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The stress history of rocks in the subsurface affects their mechanical and petrophysical properties. Rocks can often experience
repeated cycles of loading and unloading due to fluid pressure fluctuations, which will lead to different mechanical behavior
from static conditions. This is of importance for several geophysical and industrial applications, for example, wastewater
injection and reservoir storage wells, which generate repeated stress perturbations. Laboratory experiments were conducted with
Castlegate sandstone to observe the effects of different cyclic pressure loading conditions on a common reservoir analogue. Each
sample was hydrostatically loaded in a triaxial cell to a low effective confining pressure, and either pore pressure or confining
pressure was cycled at different rates over the course of a few weeks. Fluid permeability was measured during initial loading and
periodically between stress cycles. Samples that undergo cyclic loading experience significantly more inelastic (nonrecoverable)
strain compared to samples tested without cyclic hydrostatic loading. Permeability decreases rapidly for all tests during the first
few days of testing, but the decrease and variability of permeability after this depend upon the loading conditions of each test.
Cycling conditions do affect the mechanical behavior; the elastic moduli decrease with the increasing loading rate and stress
cycling. The degree of volumetric strain induced by stress cycles is the major control on permeability change in the sandstones,
with less compaction leading to more variation from measurement to measurement. The data indicate that cyclic loading
degrades permeability and porosity more than static conditions over a similar period, but the petrophysical properties are
dictated more by the hydrostatic loading rate rather than the total length of time stress cycling is imposed.

1. Introduction

Over long time scales, the state of stress in the subsurface is
generally static with strain rates around 10-15 s-1. However,
repeated fluctuations in stress are also quite common over
long periods of time; recurring migration of hydrothermal
fluids and seismic activity may regularly alter the stress state
throughout the subsurface [1, 2]. On shorter time scales, stress
changes are often induced in the near-wellbore environment
of natural gas storage reservoirs, wastewater injection, and
geothermal projects, where pressurizations during injection,
followed by shut-ins and depressurization, are ever-present
[3–7]. Such stress changes are expected to alter the mechanical

behavior of rocks in situ compared to the predicted response
for a static stress state [8, 9].

Rock behavior is often dependent on the “path” taken to
reach the current stress state. This dependency is often referred
to as stress history [10] and is a function of both the pressure
dependency and time dependency of rock behavior. The stress
history has been shown to affect a number of mechanical prop-
erties in rocks, including their elastic moduli [11, 12], elastic
wave velocity [13, 14], and permeability [15]. The impact of
stress history on rock behavior is most clearly demonstrated
in rocks that have been subjected to repeated cyclic loading
[10, 12, 16]. As stress is cycled, whether under hydrostatic ðσ1
= σ2 = σ3Þ or shear loading conditions ðσ1 ≠ σ2 ≠ σ3Þ, rock
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properties have been shown to evolve in a nonlinear manner
despite the state of stress remaining relatively unchanged.

Cyclic loading is particularly relevant to analyzing the
long-term behavior of rocks in the subsurface subject to
repeated stress changes. These stress perturbations likely lead
to an evolution of rock behavior that depends heavily on the
specifics of the lithology and loading paths taken. For many
injection and recovery projects, where stress changes are per-
vasive and frequent, cyclic loading can significantly affect the
prospective reservoir and its stability near the wellbore. Crit-
ical reservoir properties such as permeability are dependent
upon the current stress state and stress history induced
[17]. Furthermore, pervasive stress changes can lead to irre-
versible deformation that may degrade or even compromise
near-wellbore rock conditions. For example, repeated pore
pressure cycling can induce reservoir compaction and subsi-
dence [18] and can either mitigate or enhance mild-to-
moderate seismic activity [19]. The risk involved presents a
critical need to understand the impacts of different stress his-
tories in such reservoirs.

Sandstones are a prominent reservoir rock type. Extensive
research has been conducted to understand their hydrome-
chanical behavior under hydrostatic and shear loading condi-
tions (Zoback and Byerlee; [12, 20–22]). However, much of
this research has focused on the interrelation of sandstone
porosity and permeability with pressure. Less work has been
focused on how stress cycling affects the porosity and perme-
ability of sandstones, especially when the mean effective stress
is near-constant. Dey [23] measured the permeability and
electrical resistivity changes with the cycling of hydrostatic
effective stress for two sandstones. Sandstone permeability
was shown to evolve with stress cycling depending on the
effective stress, fluid composition, and clay content of different
sandstones. Bernabe [10] found that the petrophysical proper-
ties of sandstone during hydrostatic cycling depended on the
time for consolidation between cycles, whether confining or
pore pressure was cycled, hysteresis, and the number of cycles
conducted. Keaney et al. [24] found that the permeability of
sandstone was dependent upon both the effective stress and
the stress history. Heap et al. [25] showed that cycling sand-
stone pore pressure, while maintaining constant effective pres-
sure, during creep experiments did not affect deformation
rates. Little attention has been given to how sandstone proper-
ties evolve with stress cycling at low effective pressures or how
properties relate to the loading rate, stress cycle amplitude and
period, and total compaction.

