, Meredith, Bell, et al., (2009) on Darley Dale sandstone.

4.2. Dilatancy and Soft Stimulations

Recently, cyclic fluid injections were proposed as an alternative to con-
ventional monotonic fluid injections for geo‐reservoir stimulations. The
method is referred to as soft stimulation and aims to increase the reservoir
performance while reducing the induced seismicity compared to conven-
tional stimulations. During the field operations, fluid injections are per-
formed by controlling the injection flow rate rather than the pore fluid
pressure. Despite this difference with our experimental protocol, the data
produced in this study can help to interpret the mechanical and seismic

behavior of reservoir during soft stimulations.

Our mechanical results showed that a cyclic pore fluid pressure can increase the dilatancy rate by up to a
factor of 2 when applying long period pore fluid pressure oscillations to the sample (Figure 13). This phe-
nomenon is important in the first phase of creep and during the first pore fluid cycle. Recent numerical
and field studies also demonstrated that cyclic fluid injections into a geo‐reservoir increased the hydraulic
performance (i.e., permeability) of the fracture network compared to monotonic injections (Zang et al.,
2013, 2018). This has important applications for CO2 sequestration or geothermal reservoir stimulations,
where an increase of reservoir permeability and dilatancy would enhance, respectively, the reservoir produc-
tivity and storage capacity. However, our experiments also demonstrated that a dilatancy threshold exists
after which macroscopic failure occurs. This is in agreement with previous observation of a critical dilatancy
before the onset of macroscopic failure (Kranz & Scholz, 1977). For reservoir applications, getting close to
this critical dilatancy could provoke fast failure of the reservoir and seismic activity. In the case of FS, the
maximum dilatancy is around 1%.

Additionally, soft stimulations into geo‐reservoir were shown to have the advantage of reducing the number
of events and the maximum event magnitude compared to monotonic fluid injections (Yoon et al., 2014;
Zang et al., 2013, 2018). On the contrary, during our experiments, the total number of AE events (a proxy
for the seismicity) was equivalent for constant and cyclic pore fluid pressure experiments. However, cyclic
pore fluid pressure oscillations modify the AE event distribution.

Finally, from numerical modeling, Yoon et al. (2014) suggested the existence of a Kaiser effect during cyclic
stimulations of reservoirs, that is, seismic events are seen only when the pore fluid pressure conditions over-
come the previous maximum pressure. These results are not in complete agreement with our observations.
Indeed, AE events were emitted continuously and at every pressure oscillation cycle during the experiments,
even at low pore fluid pressure values. Therefore, no Kaiser effect could be noticed. The reason for the dif-
ference could be that, even if the axial stress was kept constant, the sample's inelastic deformation was
increasing due to a creep mechanism and AE events were produced. In geo‐reservoirs, creep mechanisms
are also expected to occur. Therefore, no Kaiser effect should also occur in reservoir. However, stresses
are released after every seismic event, which is not the case for our experimental conditions where stresses
are artificially kept constant.

4.3. Pore Fluid Pressure Controlling the Deformation and AE Event Rates

To understand the underlying deformation mechanics during a creep experiment with oscillating pore fluid
pressure, a creep model based on the work of Brantut et al. (2012) was tested. The model allowed for the
investigation of the creep deformation from the crack to the macroscopic scale. It assumed an isotropic elas-
tic medium containing a set of penny‐shaped cracks of radius a oriented at an angle φ from the principal
stress σ1. Both shear stress τ and normal stress σn are acting on the cracks during a triaxial experiment

Figure 13. Porosity change as function of time for the reference experiment
(A = 0 MPa) and all pore fluid oscillation experiments performed. Due to
pore pump encoder issues, the porosity changes for A = 8 MPa is given only
for the first three steps of stress.
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(where σ3 = σ2 = Pc). When the shear stress overcomes the frictional strength (i.e., τ < μσn, where μ is the
friction coefficient), sliding along the crack occurs. After some sliding, wing cracks (opening cracks
subparallel to σ1) can initiate at the crack tip.

