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ABSTRACT

In the transition to a sustainable energy system, natural gas may be an interim source for relatively
low-carbon energy production. However, hydrocarbon production worldwide is leading to reservoir
compaction and, consequently, surface subsidence and induced seismicity, hampering the potential
of natural gas. Reservoir compaction may potentially be mitigated by fluid injection. Fluid injection
into porous subsurface reservoirs is also required in other technologies envisioned in a sustainable
energy system, such as geothermal energy production and temporary storage of renewable energy.
However, fluid injection into porous reservoirs may create a chemical disequilibrium between the
pore fluid and host rock, potentially activating fluid-rock interactions that can cause compaction of the
reservoir. These chemically activated fluid-rock interactions are not well-understood, and, therefore,
we performed uniaxial compaction experiments at 35, 75 and 100 MPa effective stress, employing
samples of Bentheim sandstone saturated with supercritical phases (i.e. N3, CO,, wet-N, and wet-CO,),
distilled water and aqueous solutions (i.e. 3.7 pH HCl solution, AMP solution and AICl; solution), as well
as low-vacuum (dry) conditions. Creep strain and acoustic emissions (AEs) accumulated with increasing
stress and sample porosity. While saturation with supercritical fluids produced slightly less creep
strain than dry conditions, flooding with distilled water doubled the creep strain. The acidic solutions
inhibited compaction creep compared to distilled water saturation. AE activity and microstructural
analysis revealed that microcracking controlled deformation, presumably via stress corrosion cracking.
While the supercritical fluids may have dried crack tips, distilled water likely reduced the stress
required for Si-O bond breakage. The acidic solutions inhibited microcracking through, presumably,
a change in surface energy. Our results suggest that fluids devoid of water, with low water content
or acidic in nature can be injected into quartz-rich porous reservoirs without increasing reservoir

compaction rates.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

the reservoir to mitigate reservoir compaction, either through
pressure restoration®’ or chemical manipulation.® Any of such

Natural gas is expected to play an important interim role
during the transition from fossil fuels to sustainable energy as
a lower carbon alternative to coal and oil." However, prolonged
production of hydrocarbons can lead to unwanted phenomena
such as surface subsidence and induced seismicity.>"® The occur-
rence of such phenomena in gas fields or in depleted reservoirs
used to store natural gas could reduce the potential for natural
gas to contribute to the energy transition. To limit the impact
of natural gas production, particularly from smaller fields, a va-
riety of concepts have been proposed for injecting fluids into
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actions clearly requires a firm understanding of the mechanical
response of the reservoir rock.

Subsurface fluid injection into aquifers and depleted hydro-
carbon reservoirs also plays an important role in other strategies
to reduce carbon emissions, notably in the context of geother-
mal electricity generation and geothermal heating of homes and
building infrastructure."® In addition, depleted hydrocarbon
reservoirs are targeted for permanent disposal of wastewater!'’
and CO,, and for temporary storage of renewable energy'! in
the form of synthetic fuels,'> compressed air,'* or hydrogen.'*
In principle, all of these activities can potentially induce en-
vironmental and/or geological risks.">'® Induced seismicity is
frequently observed in areas of active wastewater injection!”"'®
and in the vicinity of geothermal projects.'®?° Furthermore, in-
jected fluids have the potential to leak, leading to economic loss?!
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and/or environmental impact.?’~>* To avoid these unwanted ef-
fects it is once again important to understand the response of the
reservoir rock to the mechanical and chemical changes caused by
fluid injection.

Fluid production or injection affects the pore pressure (Pp) in
the reservoir rock relative to the constant overburden stress (o),
changing the effective stress acting on the reservoir rock, accord-
ing to Terzaghi’s effective stress principle o, ¢ = 0, — P,. Conse-
quently, the reservoir rock may respond poro-elastically,>>® thus
affecting the state of stress in and around the reservoir. However,
other effects, which are less well-understood, include permanent
(inelastic) deformation of the reservoir, in response to increased
contact stresses during fluid extraction,”’~*° or to changes in the
chemical environment during fluid injection and resulting fluid-
rock interactions.® These changes may activate processes leading
to time-independent or even time-dependent permanent defor-
mation of the reservoir rock, such as intergranular sliding, grain
rotation and rearrangement,?' > brittle failure of grains and grain
contacts,”®*>3 intergranular clay film deformation,>’® stress-
driven solution transfer>*~*? and mineral dissolution/reaction due
to fluid disequilibrium.*>*4

Much work has been done on the deformation behaviour of
reservoir rocks in response to applied stress, temperature and
chemical environment. Experiments have been performed on
loose sands®>3:36,37:45-48 and sandstones,?82%:3549-61
However, most studies to date have employed either air dry
samples®3336:374548  or  samples with water as pore
fluid,82829.35-3745-61 leaving the effects of other chemically ac-
tive fluid compositions, particularly on sandstone deformation
behaviour, poorly explored.®*”4>“% Moreover, creep experiments
on sandstones under varying chemical conditions are few and
rarely conducted under zero lateral strain conditions expected in
situ.%?

To contribute to this latter knowledge gap, we conducted
compaction creep experiments on clean, quartz-rich, Bentheim
sandstone in a uniaxial compaction vessel (oedometer), imposing
zero lateral strain conditions, using tightly fitting samples jack-
eted in a thin polymer sleeve. A range of pore fluids, including dry
and wet supercritical N, and CO,, and aqueous solutions, were
employed to investigate the effect of chemical environment on
compaction creep under drained conditions. The chemical envi-
ronments were selected based on a previous study investigating
the impact of fluids on compaction of loose quartz sand.® The
experiments were performed at a typical reservoir temperature
of 80 °C (i.e. 2-4 km depth, assuming a geothermal gradient
of 20-40 °C/km), and at constant axial effective stresses of 35,
75 and 100 MPa. The experiments showed that 1-D compaction
creep is strongly influenced by pore fluid chemistry, increasing
with the activity of water and/or the pH of the fluid moving from
dry and wet supercritical fluids to low-vacuum (dry) conditions
to acidic aqueous solutions to distilled water. Acoustic emission
data and microstructural analysis revealed that microcracking
was the dominant deformation mechanism. The results imply
that injection into quartz-rich reservoirs of fluids devoid of water
or characterised by low water content, and acidic fluids would
decrease reservoir compaction rates.

2. Experimental method
2.1. Sample and pore fluid preparation

Cylindrical samples were cored from outcrop blocks of Ben-
theim sandstone, retrieved from the Gildenhausen quarry near
the village of Bentheim, Germany. This sandstone was selected
as it has been extensively studied and is well-known for its
relatively homogeneous composition, consisting mainly of quartz
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grains and quartz cement.’>®>””7 No bedding was apparent in
either the starting blocks or the cored samples. The cores were
19.6 mm in diameter and approximately 50 mm in length. The
porosity of all cores was determined using gravimetric methods,
by weighing the samples dry and saturated with water. Together
with the core dimensions, this yielded porosities of 21.8-23.3%
(Table 1). After porosity determination, the cores were cut into
shorter cylindrical plugs of approximately 10 mm length. The
ends of each plug were ground flat and perpendicular to the
sample axis.

In total, 14 uniaxial creep experiments were performed on
such plugs, whereby three control experiments were done under
low-vacuum (dry) conditions. In addition, eight different chem-
ical environments were employed to investigate the effect of
chemical environment on compaction creep (Table 1). Four su-
percritical phases were employed at a fluid pressure (P,) of 10
MPa, including N, (purity > 99.999 vol %), CO, (purity > 99.7 vol
%), water-saturated-N, (wet-N,), and water-saturated-CO, (wet-
CO,). In addition, two ‘simple’ aqueous solutions (HCI solution
of pH 3.7 and distilled water) and two ‘complex’ solutions were
used, at atmospheric pressure. The complex solutions consisted of
a widely used scaling inhibitor solution containing 0.004 M AMP
(amino trimethylene phosphonic acid; pH 2.5) and a 0.01 M AlCl;
solution (pH 2.8).

Low-vacuum (dry) conditions were obtained by evacuating
the sample within the oedometer compaction vessel before and
during mechanical testing, using a single-stage rotary vacuum
pump (Fig. 1a). Dry supercritical fluids were prepared by filling an
ISCO pump (total volume 68 mL) with pure N, or CO,. These were
then pre-pressurised to 9 MPa using a diaphragm pump (Fig. 1a).
The externally heated ISCO pump was then used to achieve fur-
ther pressurisation to 10 MPa at 60 °C, resulting in supercritical
conditions.”® Wet-N, or wet-CO, phases were prepared by filling
the ISCO pump with a small volume of water (10 mL) and filling
the remaining volume with pure N, or CO,, respectively. The
mixture was then pre-pressurised to 9 MPa using the diaphragm
pump and further pressurisation to 10 MPa was achieved using
the ISCO pump, while heating to 60 °C. This procedure yielded a
maximum water concentration at 60 °C of 9.1 mol of water/m? for
the wet-N, and 33.8 mol/m? for the wet-CO, (see Refs. 8, 78-80).
All supercritical fluids were prepared at 60 °C as opposed to the
experimental conditions of 80 °C to protect the seals of the ISCO
pump and prevent condensation of water in the wet phases upon
injection into the sample. Prior to injection into the sample, the
fluids were left to equilibrate overnight.