In this work, the effects of cyclic loading were measured
on a reservoir analogue sandstone to observe the evolution
of rock mechanical and petrophysical properties. Hydrostatic
loading tests were conducted with varying loading condi-
tions, utilizing different cycling rates, effective stresses, and
test durations. Change in permeability was monitored at var-
iable intervals evaluating the impact of stress history on sand-
stone transport properties.

2. Materials and Methodology

2.1. Materials. The samples tested in this study were Castle-
gate sandstone. The authors have previously worked with

this material and have established its efficacy as a good reser-
voir analogue [11]. As a fluvial reservoir rock from the Mesa-
verde Group in Utah, Castlegate sandstone is composed
predominantly of quartz (~90%) and calcite cement, with
accessory minerals including feldspars and Fe-rich clays
[11, 26]. Grain size on average varies from 0.2mm to
2.5mm, with an average porosity of ~ 26 ± 0:3 and low pre-
existing fracture content (Figure 1). Samples were cored per-
pendicular to bedding and ground into right cylinders with
dimensions of ~8.2 cm by 3.8 cm (Table 1). Samples were
oven-dried for 48 hours at 60°C and then weighed to find
their dry weight and density (Table 1).

2.2. Stress Cycling Tests. The test specimen was placed
between two metal platens having central ports that permit
the permeant (water) to enter and exit (Figure 2(a)). Highly
permeable, porous felt metal disks were placed in the inter-
face between the platens and specimen to distribute the per-
meant and permeant pressure across the full cross section of
the specimen. The specimen is jacketed with a paint-on, UV-
cured polyurethane—sealed by adhesion to the platens and
rock—and serves to protect the specimen from hydraulic
confining fluid and to prevent permeant from short circuit-
ing around the sides of the specimen during testing. Sample
displacement was measured by attaching linear voltage dis-
placement transducers (LVDTs) to the sample setup. Axial
displacement (i.e., perpendicular to bedding) was measured
with an LVDT attached to the end caps of the sample, while
lateral displacement (i.e., parallel to bedding) was measured
by using a pair of LVDTs attached to the center of the sample.

The sample assembly is placed into the pressure vessel
(Figure 2(b)). The pressure vessel was then filled with confin-
ing fluid (Isopar H fluid). A low confining pressure
(~0.5MPa) was maintained as tap water was injected into
the sample and pressure vessel to degas the system. Water
was pressurized into the sample through a pair of syringe
pumps until the system achieved effective saturation. The
water pressure line was burped a few times to release trapped
air. A low water flow rate was maintained to prevent sample
pore pressure from exceeding applied confining pressure.

Once the sample and pore system were effectively sat-
urated, tests could begin. A general schematic of the test
procedure can be seen in Figure 3. The specific conditions
for each test are listed in Table 2. Confining pressure (Pc)
was generally increased first to a static value, either at a
constant rate or in increments of 0.69MPa. Once confin-
ing pressure value was achieved, pore pressure was
increased to the maximum pore pressure used in each test
experiment (Table 2). After the effective pressure was sta-
bilized, hydrostatic pressure cycling was initiated. Either
confining pressure or pore pressure was then decreased
at a constant rate until the minimum effective pressure
was achieved, whereby the stress was increased at the same
rate back to the maximum effective pressure. Hydrostatic
stress was cycled in this manner continuously until the test
ended, wherein stress was unloaded at a constant rate.
Cycling was periodically halted to lower confining and
pore pressure and measure current permeability across
the sample. The only exception to this was CG_009, which
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was kept at a constant effective stress of 10.34MPa except
during permeability tests. Although the average effective
stress during the cycling tests was 1.5-2MPa greater than
the average effective stress in CG_009, the difference in
pressure is small and thus the test conditions are still com-
parable. All measurements were recorded with a sampling
rate of 8:33 × 10−3 Hz.

This work adopts the geomechanical convention of
compression stresses and strains as positive. Effective pres-
sure was calculated through the difference of the confining
pressure (Pc) and pore pressure (Pp). Axial displacement
and lateral displacement measured were used to calculate
the axial (εax) and radial (εrad) strains, respectively.
Volumetric strain (εv) was calculated using the following
formula:

εv = εax + 2εrad: ð1Þ

All strains measured are reported as percent strain.
The displacements are accurate within 0.0127mm, while
the confining pressure and pore pressures are accurate
within 0.0344MPa.

2.3. Permeability Measurements. To measure permeability, a
pressure difference was generated by dropping pore pressure
at one end of the sample while maintaining it at the other
end. The difference in the pore pressure across the sample

was then used to calculate permeability using Darcy’s law:

k = QLμ
AΔp

, ð2Þ

where k is the sample permeability, Q is the volumetric flow
rate, μ is the dynamic viscosity, L and A are the sample length
and area, respectively, and Δp is the pore pressure drop
between the sample ends. The fluid flow rate was kept con-
stant for each test ( ~ 8 × 10−8 m3/s). The sample length and
area were adjusted based on the displacement measured by
axial and radial LVDTs.