The mode I stress intensity factor at the tip of wing crack of length l can be express as (Ashby & Sammis,
1990; Brantut et al., 2012):

Figure 14. Evolution of (1) the stress intensity factor normalized by its critical value (KI/KIC) and of (2) the strain rate ( _ε1)
as function of time for the performed creep model at Pc = σ3 = 35 MPa, σ1 = 580 MPa, and using the parameters in
Table 3. Three oscillating pore fluid pressures were tested: (a) A = 4 MPa and T = 300 s (dark curves), (b) A = 1 MPa and
T= 300 s (red curves) and (c) A= 4MPa and T = 3,000 s (green curves). The pore fluid pressure is represented by the light
blue curve. The time‐to‐failure is noted for each pore fluid pressure condition.
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A1 and A3 being constants given by Ashby and Sammis (1990), α= cos (φ)

being the projection of the crack in the vertical plane, and ρ0 ¼ 4
3πNV

αað Þ3 represents the initial damage of the sample, withNV being the num-
ber of cracks per unit of volume. β is an empirical parameter to restrict KI to finite values when l is small;
following Brantut et al. (2012) it was taken to be 1.15.

Without stress corrosion, wing crack can grow only when KI overcomes KIC. When the stress allows the wing
crack to grow, its length increases such that KI = KIC. A relationship between the wing crack length and the
remote stresses applied on the sample can be found by rewriting equation (1) (Brantut et al., 2012):

σ′1 lð Þ ¼
KICffiffiffiffi
πa

p þ σ3 c3 þ A3 c1 þ c2ð Þð Þ
� �

A1 c1 þ c2ð Þ (5)

Equation (5) has a maximum value of σ1, corresponding to the short‐term strength of the rock sample. At a
lower stress than the rock strength, equation (5) provides a starting (equilibrium) crack length l0 of a creep
experiment.

During a brittle creep experiment, stress corrosion allows the crack to grow under a stress intensity factor
KI < KIC. Under these conditions, the crack growth rate can be described using Charles's law (Atkinson,
1984; Charles, 1958a, 1958b):

dl
dt

¼ _l0
KI

KIC

� �n

(6)

where _l0 is the characteristic crack speed and n is the stress corrosion index. Under constant stress condi-
tions, combining equations (1) and (6) provides a differential equation that describes the evolution of wing
crack length over time. The irreversible strain (ε1) can then be inferred as (Brantut et al., 2012):

dε1
dt

¼ 3ρ0
αað Þ3 lþ αað ÞKI

ffiffiffiffiffiffi
πa

p
E

A1 c1 þ c2ð Þð Þ dl
dt

(7)

This model was used to simulate a creep experiment on FS with oscillating pore fluid pressure. The stress
conditions were set to σ1 = 580 MPa, Pc = σ3 = 35 MPa, Pf

mean = 5 MPa, and three different oscillating pore
fluid pressure conditions: withA= 4MPa and T= 300 s,A= 1MPa and T= 300 s,A= 4MPa and T= 3,000 s
(Figure 14). The constants used to model subcritical crack growth in FS (Figure 14) were obtained from the
literature (Atkinson, 1979; Brantut et al., 2012; Whitney et al., 2007; see Table 3).

For all the pore fluid pressure conditions tested, the model shows two main results that we classified as glo-
bal and punctual deformations (Figure 14).

The global deformation follows the two creep phases observed during the laboratory experiments, with KI

(Figures 14a.1, 14b.1, and 14c.1) and _ε1 (Figures 14a.2, 14b.2, and 14c.2) first decreasing toward a minimum
value and then increasing toward infinity (i.e., rock failure). Oscillating the pore fluid pressure directly

Table 3
Value Used to Model Subcritical Crack Growth in FS

Parameter Value

Crack orientation from σ1, φ π/4
Initial flow sizea, a (μm) 250
Friction coefficient, μ 0.7
Uncracked rock Young's modulus (GPa) 75
Initial damageb, ρ0 2.87 × 10−3

Mode I stress intensity factorc, KIC (MPa.m1/2) 1.5
Characteristic crack speedd, _l0 (m/s) 1.6 × 10−6

Stress corrosion indexe, n 12.0
Starting crack lengthf, l0 (μm) 440

Note. FS = Fontainebleau sandstone.
aGrain size of FS. bEstimated from fits of short‐term experiments.
cFrom Whitney et al. (2007), KIC for quartz mineral. dFrom Brantut
et al. (2012), value for Crab Orchard sandstone. eFrom Atkinson
(1979), value for quartz mineral. fFrom equation (5) at σ1 = 580 MPa
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impacts this global behavior, that is, increasing amplitude (Figures 14a and 14b) and period (Figures 14a and
14c) shortens the time‐to‐failure and increases the minimum strain rate. Indeed, increasing the pore fluid
pressure induces inelastic strain and increase the microcrack length. Because of the nonlinear behavior of
the creep mechanisms when stresses are close to the sample strength, longer oscillation periods also affect
the mechanical properties (Figures 14a and 14c), which is consistent with the earlier experimental observa-
tions (Figure 12). However, at small oscillation periods, the model predicts a stronger dependence on the
amplitude than in our experiments, a difference which might originate either from the choice of model para-

meters (e.g., characteristic crack speed [ _l0] or stress corrosion index [n])—leading to an overestimation of the
amplitude effect relative to the period effect—or from an additional physical effect specific to hydraulic fati-
gue, hence not accounted for in a creep model.

