
Contents lists available at ScienceDirect

International Journal of Greenhouse Gas Control

journal homepage: www.elsevier.com/locate/ijggc

Influence of CO2 injection on the poromechanical response of Berea
sandstone

Ali Tarokha, Roman Y. Makhnenkoa,*, Kiseok Kima, Xuan Zhub, John S. Popovicsa,
Branimir Segvicc, Dustin E. Sweetc

a Department of Civil and Environmental Engineering, University of Illinois, Urbana, IL, USA
bDepartment of Civil and Environmental Engineering, University of Utah, Salt Lake City, UT, USA
c Department of Geosciences, Texas Tech University, Lubbock, TX, USA

A R T I C L E I N F O

Keywords:
Geologic storage
Permeability
Poroelasticity
Creep
Acoustic emission

A B S T R A C T

Subsurface reservoirs are targeted formations for geologic carbon dioxide (CO2) storage. Even if proper man-
agement of injection pressures minimizes the risks of induced seismicity, high pressure CO2 can interact with
brine-saturated host rock and cause microstructural changes that lead to alterations in poromechanical prop-
erties of the rock. The effect is well pronounced in carbonate-rich rock, but observations on silica-rich reservoirs
are ambiguous. In this study, we report a broad range of experiments performed on Berea sandstone, consisting
mainly of quartz (∼90%), in three different states: pristine, thermally damaged, and thermally damaged then
treated with liquid CO2. Drained and undrained poromechanical tests, ultrasonic velocity measurements,
acoustic emission (AE), X-ray diffraction (XRD), and petrographic analyses are conducted. The tests reveal that
thermal damage alone does not significantly affect poromechanical properties. However, CO2 injection does
affect strength (10–15 % decrease), permeability (up to 100% increase), porosity (10% increase), and elastic
creep rate (more than twice); corresponding microstructural changes were observed from XRD test results. At the
same time, the poroelastic moduli measured in triaxial compression experiments and load-induced fracture
processes, as interpreted through acoustic emission data collected in uniaxial compression tests, were affected
insignificantly. These experimental observations provide better understanding of the mechanical behavior of
low-carbonate reservoir rocks that are subjected to high pressure CO2 injection.

1. Introduction

The burning of fossil fuels increases levels of greenhouse gases, such
as carbon dioxide (CO2), in the atmosphere with potential impact on
the global climate change (Cox et al., 2000; Metz et al., 2005;
Meinshausen et al., 2009). Capture and storage of CO2 in deep sub-
surface formations, such as saline aquifers and depleted oil and gas
reservoirs, is a promising approach to mitigate release of atmospheric
greenhouse gases (Intergovernmental Panel on Climate Change (IPCC)
et al., 2005; Bachu, 2008; Benson and Cole, 2008; Bickle, 2009). The
injection of high-pressure CO2 into such formations, however, may
perturb the stress state and give rise to mechanical deformations. Thus,
the assessment of geomechanical competence of the structural compo-
nents of subsurface reservoirs is important (Wawersik et al., 2001),
especially when subjected to high pressure CO2 in either liquid or su-
percritical (scCO2) states that are possible considering the expected
stress states and temperatures of deep geologic formations (Bachu,

2003; Rutqvist, 2012).
When fluid-saturated rock is exposed to high pressure CO2,

brine−CO2-rock chemical interactions may lead to microstructural
changes manifested as variations in porosity and permeability of the
rock. Laboratory tests have suggested that carbonate-rich rock was
more mechanically affected by exposure to CO2 than silica-rich sand-
stones, which are the focus of this study (Rohmer et al., 2016; Vilarrasa
et al., 2019). Previous studies on subjecting sandstone to CO2-rich
brines under various temperatures and pressures have resulted in mixed
conclusions regarding effects on stiffness and strength of the rock.
Rimmelé et al. (2010) noticed that exposing the Adamswiller sandstone
samples to scCO2 or CO2-rich water under no-flow conditions for one
month, did not cause any variation in the uniaxial compressive
strength. Ojala (2011) performed Brazilian (indirect) tensile strength
tests and recorded only a small decrease in the tensile strength when
samples from the Castlegate sandstone and Bentheimer sandstone were
treated with CO2-rich brine for one week at pore pressure p= 25.0
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MPa and temperature T =80 °C. Nover et al. (2013) also reported that
treatment of Eifel sandstone with CO2-rich brine did not affect the
uniaxial compressive strength. Hangx et al. (2013) observed no change
in triaxial compressive strength of Captain sandstone after a few weeks
of exposure to CO2 under high temperature and high pressure condi-
tions. Mikhaltsevitch et al. (2014) found that scCO2 injection does not
affect the elastic properties of water-saturated Donnybrook sandstone,
obtained at seismic and ultrasonic frequencies.