All permeabilities were measured during testing at low
pore pressure values (~0.1-0.2MPa). The use of a low pore
pressure was due to a limitation of the testing setup. Perme-
ability was determined at different intervals and conditions
depending on the hydrostatic loading conditions. Permeabil-
ities of CG_001 and CG_003 samples were determined prior
to and after hydrostatic loading, at low confining pressures.
For the other six tests, permeabilities were determined by
reducing the confining pressure and pore pressure to lower
values concomitantly to minimize change in effective stress.
Once pore pressure was at the desired value, permeability
was measured. At each halt in stress cycling, permeability
was recorded twice. Confining pressure during each mea-
surement was maintained at an effective pressure equivalent
to either the maximum or minimum value during cycling
(see Table 2).

3. Experimental Results

3.1. Deformation Data. The axial and radial strains of each
specimen for the duration of each test are shown in
Figure 4, while volumetric strains with cycling of effective
pressure are shown in Figure 5. The strains are shown against
both time and effective pressure to illustrate the combined
impact mechanical load, dynamic stress state, and time
elapsed have on the specimen. Strong anisotropy is observed
between the strains despite hydrostatic pressure conditions
being applied. Axial deformation is universally 2-6 times
greater than radial deformation, regardless of effective stress
during cycling, cycling rate, or test duration (Figure 4).
Moreover, axial strain is more sensitive to fluctuations in
stress induced by hydrostatic pressure cycling. This anisot-
ropy of deformation is likely an inherent characteristic of
the specific lithology, given its ubiquity between samples,
with the degree of anisotropy being attributable to sample-
to-sample variations. Such deformation anisotropy is likely
a function of the bedding orientation. The axial and radial
strains are parallel and perpendicular to sandstone bedding
planes, respectively, so the greater axial deformation is likely
indicative of the greater closure of preexisting microcracks
subparallel to the bedding planes [27].

Volumetric strain curves shown in Figure 5 demonstrate
that the range and mean of effective pressures were nearly
constant during loading, except during permeability tests.
Although minor variations exist in the conditions (see
Table 2), the minimum and maximum effective pressures
during cycling vary by at most 1-2MPa during testing.

0.5 mm

Figure 1: Photomicrograph of undeformed Castlegate sandstone.

Table 1: Dimensions of Castlegate sandstone samples tested in this
study.

Sample
number

Length
(cm)

Diameter
(cm)

Weight
(g)

Density
(g/cm3)

CG_001 8.18 3.77 178.58 1.96

CG_003 8.15 3.78 178.31 1.95

CG_004 8.15 3.78 178.84 1.95

CG_005 8.22 3.77 179.17 1.96

CG_006 8.19 3.74 175.40 1.95

CG_007 8.24 3.74 178.08 1.96

CG_009 8.21 3.75 177.40 1.95

CG_010 8.23 3.76 178.90 1.96
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Therefore, the differences seen between the individual stress-
strain curves can be attributed to factors other than the mean
stress applied during each test, such as the cycle frequency or
loading rate.

Typical of sandstones, during the initial hydrostatic load-
ing portion of each test, the stress-strain curve is initially con-
cave up as nonrecoverable or inelastic damage is
accumulated in the sample via grain rearrangement, elastic

Sandstone
sample

Lat LVDT

Ax LVDT

Pore fluid
port

(a)

Pore fluid
syringe pump

Pressure
vessel

(b)

Figure 2: Setup for hydrostatic tests: (a) sample configuration for samples during hydrostatic tests; (b) pressure vessel and pumps utilized for
conducting each experiment.
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Figure 3: Model of stress-strain evolution over time during cyclic loading tests: (a) plot of confining pressure (Pc) and pore pressure (Pp) over
test duration; (b) plot of axial (εax), radial (εrad), and volumetric (εv) strains over test duration.

Table 2: Testing conditions for each hydrostatic loading test. Tests with multiple pressure conditions indicate maximum and minimum
pressure of each cycle. Pc = confining pressure; Pp = pore pressure; Peff = effective pressure during cycles; Pk = effective pressure during
permeability tests. When two values of Pc, Pp, Peff , or Pk are listed, this represents the maximum and minimum pressure of each cycle.

Sample number Pc (MPa) Pp (MPa) Peff (MPa) Pk (MPa) Cycle time (hours) # of cycles Duration (days)

CG_001 20.68 10.34 & 6.89 10.34 & 13.79 0.55 8 5 2

CG_003 20.68 10.34 & 6.89 10.34 & 13.79 0.55 8 28 10

CG_004 20.68 10.34 & 6.89 10.34 & 13.79 10.17 & 6.72 8 44 16

CG_005 20.68 11.03 & 6.20 9.65 & 14.48 10.89 & 6.07 8 60 23

CG_006 20.68 11.03 & 6.20 9.65 & 14.48 10.76 & 5.93 4 168 32

CG_007 14.82 & 10 0.35 9.65 & 14.47 14.48 & 9.65 4 117 22

CG_009 20.68 10.34 10.34 10.27 — — 31

CG_010 20.68 10.34 & 6.20 10.34 & 14.48 10.34 2 274 33
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crack closure, and fracturing of cement at grain contacts (e.g.,
[21]). The volumetric stress-strain relationship becomes
approximately linear-elastic after 5-10MPa. As cycling of
hydrostatic stress occurs, volumetric strain can be seen to
accumulate over time. Of note is that CG_009, which was
kept a constant effective pressure for 32 days, shows very little
accumulated strain throughout the experiment. Further-
more, when each other cycled stress test was ended and the
pressure released, the total inelastic volumetric strain for
the cycled stress tests varied from 0.2 to 0.8%, while the per-
manent strain in CG_009 was less than 0.1% (Table 3).