The HCI solution of pH 3.7 was prepared by diluting a fixed
quantity of hydrochloric acid (HCl) in distilled water. The 0.004
M AMP solution was prepared by diluting 1 %, AMP solution with
1 L of distilled water and for the 0.01 M AlCl; solution, 2.4143 g of
aluminium chloride salt was dissolved in 1 L of distilled water. All
of these acidic aqueous solutions were stirred for approximately
5 mins and left to equilibrate for at least 5 days prior to use. After
equilibration, each solution was heated to 80 °C before measuring
solution pH using a portable pH meter (Oakton Instruments) that
accounts for the temperature-dependence of pH.

2.2. Experimental set-up and acoustic monitoring system

The sandstone compaction experiments were performed in
a uniaxial (1-D) compaction vessel (oedometer), secured in an
Instron 8862 servo-controlled loading frame (Fig. 1b and c). The
compaction vessel is modified from the vessel originally de-
scribed by Ref. 39. This vessel was previously used for compaction
experiments on loose granular material.®3¢274548 In the present
study, the vessel was employed for uniaxial compaction testing of
tight-fitting sandstone plugs (prepared as described above) jack-
eted in a thin polymer sleeve, under zero radial strain boundary
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Table 1

Overview of uniaxial compaction experiments on Bentheim sandstone in this study, all at 80 °C.
Experiment ¢ [%] Chemical Fluid pH oer [MPa] Characteristic Duration creep & [%]

environment stiffness [GPa] phase [h]

Control experiments
unconstrained 22.3 low-vacuum (dry) - 62¢ 7.0 £ 0.0 - -
loadunload 223 low-vacuum (dry) 100 10.1 £ 0.0 - -
dry01 2222 low-vacuum (dry) - 35 - 43 0.05
dry02 223 low-vacuum (dry) - 75 79 £ 0.1 94 0.10
dry03 22.2 low-vacuum (dry) - 100 7.8 £ 0.1 43 0.21
Supercritical fluids (P, = 10 MPa)
N202 218 N, - 100 85+ 0.1 41 0.15
wN201° 22.3 wet-N; - 100 93 £ 0.1 68 0.31
C0202 225 CO, - 100 83+ 0.7 43 0.17
C0203 218 CO, - 100 10.3 £ 0.1 42 0.09
w(C0201 223 wet-CO, - 100 9.6 + 0.1 44 0.15
Aqueous solutions (atmospheric pore pressure)
DIO1 22.3 distilled water 59 75 7.5 + 0.8 64 0.23
DI02 222 distilled water 59 100 9.6 + 0.1 87 0.48
3HCI01 218 HCI solution 3.7 100 10.6 £+ 0.1 41 0.18
AMPO1 233 AMP solution 2.5 100 6.0 + 0.0 43 0.51
AMPO02 224 AMP solution 2.5 100 89 + 0.1 44 0.29
AICI301 224 AICl;3 solution 2.8 100 8.1+ 0.1 67 0.25

Note. ¢; denotes initial sample porosity as determined prior to testing through gravimetric methods, o.i applied effective stress, &,

is the strain accumulated during creep.
2Effective stress at failure.
bIngress of distilled water after approximately 25 h of creep.

fluid inlet
AE sensor

Sangomo
LVDT-

b
ll cogling water
r e

!_thermocouples

compressed N, Co,
air source source
fluid inlet
diaphragm top piston
pump
compadtion vesse—]
Y }7
Py N
P< B< P<t
Y 4
X X
heated ISCO Drechsel_|vacuum
pump bottle pump
a

acer
EPDM|O-ring
_‘ porous plate
sample leth ample spager
polymer IeeveEPDM O-ring interngl load cell
furnace
S cooling water
TN - —
~ 5cm

Fig. 1. Overview of the experimental set-up used in this study (from Schimmel, Hangx, et al.®). (a) Pore fluid system including a diaphragm pump, servo-controlled
ISCO pump, Drechsel bottle and vacuum pump. Fluid pressure was measured using pressure transducers denoted PT. (b) Instron servo-controlled loading frame

employed with a 100 kN load cell and (c) compaction vessel.

conditions. The radial (effective) stress was accordingly (near)
zero at zero axial load, increasing with loading but unmeasured.

The vessel and loading pistons are constructed from corrosion
resistant Monel K-500, a copper-nickel-molybdenum alloy. The
top piston contains a pore fluid bore, allowing both evacuation of
the sample and injection of a pore fluid. A 1 mm thick, porous,
stainless steel plate between the top piston and sample ensures
even distribution of fluid over the sample cross-sectional area
upon fluid injection. In addition, it prevents loose sandstone
grains from entering and clogging the pore fluid bore. Both the
top and bottom piston are sealed against the vessel wall using
EPDM O-rings.

Axial force, displacement and temperature are controlled and
measured throughout the experiment. Force is applied by ad-
vancing the Instron loading ram. It is measured externally using
the Instron load cell (0-100 kN range, resolution £ 0.05 kN). In
addition, force is measured with an internal load cell (0-100 kN
range, resolution + 0.05 kN) located in the top part of the bottom
piston. Piston position and displacement are measured using
a linear variable differential transformer (LVDT) located in the
Instron drive unit (& 50 mm range, resolution + 0.25 pwm) and a
Sangamo LVDT (£ 1 mm range, resolution + 0.1 pwm) located be-
tween the upper piston and the vessel (Fig. 1c). A furnace allows
controlled heating of the sample with + 0.5 °C accuracy using
a K-type chromel-alumel control thermocouple. This thermocou-
ple is positioned within the furnace windings and connected to
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a proportional-integral-derivative (PID) controller. A second K-
type thermocouple, embedded in the vessel wall adjacent to the
sample, independently measures sample temperature.

In addition, the experimental set-up is equipped with an
acoustic emission (AE) monitoring system that detects and counts
AEs produced by the compacting sample.® The AE events are
detected using a ceramic piezoelectric resonator, mounted ex-
ternally on the top piston (Fig. 1c). The resulting signal passes
through a precision preamplifier (36 dB gain) and a multistage
signal conditioning system (24 dB gain). A 100 kHz to 1 MHz
band-pass filter is applied to eliminate low frequency interference
and sensor resonance effects. Lastly, a two-counter channel with
a constant trigger-threshold of 200 mV, which is just above the
noise level, discriminates and counts the incoming AE events.
Pulse stretching times (PST) of 1000 s and 500 ps are set for
each counter, to check for wave pocket arrival-bouncing effects
and counter saturation. In case of discrete events, the count rates
from the two channels should be identical.

Sample evacuation and fluid introduction are achieved via the
pore fluid system (Fig. 1a). This consists of a vacuum pump,
Drechsel bottle, ISCO pump, diaphragm pump, and sources of
compressed air (0.8 MPa), N, and CO, (bottle pressures of 20
and 5.7 MPa, respectively). The vacuum pump is connected to
the sample via the Drechsel bottle for evacuation of the sample.
The diaphragm pump is used for pre-pressurising the fluids in
the ISCO pump at 9 MPa. The ISCO pump is used to achieve
further pressurisation to 10 MPa, while heating to 60 °C. Via
the combination of valves shown in Fig. 1, the sample can be
directly connected to the ISCO pump to inject fluids prepared in
the ISCO pump. Alternatively, the sample can be connected to
the Drechsel bottle for vacuum-flooding with aqueous solutions.
Pore fluid pressure is controlled at 10 & 0.14 MPa using the ISCO

pump.
2.3. Experimental procedure

2.3.1. Control experiments

Prior to the sandstone experiments with different chemi-
cal environments, a series of experiments was conducted to
test whether the tight-fitting samples would be effectively con-
strained to (near) zero radial strain. In these control experiments,
we deformed two aluminium samples with known elastic proper-
ties, as well as two Bentheim sandstone samples, under radially
unconstrained (no jacket) and radially constrained (with tight-
fitting jacket) conditions, at 80 °C. The aim was to compare
the constrained and unconstrained elastic stiffness parameters
for aluminium and Bentheim sandstone to measured values.
Theoretically, the axial stiffness of an unconstrained sample is
represented by the Young’s modulus (E). By contrast, for a fully
constrained sample, the stiffness is represented by the con-
strained modulus (M), which can be calculated using the Young’s
modulus and Poisson’s ratio (v) using the relation

E(1—v)

T (4v)(1-2v)

For aluminium, the Young’s modulus ranges from 68 to 70 GPa
and the Poisson’s ratio from 0.33 to 0.346,5'-% yielding an M
value in the range 101 to 110 GPa. For Bentheim sandstone, the
Young's modulus lies in the range 8.9 to 14.7 GPa, while the
Poisson’s ratio is reported to be 0.13-0.36,°677> which would
give M = 9.3 to 17.6 GPa.