Alternatively, Marbler et al. (2013) found that the strength of car-
bonate-cemented sandstone (60% quartz, 25% calcite, 3–4 % of clay,
and traces of other minerals) was reduced when treated with scCO2 for
four weeks; in addition, a reduction of 10–20 % in elastic modulus was
noticed, attributed to possible change in the carbonate and (partially)
silicate cement. Delle Piane and Sarout (2016) demonstrated that scCO2

injection reduced the dynamic bulk modulus of Berea sandstone (87%
quartz, 6% clay, and traces of calcite) by approximately 50% possibly
due to the weakening of rock frame at grain-to-grain contacts. Rinehart
et al. (2016) conducted a series of experiments replicating reservoir
conditions (p= 30.0 MPa, T =100 °C) with CO2-rich brine on three
different facies from the D-E member of the lower Tuscaloosa Forma-
tion at the Cranfield injection site (MS, USA). They found that the re-
activity of the carbonate and chlorite cements is an important factor
affecting the strength and inelastic response of these samples. Espinoza
et al. (2018) investigated the response of brine-saturated Entrada
sandstone (55% quartz, 24–27 % clay, 6–7 % dolomite, and 4–7 %
calcite) and reported that after exposure to CO2, the stiffness and
strength of the sandstone was reduced by 10–20 %.

Past efforts have not provided holistic understanding of the effects
of high-pressure CO2 exposure on the poromechanical properties of
silica-rich rock like sandstones. CO2 is often transported in liquid state
(McCoy and Rubin, 2008), so the injection in this state is more efficient
from an energy and storage point of view (Vilarrasa et al., 2013). In this
regard, we focus on the role of liquid CO2 on the geomechanical and
geophysical responses of water-saturated Berea sandstone considering a
broad range of poromechanical properties. Previous experimental stu-
dies (Vilarrasa and Makhnenko, 2017) observed no change in me-
chanical properties and just slight increase in permeability for CO2

treated pristine specimens of Berea sandstone. Therefore, in this study
we considered the effects of CO2 treatment on internally damaged (via
heat treatment) Berea sandstone. For the purpose of comparison, three
different states of Berea sandstone are considered: pristine, damaged,
and CO2 treated damaged. The pristine rock represents the reservoir
material away from the injection zone, i.e. the one that has been ex-
posed only to water saturation (Fig. 1). Instead, the damaged sandstone

specimens are tested with the goal of representing the behavior of zones
with microfractures, including those near the injection well and pre-
existing faults within subsurface reservoir material (Rutqvist and Tsang,
2002; Rutqvist et al., 2007; Morris et al., 2011).

In this manuscript, we provide laboratory measurements of material
properties of a reservoir sandstone within the context of por-
oviscoelasticity. Adopted constitutive model takes into account short-
and long-term behavior and methods for measuring the corresponding
rock properties are described. In addition, X-ray powder diffraction
(XRD) allows examination of microstructural differences, while
acoustic emission (AE) provides insight on the precursory microseismic
patterns leading to rock fracture. The results of this work will enhance
the current understanding on the role of CO2 exposure on a silica-rich
rock, including those with an internally damaged microstructure.

2. Background

2.1. Isotropic poroviscoelasticity

Two dynamic variables principally explain the mechanical behavior
of an isotropic, fluid-saturated porous rock: the total stress tensor σij and
the pore pressure p. The pore pressure refers to the pressure of the pore
fluid contained within the pore space. The mean stress or total pressure
(isotropic compressive stress) is defined as: P= σii/3 = (σ1+σ2+σ3)/3.
The two fundamental kinematic variables are the small strain tensor εij
(spatial derivatives of displacements) and increment of fluid content
(fluid moved in or out of a representative elementary volume). The
volume strain ε is sum of the three normal strains ε = -ΔV/V = εkk =
ε11 + ε22 + ε33 and is taken to be positive in compressive contraction
and negative in tensile expansion. The increment of fluid content ζ is
defined as the change in the fluid volume with respect to the unit vo-
lume of the porous solid and is linked to the variation of the fluid mass
content by ζ = - Δmf /ρfo = (mfo-mf)/ρfo where mf is the fluid mass per
unit reference volume and mfo and ρfo are the fluid mass content and the
fluid density in the reference state, respectively (Rice and Cleary,
1976). This parameter is positive if the porous material loses fluid.