Figure 6 shows how the change in volumetric strain
evolves as hydrostatic stress cycling continues. Volumetric
strain change is calculated from the difference in the peak
and valley of each cycle during the unloading portion. During
the first few cycles and days of stress cycling, the change in
strain during cycle unloading increases with each successive
cycle, after which the strain changes during cycle unloading
become more consistent for the duration of the tests. Volu-

metric strain per cycle increases as the difference between
the maximum and minimum stress increases. CG_006 and
CG_007 have the largest stress difference during cycling
and similarly display the greatest strain change among the
tests, followed by CG_010 and then CG_005, CG_004, and
CG_003. CG_005 does not seemingly follow this trend, as
pressure change for this matches that of CG_006 and CG_
007 but exhibits behavior more akin to CG_003 and CG_
004. It is feasible that this is the influence of the pressuriza-
tion rate instead, as all three are cycled in 8-hour intervals
rather than 4-hour intervals like CG_006 and CG_007. Addi-
tionally, there appears to be different trends in the volumetric
strain change depending on the loading conditions. Samples
cycled at 8-hour rates exhibit greater strain change over time,
while samples cycled at 4-hour rates exhibit little change in
volumetric strain over time (CG_006) or even minute
decreases after a certain time (CG_007). CG_010 on the
other hand experiences a steady decrease in volumetric strain
change over time (Figure 6(b)). Such behavior implies that
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loading rate controls how the sandstone samples will respond
to further stress cycling.

3.2. Permeability Data. The permeability values determined
for each sample are shown in Figure 7. Figure 7(a) shows
the permeabilities measured for the 8-hour tests, including
those for CG_001 and CG_003 where permeability was mea-
sured at low confining pressures (~0.55MPa) before and
hydrostatic loading began. All samples experience a general
decrease in permeability over time, though the rate seems
to vary from sample to sample.

Figure 7(b) shows permeabilities determined for the 4-
hour, 2-hour, and no cycling tests. As with Figure 7(a), per-
meability is shown to decrease quickly at the start of each test
and then decrease in a quasilinear manner over time. The
change in flow rate with time in CG_009 can be seen to be
less than that of the other tests, where stress cycling occurred.
Likewise, the flow rate over time decreases less in CG_010
than in either CG_006 or CG_007, which were cycled at

slower rates than CG_010. Such an observation implies that
permeability is not inextricably linked to test duration alone.
The relative similarity between the CG_006 and CG_007 is
also noteworthy, as the former involves cycling of pore pres-
sure while the latter involves cycling of confining pressure.
Furthermore, the effective pressures Pk at which permeabil-
ities were measured was nearly 4MPa greater in CG_007.

Figure 7(c) shows the permeability measured for CG_
005, CG_006, and CG_007 where confining pressure was
increased in a stepwise manner during the initial loading
stage. The measurements shown suggest that the flow rate
is not significantly altered by increasing confining pressure,
at least for relatively low confining pressures (i.e., 0-
12MPa). Although CG_005 and CG_006 show a little trend
in the measurements as confining pressure increases, mea-
surements with CG_007 are fairly constant with little
decrease or increase. One observation is that CG_005 dis-
plays variable, high permeability values initially
(Figure 7(c)). However, for pressures greater than 8MPa,
the flow rate decreases rapidly to 4‐5 × 10−13 m2 and becomes
far less variable than at lower confining pressures. In
Figure 5, the volumetric strain of CG_005 can be shown to
increase sharply at this pressure as well; this is not observed
in any of the other tests. This may indicate that permeability
through the samples is more a function of the volumetric
strain than the pressure applied.

4. Analysis and Discussion

4.1. Evolution of Sandstone Mechanical Behavior. Since the
porosity is a first-order control on the mechanical behavior
of sandstones, it follows that continued porosity reduction
or volumetric strain will lead to concomitant changes in the
elastic and inelastic deformation. In high-porosity sand-
stones (>~15%), reduction due to hydrostatic compaction
occurs primarily through the mechanisms of grain rearrange-
ment and grain sliding [28]. During hydrostatic compaction,
stress and strain have a quasilinear relationship before the
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Figure 5: Volumetric strain as a function of effective stress.

Table 3: Values of the bulk modulus Bmeasured during hydrostatic
loading at test inception and unloading at test ending. Unloading εv
is the volumetric strain calculated from a third-degree polynomial
best fit of the unloading curve. Test duration indicates the number
of days each test lasted. Cycle loading rate represents the rate of
effective stress change during cyclic loading.