For the unconstrained test on Bentheim sandstone, the sample
was used as prepared, i.e. we used an unjacketed plug, 10 mm in
length and 19.6 mm in diameter, which is slightly smaller than
the 20 mm diameter vessel chamber. The aluminium sample used
in the unconstrained test on this material was unjacketed and

(1)
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19.5 mm in diameter and also 10 mm in length. This sample
was slightly smaller in diameter to compensate for the larger
coefficient of thermal expansion of aluminium (&auminium = 23 -
1076 °C~1; Ref. 81) compared to sandstone (ogentheim = 10.9 -
1075 °C~!; Ref. 66), ensuring the sample remained unconstrained
during heating to 80 °C. For the constrained tests, a 19.6 x 10mm
Bentheim plug was used as prepared, along with an aluminium
sample of the same dimension. Both samples were jacketed with
a fluorinated ethylene propylene (FEP), heat shrink sleeve of
200 pm thickness to make the sample fit exactly in the vessel. The
FEP-sleeve, with a coefficient of thermal expansion («pgp) of 135
. 1078 °C~!, compensated for the differential thermal expansion
between the aluminium dummy sample or Bentheim sandstone
sample and the compaction vessel (aponel = 13.7 - 1076 °C™1)
during heating to 80 °C, ensuring continued tightfitting of the
sample in the vessel. Before testing, the jackets were sprayed with
Molykote D-312R, to reduce friction between the sample and the
vessel wall, and the spray was allowed to dry for at least one hour.

Prior to inserting the sample into the compaction vessel, the
vessel was mounted on its lower piston. A 10 mm high stainless
steel spacer was emplaced in the vessel to position the sample
in the centre of the vessel, and the (un)jacketed sample and
porous steel plate inserted. The furnace and top piston were sub-
sequently added and the entire assembly located in the Instron
loading frame.

2.3.2. Experiments on constrained sandstone samples using different
chemical environments

In preparation for each experiment, the sample was jack-
eted in a FEP sleeve and located into the 1-D compaction vessel
and Instron loading frame as described above. The compaction
vessel was then heated to the target temperature of 80 °C in
approximately 2 h, while simultaneously evacuating the sample
assembly. After reaching the target temperature, a small stress
of 0.3 MPa (equivalent to a load of 0.1 kKN) was applied to the
sample. In the case of the low-vacuum (dry) experiments, a load-
ing ramp was applied with a constant stress rate of 5 MPa/min,
corresponding to loading strain rates in the range 1.5 - 107> to
2.0 - 1073 s71, to attain a constant applied stress of 35, 75 or 100
MPa (Table 1).

A slightly different approach was used for the experiments
employing a high-pressure pore fluid. After insertion of the sam-
ple and installation of the apparatus in the Instron frame, a 3 mm
gap was created between the upper piston spacing block and the
Instron load cell (see Fig. 1). Then, the pressurised fluid (P, =
10 MPa) was introduced. After pore pressure stabilisation (1-
2 mins), the top piston was slowly advanced (1 mm/min) to
apply a small load to the sample (touch position). During slow
piston advancement to this position, dynamic seal friction was
determined in the presence of the high-pressure fluid, being 0.4-
0.8 MPa. Subsequently, a loading ramp of 5 MPa/min was initiated
to increase the applied stress to 110.4-110.8 MPa, such that the
effective stress on the sample was 100 MPa.

Samples tested with aqueous pore fluids at atmospheric con-
ditions were first vacuum-flooded with the pore fluid, at a small
applied stress of 0.3 MPa. The pore fluid pressure was maintained
at atmospheric pressure by drainage to air. After flooding, the
applied stress was increased to 75 or 100 MPa (Table 1) at
5 MPa/min. In all experiments, the creep phase was taken to
commence at the moment the final constant stress was reached
on the sample.

The creep phase lasted up to 94 h, after which each test was
terminated (see Table 1). Experiments performed at low-vacuum
(dry) conditions were completely unloaded at 5 MPa/min, fol-
lowed by removal of the vacuum. Samples saturated with pres-
surised fluids were first unloaded (5 MPa/min) to their original
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touch position, and after removing the pore pressure, the sam-
ples were fully unloaded. Vacuum-saturated samples were fully
unloaded at a rate of 5 MPa/min, maintaining drainage to atmo-
spheric pressure. After unloading, the furnace was switched off
and the samples were left to cool to room temperature. Finally,
the assembly was removed from the Instron loading frame and
the samples were carefully extracted. Wet samples were placed
in an oven at 50 °C to dry for a minimum of five days prior to
preparation for microstructural analysis.

2.4. Data acquisition and processing

Throughout each experiment, external Instron load, internal
load, Instron LVDT position, Sangamo LVDT position, sample tem-
perature and cumulative acoustic emission count were logged
at an interval of one second. Applied axial stress and effective
axial stress were calculated from the external Instron load and
internal load data, using pore fluid pressure data where relevant.
Friction between the top piston seal and vessel wall was con-
sidered negligible for all experiments (< 0.8 MPa - see above).
However, comparison of external and internal load cell data in-
dicated measurable sample-vessel wall friction. The difference
between the external and internal stress was smallest in the
experiments conducted with pressurised pore fluids, e.g. at 100
MPa effective stress, the stress measured by the internal load cell
varying between 99.4 and 102.4 MPa. For experiments conducted
at low-vacuum (dry) conditions or with aqueous solutions at
atmospheric pressures, the internal axial stress measured be-
tween 94.5 and 98.4 MPa at 100 MPa applied stress. Taking the
sample stress as the average of the internally and externally
measured stress yields an average (effective) sample stress of
101.0 £ 0.9 MPa for samples employing pressurised pore fluids,
and 98.4 £+ 1.0 MPa for dry and vacuum-saturated samples. On
this basis, sample-vessel wall friction is assumed to be < 2.6% of
the applied effective stress in all cases.

Sample length was measured prior to testing using a calliper,
as well as by comparing the Instron LVDT position to an empty
vessel reference point. Though both approaches yielded similar
results, the latter was preferred as this allowed calculation of
the instantaneous sample length. Both the Instron LVDT posi-
tion and the Sangamo LVDT displacement data were corrected
for elastic machine distortion using a predefined, eighth-order
polynomial function determined from machine calibrations on
the experimental set-up without a sample. In addition, the time
and Sangamo LVDT displacement data was time-averaged over a
window of 60 s to reduce noise in the data. From the corrected
and averaged displacement data, instantaneous volumetric strain,
defined as e, & —AL/Ly, was calculated, where L is the length
of the sample at the start of the loading or creep phase and AL
is the change in sample length at any subsequent instant. The
corrected and averaged time and displacement data measured
during the creep phase were used to calculate instantaneous
strain rates defined as ¢ = — (1/L) (dL/dt). The strain rates were
calculated by performing a least-squares inversion over a variable
time window centred around each individual displacement data
point. The window size was based on a set displacement tolerance
of 4 wm. Though this method allowed for accurate determination
of both high and low strain rates, large errors were found towards
the end of several experiments when the displacement resolution
(£0.1 pwm) of the Sangamo LVDT was reached. Therefore, strain
rates with an error of more than 1.5% and/or rates below 10789
s~ ! were excluded from further analysis. Similarly, instantaneous
AE rates were calculated from the cumulative AE count data, with
the tolerance for the AE window size set to 200 AE events.

In addition, the axial sample stiffness during loading was
evaluated for each sample. The characteristic sample stiffness is
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defined as the slope of the linear part of the stress-strain curve
during loading, determined via linear least-squares regression. In
the current experiments, the stress-strain curve was nonlinear
at stresses below 30 MPa, and hence the characteristic sample
stiffness was determined for higher stresses (see Fig. 2a and c).

2.5. Analytical and microstructural methods

After drying, all samples, except dry01, C0202 and AMPO1,
were impregnated with a low-viscosity, blue-dyed (Oil Blue or-
ganic dye, DuPont), epoxy resin (Araldite 2020) for microstruc-
tural analysis. Thin sections (~30 pwm thick) were cut parallel
to the loading axis and analysed using transmitted light mi-
croscopy. The blue-dyed resin resulted in a clear distinction be-
tween pores and grains. Micrograph mosaics (50 x magnification;
9 by 18 mm) covering the entire thin section were obtained to
qualitatively investigate the grain-scale mechanisms controlling
deformation.

3. Results
3.1. Control experiments on unconstrained vs. constrained samples

The results of our control experiments performed on alu-
minium and sandstone samples to investigate if the FEP-sleeve
approach would effectively constrain tight-fitting samples to
(near) zero radial strain are shown in Fig. 2. In both the con-
strained and unconstrained experiments using aluminium dum-
mies, the samples were loaded and unloaded in six cycles up to a
maximum applied axial stress of 55 MPa under lab dry conditions
at 80 °C. Both samples showed a highly compliant, non-linear
stress-strain response (Fig. 2a) up to ~10 MPa, followed by rapid
stiffening in the range 10-20 MPa. This likely reflects stiffening
of the machine related to increased alignment at higher stresses.
Above 30 MPa (dashed horizontal line in Fig. 2a), the stress—
strain response approached linear behaviour, which enabled us to
determine the characteristic stiffness of the dummy samples for
each stress-cycle in the range 30-55 MPa. This varied over the six
stress-cycles applied (Fig. 2b), with the unconstrained and con-
strained aluminium sample showing a stiffness of approximately
70 GPa and 144 GPa, respectively.