Kinematic and dynamic variables are related to each other through
the constitutive relationships that are provided for isotropic loading
conditions. The constitutive model is adopted from Yarushina and
Podladchikov (2015) and combines Biot (1941) linear poroelastic
theory in the elastic limit with Maxwell viscoelasticity. In Eq. (1), the
total volume deformation of the rock is driven by Biot’s effective stress
(P – αp) for the elastic part (first term) and the viscous part (second
term) governed by Terzaghi’s effective pressure P′ = P – p.
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The drained bulk modulus K is defined as

= =
−=

K ΔP
Δε

E
ν3(1 2 )Δp 0 (3)

where E and ν are the drained Young’s modulus and Poisson’s ratio,
respectively.

The Biot-Willis coefficient α (0 ≤ α ≤ 1) is the ratio of the fluid
volume added to the representative elementary volume divided by the
change in bulk volume under the condition that pore pressure remains
constant

Fig. 1. Schematic representation of CO2 injection into reservoir rock located
between caprock and base rock formations. Three different states of pristine,
damaged, and CO2 treated damaged reservoir rock are considered.
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As it shown on the righthand side of Eq. (4), this coefficient can also
be written as the combination of the drained bulk modulus K and the
unjacketed bulk modulus Ks′ that governs volume deformation under
condition of unjacketed loading, ΔP = Δp.

The Skempton (1954) coefficient B (0 ≤ B ≤ 1) is the ratio of the
induced pore pressure divided by the change in the applied mean
compressive stress under the undrained condition, meaning that no
fluid is allowed to enter or escape the representative elementary vo-
lume (ζ=0). The Skempton’s B coefficient is an indicator of the pro-
portion of stress between the rock framework and the pore fluid
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where the undrained bulk modulus Ku is
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with Eu and νu being the Young’s modulus and Poisson’s ratio under the
undrained condition. The undrained bulk modulus is larger than the
drained bulk modulus (Ku>K) because the pore fluid resists com-
pression along with the rock framework. Additionally, undrained
Poisson’s ratio νu is shown to be not smaller than its drained counterpart
νu ≥ ν (Rice and Cleary, 1976).

Finally, ηϕ is the effective bulk viscosity that reflects properties of
porous rock such as its pore structure and viscous and failure char-
acteristics of its mineral grains. Equation (2) predicts pore pressure
build-up with time under undrained constant total stress conditions
(dP/dt=0). Pore pressure increase rate for the fully saturated speci-
mens can be measured providing a relationship to calculate the bulk
viscosity (Makhnenko and Podladchikov, 2018).
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η BK
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Biot’s macroscopic model considers the effect of pore pressure on
both bulk (through K) and solid (through Ks′) response of rock (first
term on right hand side of Eq. 1). Terzaghi’s approach assumes in-
compressible elastic limit (1/Ks′=0) and simplifies Eq. (1), making
volume strain rate being dependent only on Terzaghi’s effective pres-
sure P′ = P – p. Due to the analogy between slow incompressible vis-
cous motion and elastic deformation, the rates of volume strain and
fluid content are shown to be the functions of Terzaghi’s effective stress
and bulk viscosity (Yarushina and Podladchikov, 2015).

2.2. Linear wave propagation

When a solid is subjected to a dynamic disturbance, mechanical
waves will propagate within the solid material and sometimes along its
boundaries. Waves travel in several different modes, with each mode
showing distinct propagation velocity and particle motion polarization.
Bulk waves (body waves), comprising the compressional (P-waves) and
shear (S-waves) wave modes, propagate within the body of the solid,
while surface waves (Rayleigh-waves) and other guided waves propa-
gate along boundaries because of geometric confinement. Assuming the
solid material is effectively linearly elastic and homogeneous, the P-
wave (Cp) and S-wave (Cs) propagation velocities are related to Young’s
modulus E and Poisson’s ratio ν through well-established equations (e.g.
Mavko et al., 2009):
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where ρ is the mass density. However, it has been shown that the elastic
constants of effectively homogeneous and porous geologic materials are
affected by the constituent phases of the material, the microstructure,
and the degree of fluid saturation within the pore structure (e.g., Bryant
and Raikes, 1995). Furthermore, for cases of anisotropic geologic ma-
terials, wave characteristics will also depend on the direction of wave
propagation, for example with respect to bedding planes.