Sample
number

Loading B
(GPa)

Unloading
B (GPa)

Cycle loading
rate (MPa/hr)

Unloading
εv (%)

CG_001 2.38 3.18 0.86 0.179

CG_003 2.88 4.50 0.86 0.540

CG_004 2.61 5.24 0.86 0.449

CG_005 2.14 5.03 1.21 0.752

CG_006 2.27 4.40 2.42 0.652

CG_007 2.21 3.40 2.41 0.282

CG_009 2.64 5.52 — 0.025

CG_010 2.27 4.94 4.14 0.266
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onset of grain crushing and fracturing. However, in our
experiments, the mean effective stress is relatively constant
during each test even as volumetric strain accumulates
(Figures 5 and 6), suggesting that strain cannot be attributed
solely to increasing pressure. This indicates that the corre-
sponding changes to mechanical behavior should be attrib-

uted to the stress path undertaken. Such an observation is
supported by the aforementioned difference in unloading
strain seen between the tests that underwent stress cycling
and those that did not (i.e., CG_009).

The effect of different load setups (e.g., effective pressure,
pore or confining pressure cycling, and cycle rate) can be
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Figure 6: Change in volumetric strain during the unloading portion of each cycle plotted against the number of cycles (a) and time elapsed
(b). Volumetric strain change is calculated from the difference in the peak and valley of each cycle during the unloading portion.
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seen in Figure 8. The volumetric strain at the peak of
every five cycles was averaged to eliminate scatter and is
shown in Figure 8, except for CG_001 where only five
stress cycles occurred during the test. CG_010 in
Figure 9(d) was corrected to remove the change in strain
that occurred during the second permeability measure-
ment (see Figure 5). For CG_009 where no cycling
occurred, values were chosen from every 100th sampling
during the test (Figure 8(d)). All tests demonstrate that
during the first 2-3 days at hydrostatic conditions, the
samples experience a greater rate of strain accumulation,
before becoming more linear over time. Samples deformed
with faster cycle rates (Figures 8(a) and 8(b)) accumulate
more volumetric strain over time than samples deformed

with slower cycling rates (Figures 8(c) and 8(d)). However,
slower cycling also leads to volumetric strain change per
cycle decreasing more rapidly than faster cycling tests of
CG_006 and CG_007, which continue to accumulate volu-
metric strain at a similar rate throughout each test. Of
greater importance though is the difference in strain accu-
mulated with fast cycling rates (CG_010) or no cycling at
all (CG_009). While the 8- and 4-hour cycle tests experi-
ence relatively comparable amounts of strain over time,
CG_009 and CG_010 show much less change in strain
throughout the tests (Figure 8(d)). Although both show
an initial increase in strain at the beginning of the test
similar to the others, their change in strain quickly
becomes linear over time. The low initial strain increase
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Figure 7: Permeability determinations: (a) permeability as a function of time during 8-hour cycle tests; (b) permeability as a function of time
during 4-hour cycle tests (CG_006, CG_007), 2-hour cycle tests (CG_010), and tests without stress cycling (CG_009); (c) permeability
measured at intervals of 0.69MPa during the initial confining pressure loading of CG_005, CG_006, and CG_007, prior to stress cycling
initiation.
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9Geofluids



Ch
an

ge
 in

 p
ea

k 
vo

lu
m

et
ric

 st
ra

in
 (%

)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.2

0.16

0.18

100 150 200 250 250

Cycles

0 50

CG_009 - no cycling
CG_010 - 2-hour cycles

CG_006 - 4-hour cycles
CG_007 - 4-hour cycles

(c)

Ch
an

ge
 in

 p
ea

k 
vo

lu
m

et
ric

 st
ra

in
 (%

)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.2

0.16

0.18

10 15 20 25 3530
Cycles

0 5

(d)

Figure 8: Average peak volumetric strain of every five cycles during the tests. Tests conducted with 8-hour cycle rates are plotted against the
cycle number (a) and time elapsed (b), while samples hydrostatically loaded with 4-hour cycle rates, 2-hour cycle rates, and no stress cycling
are plotted against the cycle number (c) and time elapsed (d). CG_010 in (c) only shows the strain during cycling, while CG_010 in (d) shows
both the initial static period (~5 days) followed by the initiation of stress cycling.
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seen for CG_010 may be attributed to the stress cycling
not beginning for the first five days of the test, so data
shows the volumetric strain beginning when stress cycling
was initiated.

The evolution of sample mechanical behavior can also
be shown by examining the changes in elastic moduli. The
bulk modulus (B) represents the amount of hydrostatic
stress per unit strain required to compress the bulk rock

and can be expressed as:

B = ΔPeff
Δεv

, ð3Þ

where Peff is the effective pressure and εv is the volumetric
strain. Using the propagation of errors method with the
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Figure 9: Comparison of permeability and volumetric strain measured during each permeability test. High Pk permeability measurements are
compared with time (a) and number of cycles (c) elapsed, while low Pk permeability measurements are compared with time (b) and number
of cycles (d) elapsed. Volumetric strain recorded at high Pk (e) and low Pk (f) permeability measurements is compared with time elapsed.
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known deviations for the displacements, pressures, and
sample dimensions, we determined the error for our bulk
modulus measurements to be ~6%. However, the experi-
mental methods used were consistent between each test,
so the trends in our observations should still be consistent
regardless of any error.