The results obtained in the unconstrained and constrained
control tests performed using Bentheim sandstone at low-vacuum
(dry) conditions and 80 °C are shown in Fig. 2c and d. Only one
loading cycle was applied in these runs. For reference, the loading
data of experiment dry02 is added to these figures, because it had
the same starting porosity and was conducted under the same
conditions. Overall, the stress-strain behaviour of the sandstone
samples showed similar characteristics to the aluminium dummy
at axial stresses up to ~60 MPa, with the exception that the stiff-
ness was much lower. Between 30 and 60 MPa (dashed horizontal
lines in Fig. 2c), the stress-strain response of the unconstrained
and constrained samples approached linear behaviour, such that
the characteristic stiffness of the sandstone samples could be
determined in the range 30-60 MPa. The characteristic stiffness
of the unconstrained sandstone samples was 7.0 4= 0.0 GPa, while
the constrained samples had higher stiffness values of 10.1 + 0.0
GPa (loadunload) and 7.9 4 0.1 GPa (dry02, see Table 1). As can
be seen, the unconstrained sample (grey line in Fig. 2c¢) failed
at approximately 62 MPa applied stress, indicated by the rapid
increase in strain and deviation from linearity of the stress-strain
curve. This was accompanied by a surge in AE activity (Fig. 2d).
The FEP-constrained sandstone sample did not show this type of
behaviour, as evidenced by the much lower AE count (16,000 AE
counts versus 65,000 AE counts when unconstrained).
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Fig. 2. Loading and unloading data of FEP-constrained and unconstrained aluminium and Bentheim sandstone samples at 80 °C. (a) Stress-strain curves reflecting
the first stress-cycle of the aluminium samples. Note the non-linearity up to 30 MPa (vertical dashed line). (b) Characteristic stiffness of the aluminium samples,
determined at applied stresses above 30 MPa for each cycle. Error bars indicate the 95% confidence interval, which is in some cases smaller than the symbol size. The
orange and blue zones indicate the range of literature values for the unconstrained (Young’s modulus, E = 68-70 GPa) and constrained modulus (M = 101-110 GPa)
for aluminium, respectively. (c) Stress-strain curves and (d) cumulative AE count during loading for the unconstrained and constrained (loadunload and dry02)
sandstone samples under low-vacuum (dry) conditions. Note AEs were not recorded in the loadunload test. T denotes temperature, ¢; initial sample porosity and

AE acoustic emission.
3.2. Deformation of constrained sandstone samples during loading

For the active loading phase of the experiments, the strain
versus applied axial stress behaviour observed for the constrained
samples exposed to different chemical environments is similar
to that observed in the control experiments (Fig. 3a and b; cf.
Section 3.1). Most experiments fall in the strain range of 1.8-2.4%
at the end of the loading stage, with the exception of experiments
dry01, dry02, DI01, C0203 and AMPO1, which all showed strains
approximately 0.5% higher. The experiments employing super-
critical fluids generally showed a more rapid increase in strain
for the first few MPa of stress applied to the sample. There does
not appear to be a systematic effect of fluid on the strain achieved
during loading though it is noteworthy that, in the low-vacuum
(dry) experiments, the onset of audible AEs is evident at much
lower applied stresses than in the fluid-saturated experiments
(see Fig. 3c and d).

The characteristic stiffness of each sample was determined
from a linear fit to the stress-strain data in the applied effective
stress range 30 to 60 MPa and yielded values between 6.0 and
10.6 GPa. Note that experiment dry01 was excluded from this
analysis, because it was only loaded to 35 MPa. The stiffness
appeared to be independent of water concentration (Fig. 3e) and
fluid pH (Fig. 3f). By contrast, sample porosity, despite falling in
a narrow range of 21.8-23.3%, appeared to impact the amount
of total strain obtained during loading, with the higher porosity
samples C0202 (¢; = 22.5%) and AMPO1 (¢; = 23.3%) being more
compliant, with characteristic stiffness of 8.3 4+ 0.7 and 6.0 + 0.0
GPa, than their lower porosity counterparts CO203 (¢; = 21.8%)
and AMPO2 (¢; = 22.4%) with stiffness values of 10.3 & 0.1 and
8.9 £ 0.1 GPa, respectively (see Fig. 3e and f).
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Fig. 3. Mechanical and acoustic data for the FEP-jacketed (laterally constrained) Bentheim sandstone samples during active loading under low-vacuum (dry) conditions
and saturated with supercritical fluids or aqueous solutions. All experiments were loaded with an axial loading rate of 5 MPa/min, corresponding to loading strain
rates in the range 1.5 - 107> to 2.0 - 10~° s~'. (a and b) Stress-strain curves. (c and d) Cumulative AE count during loading. (e) Characteristic stiffness determined
using a linear fit to the data shown in a and b between 30 and 60 MPa effective stress as a function of (e) water concentration and (f) as a function of solution pH.
Error bars indicate the 95% confidence interval, which is in some cases smaller than the symbol size. Porosity is indicated and tie lines are added between samples
with similar porosity. Samples and corresponding pore fluid conditions are identified in Table 1. AE data was most likely improperly recorded during the HCl, AMP

and AlCl3 solution experiments, hence the lighter shaded curves and labels.

3.3. Compaction creep at different applied stresses and low-vacuum
(dry) vs. wet conditions

The compaction creep data obtained for the sandstone samples
after loading to a constant applied (effective) stress of 35, 75 and
100 MPa at low-vacuum (dry) conditions, and 75 and 100 MPa
applied stress at fluid-saturated (distilled water) conditions are
presented in Fig. 4. All experiments showed rapid accumulation

of strain in the first few minutes after attaining the creep testing
stress, followed by ongoing deformation at decreasing strain rates
(Fig. 4a and c). The AE data showed a similar response versus
time and strain (c.f. Fig. 4a and b, and Fig. 4c and d). Note that
for an applied stress of 35 MPa under dry conditions, almost
no strain and no AE counts were accumulated during the creep
phase, excluding reliable calculation of strain rate and AE rate.
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sample.

As expected, creep strains and cumulative AE count increased
with increasing applied stress (Fig. 4a and b). After 40 h of
compaction at low-vacuum (dry) conditions, the total creep strain
amounted to 0.02, 0.09 and 0.2% at 35, 75 and 100 MPa applied
stress, respectively (Fig. 4a). A similar trend was observed in the
AE counts, with almost no AEs counted at 35 MPa applied stress,
and approximately 2,200 and 9,500 AEs counted at 75 and 100
MPa applied stress, respectively (Fig. 4b).

Furthermore, at given applied stress, more creep strain and
AEs were measured in samples saturated with distilled water
compared to dry conditions (Fig. 4a and b). After 40 h under
distilled water conditions, creep strain was roughly double the
strain measured under dry conditions, amounting to 0.17 and
0.41% at 75 and 100 MPa applied stress, respectively (Fig. 4a).
This increase in strain was also reflected in the cumulative AE
data, with 3.5 times more AEs counted during wet creep, i.e. ap-
proximately 7,800 and 33,300 counts at 75 and 100 MPa applied
stress, respectively (Fig. 4b).

Similarly, strain rates increased with applied stress and sat-
uration of the sample with distilled water, and, for all samples,
creep strain rates decreased with accumulating strain (Fig. 4c).
At 75 MPa applied stress, initial strain rates were roughly similar
(10766-10-%> s~1) for the dry and wet sample, but as compaction
increased, creep under dry conditions slowed down more rapidly
with strain, compared to fluid-saturated conditions. By contrast,
at 100 MPa applied stress, initial strain rates were higher un-
der fluid-saturated conditions compared to the dry environment,
measuring 1075 and 107> s for the dry and distilled water
sample, respectively. This behaviour was also reflected in the AE
rate data (Fig. 4d), with higher AE count rates being measured
at larger applied stress and under distilled water-saturated con-
ditions (Fig. 4d). Initially, i.e. up to 0.03% strain (1073%), the 75
MPa distilled water experiment showed a slightly lower AE count
rate (10%4 s~1) and strain rate than the 75 MPa dry experiment.
At 100 MPa applied stress, AE rates of 10 and 10'8 s~! were
measured in the dry and wet sample, respectively, in line with
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the higher strain rates obtained for the distilled water-saturated
samples (cf. Fig. 4c). Interestingly, the decrease in strain rate and
AE rate with strain seen in the dry experiments appeared to be
more rapid than for the fluid-saturated experiments.

The close correlation between strain and AE count is explicitly
shown in Fig. 5, where cumulative AE count and AE rate are
plotted as a function of strain and strain rate, respectively. A
linear relation between AE count and strain was observed for
all applied stresses in both the low-vacuum (dry) and distilled
water-saturated conditions (Fig. 5a). In addition, AE rate showed
a linear dependency on strain rate, which can be approximated
by a slope of 1 for all dry and distilled water-saturated samples
(Fig. 5b).