In addition to the global deformation, the predicted KI and _ε1 showed oscillations in‐phase with the pore
fluid pressure oscillations (Figure 14). Thus, both AE rate and strain rate are expected to increase as pore
fluid pressure reaches its maximum, which is in agreement with our experimental observations
(Figures 9, 11, and 12) and with previous work performed on andesite (Farquharson et al., 2016). These
results are also consistent with the observed periodic stick‐slip triggering during shear stress oscillations
in dry and wet granite (Bartlow et al., 2012; Beeler & Lockner, 2003; Lockner & Beeler, 1999).

To summarize, the model results are in overall agreement with mechanical and AE data obtained. The
model predicts the two deformation phases of creep, as observed in our experiments, and a variation of
the time‐to‐failure and minimum strain rate depending on the period of the pore fluid pressure oscillations.
The model also predicts a maximum deformation rate in‐phase with the maximum of pore fluid pressure,
which is consistent with the in‐phase increase of AE events and strain rate during our experiments.

4.4. Implication for the Upper Crust Deformation

In the upper crust, tectonic strain rates vary from 10−15 s−1 or lower during interseismic phases to 103 s−1

during coseismic events. During the interseismic phase, time‐dependent mechanisms are expected to govern
the evolution of rock mass strength. Of these time‐dependent deformation mechanisms, stress corrosion is
often pointed out as the dominant one. Here we observe that rock mass subjected to pore fluid pressure var-
iationsmay also suffer from hydraulic fatigue, which severely lower its strength. In our experiments, hydrau-
lic fatigue mechanisms increased the deformation rate by up to a factor 2.

In tectonically active areas such as the Himalayas or California, seasonal hydrology tends to be correlated
with natural seismicity (e.g., Bettinelli et al., 2008; Johnson et al., 2017). The mechanism involved is the
changes in Coulomb stress rates on faults due to a loading, which can either stabilize or promote the fault
failure. Most studies show that natural seismicity is correlated with an increase of the crust load. Taking
AE data as a proxy for seismic events (see Lockner, 1993b for a discussion of the corespondence), we showed
that even small amplitudes of pore fluid pressure variations would influence seismic event rates.

Even if the total number of events were relatively similar for all the performed experiments, when an oscillat-
ing pore fluid pressure was applied, different event distributions were noticed. This correlation between events
and pore fluid pressure was noticed at each stress step and for each pore fluid pressure oscillation. It can be
even seen for small pore fluid amplitude variations and low differential stress (Figures 9 and 11). It implies that
pore fluid pressure perturbations have a dominant and direct effect on seismic event distribution.

Our data also give new constraints on the correlation between seismicity and pore fluid pressure variation.
Particularly, correlation can be favored by (i) high stress conditions compared to rock strength, (ii) high pore
fluid pressure amplitude, and (iii) high pore fluid pressure period variations.

5. Conclusions

Laboratory data of 10 short‐ and 10 long‐term creep experiments on FS were reported. The creep experi-
ments were carried with different pore fluid pressure conditions, and the sample mechanical and acoustic
behaviors were monitored giving new constraints on the rock‐fluid interactions:

1. At a constant Terzaghi effective pressure, increasing the pore fluid pressure level up to a factor of 10 did
not influence the rock strength in either the short term or long term, and the sample creep deformation
and AEs rates were also not influenced.
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2. Under the tested stress conditions, all samples failed after about 1% dilatancy. However, the dilatancy
rate depended on pore fluid oscillation period.

3. During the experiments, the dilatancy rate is directly correlated to the AE rate. Under the tested condi-
tions, doubling the dilatancy rate implied the doubling of the AE rate.

4. Under macroscopically drained conditions, the period of pore fluid pressure oscillations reduced the
time‐to‐failure and strength of a rock sample and increased its dilatancy rate. This is consistent with pre-
dictions from a model accounting for subcritical crack growth and creep deformations.

5. Pore fluid pressure perturbations had a dominant and immediate effect on seismic event distribution.
During the experiments, the pore fluid oscillations were controlling the AE event rate, with an observed
increase of emissions at the maximum of pore fluid pressure. The correlations increased when the rock
was getting closer to failure and increased with the pore fluid pressure amplitude and period.
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