A greater bulk modulus generally indicates a less porous
and stiffer rock volume. One can see the effect of the elastic
and inelastic deformation induced during each test by com-
paring the bulk moduli measured during the loading and
unloading of effective pressure at the start and end of each
test (Table 3). The tangent of the stress-strain curves from
5 to 10MPa was taken as equivalent to each modulus, except
for CG_005 where the tangent was only measured from 5 to
8MPa due to the large jump in volumetric strain above
8MPa (e.g., Figure 5). In all tests, regardless of duration or
cycling conditions, the bulk moduli during the initial hydro-
static loading ranged from 2 to 3GPa (Table 3). Similarly, the
bulk moduli during complete stress unloading (i.e., test
ended and pressure reduced to 0MPa) were always larger
than during the initial hydrostatic loading at the start of the
tests. It can also be seen that the magnitude of the unloading
modulus tends to increase with test duration, with the excep-
tion of CG_007 where confining pressure was cycled instead
of pore pressure. Considering the very similar test setup
between CG_006 and CG_007 (cycle effective pressures,
stress cycling rates), the fact that the CG_006 test was 10 days
longer further lends credence to the effect of test duration
when undergoing stress cycling (Table 1). Our sandstone
samples were cored from the same block of Castlegate sand-
stone utilized in Ingraham [29] and Ingraham et al. [11]. It is
noteworthy then that the bulk modulus of dry Castlegate
sandstone (11.5-13.1GPa) is more than double any of these
values [29] and is less than the water-saturated bulk modulus
(6.9GPa) at an effective confining pressure of 22MPa [11].

However, the loading and unloading at the start and fin-
ish do not adequately describe how the modulus evolved
throughout each test and how different stress paths lead to
changes in the mechanical behavior. To this end, the bulk
modulus was measured for the unloading portion of each
cycle. B values were compared with the number of cycles
(Figure 10(a)) and number of days elapsed (Figure 10(b)).
All B values measured during the stress cycling exceeded
the values measured at the start and end of each test
(Table 3). The B values are generally separated into two
groups: the slower cycling tests (8-hour rate) and the fast
cycling tests (4- and 2-hour tests). B values of the slow cycling
tests are on average twice that of the fast cycling tests. A fur-
ther distinction can be seen in that the slow cycling tests
exhibit a much greater variation from cycle to cycle. By con-
trast, the fast cycling tests are much less variable, particularly
CG_006 and CG_007. Perhaps a more important observation
is the overall trend of B over the test durations. The 8-hour
cycling tests all exhibit a trend of decreasing bulk moduli
overall, despite their variability. The 4-hour cycling tests ini-
tially exhibited an increase in B values for the first few cycles
and then remained relatively unchanged as cycles continued.
B values of the 2-hour cycling test CG_010 conversely exhib-
ited an overall increase over time (Figure 10(b)).

These observations, along with the mechanical data, can
clarify the effect that different loading conditions have on
the evolution of mechanical behavior in sandstone.

(1) Hydrostatic cycling of confining pressure or pore
pressure facilitates similar mechanical changes in
our samples and provided fluid transmissibility
which is sufficient to allow pore pressure mainte-
nance. The precise confining and pore pressures
maintained are of negligible importance, so long as
the effective pressure is maintained

(2) xHydrostatic stress cycling at such low effective pres-
sures induces significantly more inelastic damage
overall than constant stress conditions. CG_001 was
tested for only 2 days and 5 hydrostatic cycles, and
its inelastic strain was more than seven times that of
CG_009 even though CG_009 experienced hydro-
static creep for more than a month (Figure 4)

(3) While the total volumetric strain achieved depends
on the initial sample compressibility, the loading rate
and duration exert a significant degree of control on
the inelastic damage induced. The peak volumetric
strain increases at a diminishing rate as cycling con-
tinues (Figures 8(b) and 8(d)). During the initial
few days, all tests experienced consistent and rela-
tively rapid increase in volumetric strain. 8- and 4-
hour cycle test volumetric strain generally increases
in a nonlinear manner. Among these, the volumetric
strain per day decreases more quickly for larger cycle
durations and smaller cycle stress changes. With 2-
hour cycles, the volumetric strain increases in a loga-
rithmic manner after cycling begins (~4.8 days into
test). Indeed, the trend is more akin to the hydrostatic
creep test of CG_009 than any of the other cycling
tests (Figure 8(d)). This is feasibly the result of both
the higher strain rate and lower stress rate utilized
for CG_010, as sandstones’ mechanical behavior is
known to be stress rate-dependent [30].