In short, our experiments indicated that creep strain, AE count,
creep rates and AE rates strongly increased with increasing ap-
plied stress, and with the addition of distilled water. Creep and
AE rates were approximately one order of magnitude faster at 100
MPa applied stress than at 75 MPa (Fig. 4c and d).

3.4. Compaction creep in different chemical environments

3.4.1. Compaction creep in supercritical fluids

Bentheim sandstone samples saturated with supercritical flu-
ids at 10 MPa pore pressure (N,, wet-N;, CO, and wet-CO,;)
showed compaction creep behaviour similar to that observed for
dry and water-saturated samples, with an initial rapid increase in
strain, followed by a slowing down of the creep rate (Fig. 6). Note
that the sudden increase in strain and strain rate around 25 h in
the wet-N, experiment was caused by ingress of distilled water
due to a leaking pore fluid system. AE data was not recorded in
the wet-N, and wet-CO, experiment due to technical issues.

It can be noted that samples saturated with supercritical fluids
displayed less creep strain and fewer AEs than samples loaded
under dry conditions. In addition, a small effect of sample poros-
ity was observed, with creep strain and AEs increasing with
porosity (cf. C0202 and C0203). Focusing on the samples with a
porosity of 22.2-22.5%, after 20 h of creep, the samples saturated
with wet-N,, CO, and wet-CO, displayed similar amounts of
creep strain, ranging from 0.11 to 0.13% (Fig. 6a), which was
less than the amount of strain measured for the dry sample
(0.18%). Note that for similar sample porosities there is no sig-
nificant difference in the strain accumulated in the presence of
wet-CO, compared to wet-N,. For samples with a slightly lower
porosity (¢; = 21.8%), saturation with CO, produced less creep
strain (C0203; 0.08%) than saturation with N, (0.12% strain). The
observed strain-time behaviour in response to different chemi-
cal environments was also reflected in the cumulative AE data
(Fig. 6b). While almost 9,000 AE counts were registered in the dry
sample at 20 h, 3,000 AEs were measured in the higher porosity
CO, experiment (C0202), and 3,500 and a little over 1,000 AEs in
the lower porosity N, and CO,-saturated samples (CO203).

Strain rates and AE rates in samples saturated with supercrit-
ical fluids were lower overall than the rates measured for a dry
environment (Fig. 6¢ and d). Initial strain rates ranged from 10768
to 10750 s~1 and decreased as creep strain accumulated. For the
slightly lower porosity samples (¢; = 21.8%), the reduction in
strain rate with strain appeared to be more rapid than for the
more porous samples (¢; = 22.2-22.5%), i.e. a strain exponent
of —4.2 to —5.6 s~ compared to —2.6 to —3.4 s~!. AE rates in
all experiments decreased from initial values of approximately
10! s to final values at test termination of 10~ s~! (Fig. 6d).
Though overall AE rate was highest in the dry experiments, it
displayed the most rapid reduction with increasing strain. The
lowest reduction in AE rate with strain was observed for the
high porosity CO,-saturated sample (CO202). The low porosity
N, and CO,-saturated (CO203) samples displayed an intermediate
reduction in AE rate with increasing strain.
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Overall, the presence of supercritical fluids caused less com-
paction and slower creep rates than seen under dry conditions
(Fig. 6). It should be noted, the compaction behaviour significantly
changed in experiment wN201, where, after 25 h of creep, water
leaked into the sample. This led to a marked increase in strain
and strain rate (Fig. 6a and c). After the initial surge in strain
rate upon water ingress, the strain rate decayed to rates similar
to before after approximately 0.2% of strain. This behaviour is in
accordance with that observed when comparing individual dry
and water-saturated experiments (cf. Section 3.3).

3.4.2. Compaction creep in acidic aqueous solutions

Samples flooded with acidic aqueous solutions (pH 3.7 HCl
solution, pH 2.5 AMP solution, pH 2.8 AICl3 solution) displayed
typical compaction creep behaviour similar to that exhibited by
the dry, distilled water-saturated and supercritical fluid-saturated
samples (Fig. 7). In the porosity range 22.2-22.4%, samples satu-
rated with acidic solutions showed less creep strain and fewer
accumulated AEs, and lower creep strain rates and AE rates than
the sample tested with distilled water at 100 MPa stress (Fig. 7).
However, the introduction of acidic fluid still led to more defor-
mation compared to the vacuum-dry environment.

After 40 h of compaction and focusing on the experiments in
the porosity range 22.2-22.4%, the lowest creep strain was mea-
sured in the AICl; solution experiment (0.22%), while the AMP
solution-saturated sample exhibited 0.28% strain. Overall, less
creep strain was produced in the acidic environments compared
to distilled water (0.41% strain). This influence of chemical envi-
ronment was also reflected in the strain rate data. Initial creep
strain rates were between 107%° and 107>® s, and reduced
with ongoing creep (Fig. 7c). The decrease in strain rate was faster
in the acidic environments (strain exponent of —3.9 and —4.3
s~! for AMPO2 and AICI301, respectively) than in the dry (strain
exponent of —3.4 s7'), and the water-saturated environments
(strain exponent of —2.8 s™1).

Besides the effect of chemical environment, porosity played
a role in controlling the amount of strain and the strain rate. In
accordance with previous observations (cf. N202 and C0203), this
is illustrated by experiments 3HCIO1 (¢; = 21.8%) and AMPO1
(pi = 23.3%), which employed samples with the lowest and
highest porosity of the batch, respectively. The sample saturated
with pH 3.7 HCl solution (3HCIO1) produced the smallest amount
of creep strain (Fig. 7a), while the strain measured for the more
porous AMPO1 sample was almost double (0.51%) compared to
its 22.4% porosity equivalent (AMPO2; Fig. 7a). The influence of
porosity is also reflected in the strain rate data, as evidence by
lower and higher strain rates for 3HCIO1 and AMPO1, respec-
tively, compared to the samples in the porosity range 22.2-22.4%
(Fig. 7¢).

Unfortunately, a problem with the AE sensor was noted after
the experiments with acidic aqueous solutions were conducted,
suggesting that the AE counts may have been impeded due to
insufficient contact of the piezoelectric resonator with the vessel.
This may explain why the cumulative AE counts recorded in
the experiments conducted with acidic aqueous solutions were
lower than expected based on the creep strain data and compared
with the number of AEs recorded in the dry and wet reference
experiments (Fig. 7b - note that for these experiments the curves
are lighter shaded). However, the AE data qualitatively matched
the trends observed in the strain data, i.e. the highest number
of AEs were seen in the higher porosity AMP solution-flooded
sample, intermediate values were obtained for the lower porosity
AMP solution experiment and AlCl;-saturated sample, and the
lowest number of AE’s was obtained in the pH 3.7 HCI solution
experiment. In summary, the mechanical and AE data show the
same trends, in that flooding of the Bentheim sandstone with
acidic aqueous solution (HCl, AMP, AICl3 solution) inhibited com-
paction creep and creep strain rates (Fig. 7), compared to distilled
water.
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Fig. 5. Cumulative AE count and strain data collected during compaction creep of low-vacuum (dry) and distilled water-saturated Bentheim sandstone samples at
applied stresses of 35, 75 and 100 MPa. (a) Cumulative AE counts versus strain. (b) Log AE rate versus log strain rate. Note that the creep and AE rates could not be
calculated for the dry experiment conducted at 35 MPa, due to insufficient compaction over time. The zero reference is the start of the creep phase, i.e. the moment

a constant stress is applied to the sample.

3.5. Microstructural data

A single undeformed Bentheim sandstone sample was anal-
ysed using optical microscopy. Manual counting of the grains
confirmed that 95% of the grains consisted of quartz. The remain-
ing grains consisted of corroded feldspar (~4%), partly altered to
clay minerals. Primary clay minerals were also present and lined
the pores in some areas (< 1%). The quartz grains were rounded
to subrounded and ranged from 70 to 450 wm in diameter,
with a mean grain size of 180-250 wm. Grain contacts generally
appeared be (near-)point contacts (e.g. seen on right off centre in
Fig. 8a), though to sutured, flattened contacts were also present
(e.g. top left in Fig. 8a). Furthermore, the quartz grains contained
fluid inclusions and occasionally pre-existing cracks, presum-
ably resulting from its burial and diagenetic history (Fig. 8a). No
bedding, laminations or grain sorting were visible.

One sample was loaded to 100 MPa and then directly unloaded
(loadunload - see Table 1). Throughout this sample, more cracks
were observed than in the undeformed sample (cf. Fig. 8a and
b), however, cracks were not as abundant as seen in the samples
that were also allowed to creep at constant stress (see Fig. 8c-g).
Most cracks emanated from grain-to-grain contacts, both within
grains (intergranular cracks, Fig. 8a-f), across grains (transgranu-
lar cracks, Fig. 8d-g), and along grain boundaries producing grain
boundary breakage (Fig. 8c and f). Generally, cracks were oriented
parallel or subparallel to the loading direction and not specifically
related to the grain composition (quartz vs. feldspar). Though
cracks were observed throughout the entire cross section of each
sample, clusters of more severely damaged grains were also ob-
served in samples AlCI301, AMP02, DI01, DI02 and wN201. These
damage zones were a few grains wide and typically contained
a large portion of crushed grains, in addition to cracked grains
(Fig. 8e and f). These clusters of crushed grains formed circular
patches and did not extend laterally to form bands.