(4) Greater compaction occurs over time for stress
cycling when the stress cycle amplitude increases.
As can be seen in Figure 8, volumetric strain increases
more for CG_005 over time than for the other 8-hour
cycle tests. The stress cycle amplitude for CG_005 is
~4.8MPa, while for CG_001, CG_003, and CG_004,
their amplitudes are closer to ~3.3MPa (Table 2).
This implies that even if mean stress during cycling
is equivalent, greater stress changes during cycling
will induce greater deformation over time

The most critical factor to the stress path of a sand-
stone would seem to be the strain or loading rate. A faster
cycling rate induces less volumetric strain and thus poros-
ity reduction. The impact of the loading rate for hydro-
static pressure may however be mitigated by reducing
the magnitude of the stress change during each cycle.
The implications for these observations are discussed in
the following sections.
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4.2. Impact of the Stress Path on Sandstone Permeability. In
an unfractured or intact rock, the porosity and permeabil-
ity are likely to decrease with increasing hydrostatic or
mean pressure [31]. Depending on the magnitude of pres-
sure increase and degree of hysteresis in the rock, not all
the original porosity and permeability will be recoverable
(Table 3, Figure 7(a) for CG_003). While the relationship
of permeability and porosity with pressure in porous rocks
is often described by a power law or exponential function
[28, 32], such behavior did not hold true for permeability
during the initial pressurization of CG_005, CG_006, and
CG_007 up to ~12MPa (Figure 7(c)). This pressure insen-
sitivity during the initial loading is not unprecedented for
sandstones. For example, David et al. [28] observed that
permeability of Boise sandstone (porosity = 35%) decreased
quasilinearly with increasing effective stress. The initial
reduction in permeability (and porosity) of sandstone is
often attributed to the closing of microcracks, which tend
to control permeability. But if fracture content is low
and the primary porosity is intergranular pore spaces,
the change in permeability will depend more on the clo-
sure of pore spaces and the nucleation of new fracture
pathways at greater stresses.

In the case of our samples, the permeability evolution
depends on the stress history rather than on the effective
stress at any given time. Figure 9 shows how the perme-
ability and volumetric strain evolved with different stress
paths and loading conditions at effective pressures (Pk)
with a similar range to the maximum and minimum pres-
sure of each cycle (Table 2). Although there is variability
from measurement to measurement, permeability
decreases quasilinearly at both high and low Pk for every
test. Permeability variation is generally greater at lower

pressures than at higher pressures. Further, permeability
decreases more rapidly per day and cycle for high pres-
sures than for lower pressures in all tests. The volumetric
strain increases similarly with continued hydrostatic
cycling, though the change in volumetric strain over time
is far more consistent at each pressure.

The impact of the stress path can be seen by examining
the differences between the four samples shown in Figure 9.
The effect of pressure on permeability is seen in CG_007,
where permeability was measured at pressures ~3-4MPa
higher than the other three tests. Volumetric strain is univer-
sally higher at both pressures for CG_007, despite similarities
in loading conditions to CG_006 in particular. While the per-
meability is not likewise lower for CG_007 than the other
tests, the decrease in permeability appears far more linear
per day than any of the others. This reflects the observation
noted earlier that permeability will decrease more predictably
at higher pressures.

The hydrostatic loading rate seems to have a greater
impact on permeability than any other factor. The highest
permeability values were recorded in CG_004, which was
loaded with a rate of 0.8625MPa/hr through 8-hour
cycles. CG_005 was loaded in 8-hour cycles at a rate of
1.2075MPa/hr and displayed some of the highest perme-
ability values with even more variation over time. The
lowest permeabilities were recorded in CG_006, which
was loaded in 4-hour cycles at a rate of 2.415MPa/hr.
The range of permeabilities recorded is lower for CG_
006, though not so much as CG_007 which was loaded
at similar rates. Although other factors may play a role,
such as the maximum and minimum Peff during cycling,
faster loading rates do seem to induce more stable
decreases in permeability than not.
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Figure 10: Evolution of unloading bulk moduli during hydrostatic stress cycling. Bulk modulus values are compared with the number of
cycles (a) and the time elapsed (b).
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The duration of loading also seems to affect permeability
measurements during hydrostatic loading. The earliest per-
meability measurements between cycles were conducted in
CG_004. Permeability in the first ~5 days of loading deviates
noticeably more than that during the later measurements
from the linear trend at both high and low pressures
(Figures 9(a) and 9(b)). Permeabilities were not recorded this
early for the other tests, so a direct comparison is more diffi-
cult. Such an observation is similar to what is observed in
Figure 11, comparing permeability and volumetric strain of
CG_009 and CG_010. Permeability was measured in both
CG_009 and CG_010 at the same Pk , and both tests were
held at a constant effective stress for the first 5 days
(Figure 11(a)). During this period, permeability decayed rap-
idly from very high values measured on the first day, after
which the change in permeability became more linear over
time. A difference can be seen after 5 days though, as hydro-
static stress cycling began in CG_010. After the initial drop in
permeability, CG_009 saw no consistent decrease in perme-
ability, despite the duration of the test. By contrast, CG_010
decreases at a steady rate as stress cycling occurs, displaying
less variability over time than CG_009 or any of the other
stress cycling tests. A similar correlation can be seen with
the volumetric strains recorded in Figure 11(b), as volumetric
strain increases rapidly before only increasing incrementally
over time. The difference though is clear in that volumetric
strain increases more at each permeability measurement for
CG_010 than for CG_009. The data shows that hydrostatic
cycling of stress in CG_010 leads to greater permeability
reduction and volumetric strain increase. The constant stress
state of CG_009 only shows significant change in permeabil-
ity and strain during the initial test duration, becoming more
consistent afterwards.

From this analysis, the transport properties of an intact
sandstone depend on the volumetric strain and/or the rate
of change in volumetric strain. Regardless of effective
stresses, permeability and volumetric strain decrease and
increase, respectively, in the first few days as consolidation
and grain rearrangement occur. After the initial loading
period, permeability decreases more over time for samples
that undergo hydrostatic cycling, which also tends to induce
a greater change in volumetric strain. With faster cycling
rates, permeability will be less variable over time (e.g., CG_
007 and CG_010), just as volumetric strain will increase at
a faster rate over the same testing duration.

4.3. Implications for Stress Cycling Applications. At low effec-
tive pressures, cycles in the stress state of reservoir sand-
stones will induce further compaction, more so than would
be seen in a near static stress state. As inelastic compaction
via grain rearrangement is the primary deformation mecha-
nism at such conditions, the mechanical behavior and per-
meability at any given point will depend on the amount of
volumetric strain change (e.g., porosity change) over time
or per cycle. Perhaps more importantly, the stress path affects
the variation of relevant mechanical and petrophysical prop-
erties over time, making interpreting reservoir characteristics
more difficult.

Stress cycling in situ is commonly induced by both natu-
ral and anthropogenic processes. However, stress perturba-
tions induced by fluid injection and extraction projects
occur on much more rapid timescales than under natural
geological conditions. Several recommendations emanating
from this work can be devised to mitigate unwanted degrada-
tion of reservoir characteristics during such projects. During
the initial cycling period, high porosity and permeability
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Figure 11: Permeability (a) and volumetric strain (b) measurements compared with time elapsed.
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reductions should be expected at any condition. However,
lower pressurization rates and stress changes during cycling
should expect less reduction in porosity over time.

A tradeoff for porosity and permeability “stability” is that
these conditions should also expect to see greater variability
in rock mechanical and petrophysical properties than with
higher loading rates and pressure changes. These depend
upon the magnitude of the mean effective stress during stress
cycling, since higher effective pressures diminish the impact
of the unloading-loading cycles [12, 23]. If the goal is to min-
imize sandstone reservoir changes during injection or recov-
ery projects on large timescales, then ideally one would
induce less than 3MPa of effective stress change and over
the longest feasible unloading-loading period.

For a storage reservoir, this may translate to additional
engineering to include a combination of additional wells,
“cleaner” near-well conditions, and lower injection/withdra-
wal rates. Additional wells may increase costs if they do not
already exist or if existing wells need to be reengineered for
this purpose. Cleaner near-well conditions will perhaps allow
flow rates and pressure to dissipate in a more distributed
manner through the rock mass. Stimulating the near wellbore
may achieve similar results. Injection/withdrawal rates are
generally cost driven, and there may be a tradeoff to maintain
near-wellbore permeability conditions in the context of the
former.

These recommendations come with two caveats. First, if
the effective stresses are sufficient to induce fracturing in
the reservoir or the reservoir contains significant preexisting
damage, fracture porosity may dominate sandstone petro-
physical and mechanical behavior during stress cycling
rather than intergranular porosity. Second, a number of
authors have suggested that the amount of clay content will
heavily influence any changes to sandstone porosity and per-
meability under both hydrostatic [16, 23] and triaxial stress
conditions [28, 33]. In this rock, clay content is minor; thus,
its impact is expected to be small and localized. The impact of
triaxial stress conditions was not studied here but is likely
important in the near-wellbore environment. Understanding
the impact of stress cycling and stress history on a sandstone
reservoir requires sufficient characterization of the reservoir
rocks [34].

5. Conclusions

Hydrostatic stress cycling tests were conducted over the
course of weeks with eight samples of Castlegate sandstone.
The impact of different stress paths on the mechanical and
petrophysical behavior of the sandstones was analyzed by
varying the loading rate, magnitude of stress change, pressure
conditions, and duration of the tests. Permeability was deter-
mined at numerous intervals and pressures to quantify how
permeability evolves during stress cycling. Tests showed that
mechanical compaction increased nonlinearly with increas-
ing hydrostatic stress cycles and that different stress paths
altered the mechanical properties of sandstone without
requiring significant permanent damage. Permeability evolu-
tion was shown to be dependent upon the volumetric strain
change over time. Slower cycle loading rates or constant

effective stresses were shown to experience less reduction
and more variability in permeability determined after the
first few days of testing. Observations were used to derive rec-
ommendations for induced stress cycling in situ for sand-
stone reservoirs. Additional work with hydrostatic cycling
of sandstones of different porosity and damage content may
yield further insight into the how wells evolve during injec-
tion and extraction applications.
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