4. Discussion
4.1. Deformation mechanisms responsible for compaction creep
We observed that creep was enhanced by increasing applied

stress and by saturating the sample with distilled water or aque-
ous solutions. Together with (a) the AE activity observed during

10

creep (Figs. 4, 6 and 7), (b) the linear relation observed between
AE rate and strain rate, which was characterised by a slope of 1
(Fig. 5b), and (c) microstructural analysis, which showed an abun-
dance of new cracks in the quartz grains post-creep deformation,
it is inferred that compaction creep was accommodated by micro-
cracking in quartz grains and breakage of cemented grain contacts
with serial rearrangement of grains and grain fragments. Alter-
native deformation mechanisms include mass transfer processes
such as dissolution of grains or of microscale asperities within
grain contacts, or else pressure solution at grain contacts, %4284
However, given the short duration of our experiments (less than
4 days), the relatively low temperature of the tests, the slow
kinetics of these processes,*? plus the lack of dissolution features
in our deformed samples, we believe that any contribution of
dissolution-precipitation mechanisms to deformation was likely
negligible.

The cracks radiating from grain contacts in the quartz grains
(Fig. 8) are typically referred to as Hertzian contact
fractures.’”#>%¢ These fracture develop at the edge of grain-to-
grain contacts, where tensile stresses are largest (Hertzian contact
theory®’; see also Ref. 88). When a sample containing pre-existing
flaws or cracks at grain surfaces is loaded, these cracks will
propagate either in equilibrium Griffith mode or in a sub-critical
time-dependent manner.®>°° Equilibrium crack growth (Griffith
criterion) occurs if the strain energy release rate G can provide the
energy needed to form fracture surfaces, i.e. when G = G, = 2y,
where y is the (effective) surface energy per unit area [J m~2]
and G is the critical value of G, the fracture energy. Equivalently,
the stress field around the crack tip can be described through
the stress intensity factor K;, while the material’s resistance to
crack propagation is given by the fracture toughness Kic,”' so that
crack growth occurs when K; = Kjc. For a small, mode I (opening
mode) crack, K; = Yo, (rc)'/?, where Y is a dimensionless factor
equal to 1.12 for an edge crack, o; is the remotely applied stress
[MPa] and c is the half-length of the flaw or crack [wm].8>°%% In
line with the fact that Kic is related to the energy release rate
according to G. = KZ (1 —v?)/E,”* equilibrium crack growth
occurs K; = Kic = (2Ey /mwc)1/2.94%,

In a chemically active environment, cracks can grow sub-
critically (i.e. with K; < K or G < G.) via the process of
stress corrosion.’®° The strained crack tips are more reactive
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Fig. 6. Compaction creep in Bentheim sandstone saturated with N,, wet-N;, CO, or wet-CO,. Sample compacted under low-vacuum (dry) conditions is added for
reference. (a) Total strain and (b) cumulative AE count versus time. (c) Log strain rate and (d) log AE hit rate as a function of log strain. T denotes temperature
and o effective stress. For each experiment, initial sample porosity ¢; is indicated, with all samples falling within the porosity range 21.8-22.5%. Note that AE data
could not be collected during the wet-N, and wet-CO, experiments. The zero reference is the start of the creep phase, i.e. the moment a constant stress is applied

to the sample.

due the large stress concentrations.”®'%%-1%* Corrosive species
may, therefore, adsorb at the strained crack tip, reducing the en-
ergy required to create new fracture surface area.”>'% In quartz,
adsorption of or attack by corrosive species, such as water or
hydroxyl groups, at the crack tip, cause the Si-O bond to be hy-
drolysed, creating silanol surface groups (SiOH). These reactions
can be expressed as

> Si— 0 —Si < +H,0 = 2 > SiOH, for water adsorption (2)

and

> Si— 0 —Si < +0H™ = >SiOH+ > SiO™, for hydroxyl adsorption
3)

where < or > indicate surface-bound species.'®'% The newly
formed surface groups are weakly bonded by hydrogen bonds,
which require less energy to break, facilitating crack propagation.
At stress levels below those required for critical crack growth
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(K; < Kic or G < G¢), the rate of crack growth depends on either
the rate of transport of corrosive species to the crack tip or the
kinetics of the bond hydrolysis reaction.”®

Subcritical crack growth velocities in quartz and glass are
known to be accelerated by increasing temperature,®>!%!11 hy-
midity or water content!'?~'® and solution pH.?*!%5-117.118 Though
it is challenging to measure crack growth velocities in sandstone
samples,”>!'!% similar effects of humidity and water have been
observed,'?°-'>> Moreover, the influence of stress, temperature,
water content and solution pH on compaction creep have been
investigated for quartz sand aggregates®*’*>*’ and to a limited
extent sandstones,”>%12%> and show that compaction creep rates
increase when these variables increase. These trends are in line
with our observations (Figs. 4 to 6), further supporting our infer-
ence that microcracking is the key mechanism controlling creep
in our experiments.
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Fig. 7. Compaction creep in Bentheim sandstone saturated with pH 3.7 HCI solution, AMP solution (pH 2.5) or AICl; solution (pH 2.8). Sample compacted under
low-vacuum (dry) conditions and saturated with distilled water are added for reference. (a) Total strain and (b) cumulative AE count as a function of time. (c)
Log strain rate and (d) log AE hit rate as a function of log strain. T denotes temperature and o.g effective stress. For each experiment, initial sample porosity ¢;
is indicated, with all samples falling within the porosity range 21.8-23.3%. AE data was most likely improperly recorded during the HCl, AMP and AICl; solution
experiments, hence the lighter shaded curves and labels. The zero reference is the start of the creep phase, i.e. the moment a constant stress is applied to the sample.

4.1.1. The influence of applied stress and porosity on compaction
creep

As shown in Fig. 4, creep strain, AE count, creep rates and AE
rates strongly increase with increasing applied stress. At higher
applied stresses, the stresses acting across grain-to-grain contacts
are larger, in turn enhancing the stresses acting at crack tips,
thereby promoting (subcritical) crack growth and compaction
creep.

Our results also suggested that sample porosity exerted some
influence on compaction creep behaviour. In samples saturated
with dry supercritical CO,, the sample with 0.7% higher porosity
(21.8 vs. 22.5% porosity) showed creep strain rates and AE rates
approximately half an order of magnitude faster than the lower
porosity sample (Fig. 6¢ and d). Similarly, in samples with AMP
solution as pore fluid, the sample with a higher porosity by 0.9%
(22.4 vs. 23.3% porosity) creep strain rates were approximately
one order of magnitude faster in the higher porosity sample
(Fig. 7c). Most likely small differences in contact area or contact
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structure/cementation can explain the effect of porosity on creep
rates, as these would lead to differences in stress intensity at
crack tips, as well as the stress distribution around the crack tip,
hence affecting crack propagation. However, we did not system-
atically investigate the effect of porosity on creep behaviour, so
cannot infer more at present.

4.1.2. The influence of supercritical fluids on compaction creep

The influence of supercritical fluids on compaction creep at
100 MPa effective stress is explicitly shown in Fig. 9, where strain
at fixed moments in time and strain rates at fixed strain are
plotted as a function of water concentration. Fig. 9a and ¢ show
that even when the water concentration in the supercritical fluids
increases, creep strain and strain rates do not, compared with
low-vacuum (dry) conditions. By comparison, pore saturation
with distilled water (DI) did lead to higher creep strains and
higher strain rates. In the case of low-vacuum dry conditions,
the sample, and therefore the crack tip, is not actively dried
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Fig. 8. Transmitted light micrographs showing the microstructure of Bentheim sandstone samples. (a) Undeformed state. (b) After loading to 100 MPa applied stress
under low-vacuum (dry) conditions and directly unloading. (c) After compaction creep at 100 MPa applied effective stress under low-vacuum (dry) conditions. (d-g)
Samples tested under same conditions (100 MPa effective stress), but saturated with (d) CO,, (e) wet-N,, (f) distilled water, and (g) AMP solution. The loading
direction is vertical. Examples of key microstructural features are indicated by arrows, where the letters indicate the following, F: (corroded) feldspar grains, fi: grain
with fluid inclusions, i: intergranular crack, b: grain boundary breakage, t: transgranular crack, dz: damage zone with intense grain fracturing.

(i.e. no drying agent is added) and any water remaining in the water that adsorbs onto crack tips, facilitating subcritical crack
system, e.g. water adsorbed on clay mineral surfaces present in growth. Upon the introduction of dry supercritical N, and CO,, it

the sandstone or on the detrital grain surfaces, could provide is likely that crack tips are dried, as free and even adsorbed water

13
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Fig. 9. (a and b) Strain at fixed moments in time, ie. after 1, 5, 10, 20 and 40 h of compaction creep, as a function of log water concentration and pH. (c and d)
Strain rate at fixed strains as a function of log water concentration and pH. Strain is shown for intervals of 0.02% between 0.06% and 0.20% strain, as well as 0.30
and 0.40% strain. Solid symbols represent samples within porosity range of 22.2-22.5% and are connected by tie lines, open symbols are samples falling outside this
range. T denotes temperature and oes effective stress. Letters indicate the following, dry: low-vacuum (dry) conditions, N2: saturated with N, CO2: saturated with
CO,, wN2: saturated with wet-N,, wCO2: saturated with wet-CO,, DI: saturated with distilled water, AMP: saturated with AMP solution, AICI3: saturated with AICl3

solution, HCl: saturated with 3.7 HCl solution.

is being taken up by the supercritical phases.”®*° Considering
the purity of the dry N, and CO, (see Section 2.1), these phases
would contain 0.3 and 8.2 mol water/m® and may potentially
dissolve up to 19.4 and 66.7 mol water/m> at 80 °C and 10 MPa
pore pressure, respectively. In turn, drying of the crack tips may
prevent crack tip corrosion and inhibit compaction creep (see also
Ref. 8 for creep experiments on pure quartz sand under the same
conditions).

In the case of water-saturated supercritical phases, our ex-
periments showed that these also inhibited compaction creep
compared to low-vacuum (dry) conditions. This is contrary to the
results reported by Ref. 8 who found that creep strain rates in
quartz sand increased with increasing water content in the tested
supercritical phases (N, CO, and wet-CO,). In the current exper-
iments, the supercritical phases were prepared at 60 °C to avoid
water condensation upon introduction to the sample at 80 °C.
This temperature difference leaves some room for water dissolu-
tion in the supercritical phase, i.e. 10.3 and 32.9 mol water/m?> in
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case of the wet-N, and wet-CO,, respectively (see Refs. 8, 78-80).
Therefore, it is likely the water-saturated N, and CO, phases at
60 °C still had some drying potential at 80 °C and inhibited crack
growth and sandstone compaction creep in the wet supercritical
phases compared to low-vacuum (dry) conditions.

4.1.3. The influence of aqueous solutions on compaction creep

The influence of aqueous solutions on Bentheim sandstone
compaction is illustrated in Fig. 9, where strain at fixed moments
in time and strain rates at fixed strains is plotted as a function of
solution pH. From these graphs, it is clear that for similar porosity
samples, creep strain and strain rates tended to be lower for the
acidic solutions than for distilled water. Enhanced compaction
creep, AE count, creep strain rates and AE rates by the flooding
with distilled water (Fig. 4) or aqueous solution, compared to dry
conditions, is as expected if subcritical crack growth dominates
deformation.''>"""® The strong water-weakening effect was also
demonstrated by the zones of intense deformation (Fig. 8e and f)
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Fig. 10. Yield envelope of Bentheim sandstone with the solid line representing
the shear failure envelope outlined by peak stress and the dashed line the shear-
enhanced compaction endcap, as outlined by C* (plotted after Klein et al.%®).
Superimposed onto this yield envelope are the stress conditions relevant for our
sandstone creep experiments, assuming laterally confined conditions with zero
radial strain and zero initial radial stress and taking Poisson’s ratio v = 0.13-
0.36. Solid markers indicate the effective stresses of 35, 75 and 100 MPa
employed in the experiments. A typical stress path for a conventional triaxial
experiment with a confining pressure (fixed radial stress) of 30 MPa is added
for reference (dotted line).

that were observed in all samples saturated with distilled water
or aqueous solution (except for sample HCI301). Interestingly,
such a zone was also observed in the sample saturated with wet-
N,, which was eventually wetted with distilled water (Fig. 8e).
We infer that the damage zone observed in sample wN201 was
caused by the ingress of water, as none of the other supercritical
phases displayed these microstructural features.

For glass and quartz, it is typically inferred that microcracking
is inhibited in acidic solutions due to the (near) neutral surface
charge at low pH.?>106117.118 I solution, adsorption causes the
quartz surface to be covered by positively (SiOH;r) and negatively
(Si0™) charged surface complexes. Depending on solution pH,
positive groups or negative groups dominate or they are bal-
anced, resulting in a positively, negatively or neutrally charged
surface, respectively.'?>1?41?5 For quartz, the pH of zero surface
charge (pHpzc) is approximately 2-3 at room temperature,'?%1%7
and is expected to be relatively temperature insensitive.'?® The
neutrally charged quartz surface does not actively attract corro-
sive species and stress corrosion microcracking is, therefore, not
promoted. At solution pH > pHpyc, the quartz surface becomes in-
creasingly more populated by negative surface complexes (Si0O™)
and a negative surface charge develops, promoting the attraction
of corrosive species such as water and hydroxyl molecules. Their
interaction with crack tips (see Section 4.2) will weaken the Si-O
bonds of the quartz and, hence, promote stress corrosion mi-
crocracking. This rate-controlling effect of pH on crack velocities
is observed in glass and quartz®®'6117.118 and in compaction
creep tests on quartz sand aggregates.® However, for sandstone,
a composite of quartz grains and other minerals, this influence of
solution pH on crack propagation may be more complex, as each
mineral has its own pHpyc, i.e. for feldspar pHpzc = 5-7,'%° and for
clay minerals such as kaolinite pHpzc = 5.6-6.6,"C while for illite
and montmorillonite pHpzc = 9-10.13°
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Measurements of the average pHpzc of Bentheim sandstone
have suggested that the pHpzc can range from 3"! to 8.5 For
the lower value, it is suggested that the abundant presence of
quartz controls the pHpzc of the sandstone. For the high value,
the measured pHpzc is most likely dominated by the presence of
thin iron oxide grain coatings,’® which are typically characterised
by higher a pHpzc of 5-9.'%%127132 Gjven the low amount and
isolated occurrence of feldspar present in the sample material,
it is unlikely that feldspar played a significant role in control-
ling the amount of deformation of our Bentheim samples, as
also demonstrated by the widespread microcracking in quartz
grains and across quartz grain contacts (Fig. 8). Therefore, we
infer that it is the local pHpzc of quartz that controls fluid-crack-
tip-interactions rather than the macroscopic pHpzc for Bentheim
sandstone as a whole. The inhibiting effect of the acidic solutions
on compaction creep may therefore reflect a reduced interaction
between corrosive species and crack tips caused by near neutral
surface charge.

Superimposed on the direct effect of solution pH, is the effect
of the chemical species in solution. While it has been demon-
strated that AMP and AICl; solutions inhibited creep in quartz
grains, they did not do so as effectively as a simple HCI solution
of similar pH.2 In case of the AMP solution, it has been inferred
that due to incomplete dissociation of the AMP molecule (which
consists of six hydroxyl groups'**), some hydroxyl groups are left
to attack the strained crack tips. By contrast, for quartz grains
in contact with acidic AICl; solution, AI*T adsorption onto the
quartz surface is believed to create a disordered surface-solvent
structure, thereby allowing easier access of corrosive species to
the crack tip.'”* Unfortunately we were not able to assess the
effect on creep behaviour of HCl compared to AMP and AlICl; due
to small porosity variations between the samples. However, it is
not unlikely that the same trend observed for creep in sands®
also apply to sandstone, as deformation of the former is also
controlled by subcritical crack growth.

4.2. Sample boundary conditions and stress state evolution

Regarding the control experiments on aluminium samples, the
measurement of the unconstrained stiffness (70 GPa) corresponds
well with the expected value of E (69 &+ 1 GPa - see Section 2.3.1),
while the measurement of the constrained stiffness (144 GPa)
overestimates the expected value of M (105 £+ 4 GPa - see
Section 2.3.1) by 37%. On this basis, we infer that the FEP-sleeve
successfully constrained the tightly fitting aluminium sample to
zero lateral strain at axial stresses above approximately 30 MPa.

In case of the Bentheim sandstone samples of similar porosity
(22.3%) and loaded under low-vacuum (dry) conditions, the char-
acteristic stiffness of the unconstrained sample was 7.0 4+ 0.0 GPa,
while the two constrained samples had higher stiffness values
of 10.1 £ 0.0 GPa (loadunload) and 7.9 + 0.1 GPa (dry02 - see
Table 1). Various values for the unconstrained Young’s modulus
are described in the literature, ranging from 8.9 to 14.7 GPa.5>%7.7>
Our measured value of the unconstrained sample stiffness is
slightly below this range. The constrained modulus, calculated
using Eq. (1) and assuming E is 8.9-14.7 GPa and v is 0.13-
0.36,>6775 js expected to lie in the range 9.3-17.6 GPa. Our
measured values of M fall below and within this range. Inter-
estingly, the unconstrained sample failed around 62 MPa applied
stress, while none of the constrained samples did. The unconfined
compressive strength (UCS) of Bentheim sandstone reported in
the literature is lower than our measured UCS and varies between
30 and 40 MPa.5>%77> The discrepancies between our measured
data and the literature values could be caused by the aspect
length:diameter ratio of our samples, which is 1:2, as opposed
to the more conventional 2:1."** This could have led to stress
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concentrations and clamping at the end of the sample, leading
to higher failure stresses and lower sample stiffness. Considering
both the difference in measured characteristic stiffness between
unconstrained and constrained samples and the failure of the
unconstrained sample, suggests that the FEP-sleeve approach ef-
fectively constrained the sandstone samples to zero lateral strain
conditions at axial stresses above approximately 30 MPa.

Assuming our samples were laterally constrained, application
of an axial stress (o7) to the sample led to the development of
lateral or horizontal stresses (o3 03). Assuming pure poro-
elastic behaviour at constant pore fluid pressure, and assuming
zero lateral strain conditions, the lateral stresses can be predicted
according to*

o1
-1
With the Poisson’s ratio of Bentheim sandstone ranging from 0.13
to 0.36,5°%77> &3 is predicted to be 12 £7, 27+ 15 and 36 =+ 21
MPa for an applied effective stress of 35, 75 and 100 MPa, re-
spectively. When plotted in conventional differential stress (o1 —
o03) versus mean stress ((o7 + 203) /3) space, together with the
failure envelope of Bentheim sandstone,®® it can be seen that for
all experiments the stress conditions were well below the failure
condition (Fig. 10).

(4)

03 =

4.3. Implications

The results presented in this study may have several implica-
tions regarding fluid injection into porous subsurface reservoirs
at 2-4 km depth, where microcracking is likely to contribute
to reservoir deformation, specifically when stress conditions are
perturbed to provide a drive for compaction creep. We envisage
that the life-time of a grain is controlled by the rate at which
cracks grow, so that injection of supercritical or acidic fluids
increases the time-to-failure of the material and therefore slows
creep.

Firstly, our results suggest that fluid injection into depleted,
quartz-rich hydrocarbon reservoirs where the vertical effective
stress has been increased by production, may be a suitable mit-
igation strategy for reducing long-term reservoir compaction.
Injection of pressurised fluids will lower the effective stress acting
on the reservoir rock, thereby reducing the driving force for reser-
voir compaction. In addition to this mechanical effect, a chemical
effect is expected as well. For example, injection of supercritical
phases that are devoid of water or contain trace water will tend
to desiccate crack tips when the original water content is low,
thereby reducing reservoir compaction creep rates by subcritical
crack growth. In addition, injection of acidic fluids is likely to
decelerate compaction creep rates, as the concomitant change in
quartz surface energy will reduce subcritical crack growth rates.
However, more research is needed to investigate the effect of
(acidic) fluids on the compaction of impure sandstones having
a larger feldspar, carbonate and clay content. Depending on the
load-bearing framework, dissolution of carbonate cements on the
short-term and feldspar grains on the long-term, by acidification
of the pore fluid, may weaken the reservoir rock.'?%13>136

Secondly, porous subsurface reservoirs, such as depleted hy-
drocarbon reservoirs, are envisioned as potential systems for
permanently storing CO, and for temporary storage of renewably
derived energy in the form of synthetic fuels, compressed air
and hydrogen.!' In the corresponding injection operations, it is
important to avoid or minimise long-term reservoir compaction
and creep effects, as these may cause induced seismicity and sur-
face subsidence.>*'*” For efficiency reasons, most fuels injected
will be devoid of water or contain trace amounts of water. Our
experiments employing dry and wet supercritical phases may be
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regarded as representative of these injection scenarios and would
suggest that, in case of injection into quartz-rich reservoirs, reser-
voir compaction would be not be enhanced, or perhaps even
inhibited, by the injection of fluids and concomitant further (lo-
cal) drying of the reservoir. Furthermore, the injection of CO, has
the added advantage of contributing to reducing anthropogenic
CO, emissions.'?®

Thirdly, geothermal energy production for renewable heat and
electricity production also requires the injection of cold fluids
that are in chemical disequilibrium with the receiving reservoir
rock. These fluids would typically contain anti-scaling additives,
such as AMP, or be acidic in nature,'**'“? enhancing any dis-
equilibrium effects. During geothermal energy production, the
injected and produced fluid volumes are balanced to maintain an
approximately constant pore pressure in the reservoir. However,
as the injected fluid will be relatively cold, the reservoir rock
will be cooled, resulting in contraction of the reservoir rock and
a decrease in the lateral stresses. Consequently, the differential
stress acting on the reservoir rock will increase, which could
provide a driving force for stress corrosion cracking. In addition,
the tendency for stress corrosion cracking may be triggered by
the change in chemical environment. Our experiments employing
acidic solutions, including AMP, suggest that the rate of stress cor-
rosion cracking would decrease, thereby inhibiting compaction
creep, compared to injection with pure water. However, as de-
scribed above, our research focused on the compaction behaviour
of relatively clean sandstone, i.e. 95% quartz, and more research
is needed to assess the effect of (acidic) fluids on sandstones
with a higher feldspar, carbonate or clay content. Acidification
of the pore fluid may lead to weakening in impure sandstones
through reaction of feldspars and clays,'?>"*>!36 which could
affect transport properties and, thereby, impact the performance
of the geothermal reservoir.

Lastly, concerning the injection of fluids for energy storage,
we only looked at the scenario of a fixed applied, or overbur-
den stress. However, in an energy storage project, most likely
pore pressure will fluctuate during production, decreasing when
energy is produced and increasing when energy is stored. This
would mean that such energy storage systems will go through
many stress-cycles throughout their lifetime. In our current study,
we did not investigate the effect of stress-cycling on creep or
hysteresis. However, our stiffness data collected during active
pre-creep loading may be representative of injection during the
first stress-cycle. Sample stiffness displayed a small dependency
on water concentration and no effect of fluid pH was observed,
while sample porosity did influence sample stiffness. This implies
that during the first phases of fluid injection and extraction, the
porosity of the reservoir rock rather than pore fluid chemistry
is likely to control reservoir compaction. After the first stress-
cycle, additional permanent deformation is unlikely to develop,
as, depending on the rate of the stress-cycle, only a small number
of new cracks will form as long as the effective stress does
not exceed the maximum previously achieved stress. With pro-
longed injection and extraction-cycling, time-dependent chemi-
cal processes such as dissolution and subcritical crack growth are
likely to have a stronger contribution to reservoir compaction and
pore fluid chemistry will have a more pronounced influence on
compaction rates.

5. Conclusions

Uniaxial compaction experiments were performed using sam-
ples of Bentheim sandstone saturated with supercritical fluids
and aqueous solutions of different pH and composition to investi-
gate the effects of pore fluid chemistry on (near) 1-D compaction
of reservoir sandstones, at realistic in situ reservoir conditions
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(80 °C, effective axial stresses of 35, 75 and 100 MPa). The tested
pore fluid environments included supercritical N, CO,, wet-N,
and wet-CO, at 10 MPa pore pressure, distilled water, pH 3.7
HCl solution, AMP-solution and AlCl;-solution at atmospheric
pressure, as well as, low-vacuum (dry) conditions. The following
observations and inferences were made:

1. During loading, the stiffness of Bentheim sandstone sam-
ples was independent of water content in the pore fluid
and solution pH. On the other hand, sample porosity ap-
peared to exert an influence, as more porous samples were
more compliant.

2. During the creep phase, compaction creep strain, AE count,
creep strain rates and AE rates measured in low-vacuum
(dry) and water-saturated (distilled water) samples in-
creased with increasing applied stress. In addition, a clear
effect of pore fluid chemistry was observed. Creep rate and
AE rate increased moving from dry and wet supercritical
N, and CO, phases, to low-vacuum (dry) conditions, to
acidic aqueous solutions, to distilled water. Samples satu-
rated with the same pore fluid but with different porosity
had quantitatively different compaction behaviour. More
porous samples produced more strain and AEs, which was
accompanied by higher strain rates and AE rates.

3. It was inferred that compaction creep in Bentheim sand-
stone was controlled by subcritical crack growth by stress
corrosion cracking, which is rate-dependent on the inter-
granular stresses and pore fluid chemistry. In turn, the rate
of subcritical crack growth controls the rate of grain failure
and, hence, compaction creep. Increasing the applied stress
leads to larger stress concentrations at crack tips. In addi-
tion, in the more porous samples, grain-to-grain contacts
were likely smaller or possessed a different structure or
lower degree of cementation, such that the intergranular
stresses were larger, promoting crack growth. Whereas
saturation with the supercritical N, and CO, phases was
inferred to actively dry crack tips and inhibit crack growth,
saturation with distilled water fully wetted the crack tips,
reducing the energy required for Si-O bond breakage and
facilitating subcritical crack growth. In the case of satura-
tion of acidic fluids, pH-dependent fluid-rock interactions
were inferred to lower the rate of stress corrosion cracking.

4, Regarding fluid injection into quartz-rich, subsurface reser-
voirs characterised by ongoing reservoir compaction, the
results imply that fluids devoid of water or with a minor
amount of water, e.g. supercritical phases, may be injected
to mitigate reservoir compaction. Injection of acidic fluids
is also likely to inhibit reservoir compaction. However,
this study focused on the compaction behaviour of rela-
tively clean sandstone, i.e. 95% quartz, and more research
is needed to assess the effect of fluids on sandstones with
a higher feldspar, carbonate or clay content.
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