Ultrasonic wave velocity measurements are broadly used to char-
acterize mechanical properties of rock and are effective indicators of
possible microstructural and other internal changes. Lei and Xue (2009)
performed experiments on water-saturated Tako sandstone and re-
ported that a patchy saturation model (Dvorkin and Nur, 1998) can
explain changes in ultrasonic velocities after CO2 injection even when
no chemical alteration was observed. Vanorio et al. (2011) performed
experiments on alternating brine and CO2 flow through quartz-rich and
porous Fontainebleau sandstone, and found that the ultrasonic velo-
cities increased by 10–20 % while the permeability and porosity de-
creased. They further observed salt precipitation at grain contacts or
within microcracks, which resulted in microstructural changes.
Gutierrez et al. (2012) measured a decrease in P-wave velocity, but
observed no change in S-wave, during CO2 injection into brine-satu-
rated Berea sandstone where they explained the effect as a reduction of
pore fluid compressibility. These experimental studies highlight the
advantage of utilizing ultrasound probing in the detection of micro-
structural changes in rock.

2.3. Acoustic emission

Acoustic emission (AE) monitoring systems provide effective mon-
itoring for brittle fracture and the failure process in rock via detecting
bulk waves generated by the sudden releases of stored strain energy
under an applied external stress or internal pore pressure (Lockner,
1993). Some important signal characteristics measured by AE sensors
include event hit rate, energy, waveform shape parameters, and event
central frequency. The detected event hit rate is correlated to the in-
elastic strain rate in the sample (Lockner, 1993). When properly de-
ployed and evaluated, AE data can be used to estimate the locations and
occurrence times of the AE source (cracking site). The power law event
occurrence frequency-magnitude relation, also known as the Guten-
berg-Richter b-value relation for earthquakes (Gutenberg and Richter,
1944), has been used to gain more information about fracture processes
from AE data (Lockner et al., 1991). This equation is given by

= −N M a b Mlog ( ) log (10)

where N(M) is the cumulative number of events with a magnitude
greater than M, and a and b are constants. The b-parameter defined by
this relation can indicate the initiation of global failure of a finite rock
volume, as this parameter tends to drop in value significantly prior to
failure (Cohen et al., 2009).

Acoustic emission appeared to be a powerful tool in evaluating the
response of rock in reaction to the applied stresses and/or pore pres-
sures owing to injected fluids, including different phases of CO2. The
emergent interest to interpret fluid injection-induced micro-seismicity
has motivated the implementation of AE sensing and data collection. AE
measurements have been used to evaluate the risk of reservoir and seal
failure (Gerstenberger et al., 2012) and to locate fracture and pore
pressure propagation in rock subjected to CO2 injection (Verdon, 2010;
Oye et al., 2013; Kaven et al., 2015). Acoustic emission measurements
have also been used to understand and monitor fracture processes and
differentiate between tensile and shear microcracks (Chang and Lee,
2004; Aker et al., 2014). Li et al. (2007) and Rathnaweera et al. (2015)
studied fracture processes in water-saturated sandstones subjected to
confining stresses and injection of CO2. Li et al. (2007) observed that AE
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hit count increases with loss of maintained confining pressure. They
noted that the measured fracture processes were augmented by the
presence of CO2-saturated water. Rathnaweera et al. (2015) used AE to
detect stress thresholds for crack initiation and progression in water and
brine-saturated Hawkesbury sandstone exposed to scCO2 injection.
Their AE results indicated the weakening effect of CO2 injection, re-
sulting in considerable influence on crack initiation and propagation in
the rock. The results of these studies suggest AE as a promising tool to
investigate the impact of high-pressure CO2 on the poromechanical
properties of sandstones.

3. Experimental methods

3.1. Material

Cylindrical specimens with diameter of 50.8mm (2 inch) and length
101.6 mm (4 inch) were cored from a block of Berea sandstone. This
rock, quarried in Berea, Ohio, is a fine-grained sandstone composed
mainly (∼ 90% of solid volume) of sub-rounded to rounded quartz
grains. Damage in rock-like materials is often times associated with
increase in their crack density (Kachanov, 1993; Carvalho and Labuz,
1996). One of the most consistent ways of introducing damage is
thermal treatment that induces microstructural changes in the form of
microcracks set up by heterogeneity of rock’s mineral components.
More specifically, the difference in coefficients of thermal expansion of
the constitutive minerals generates intergranular forces, which then
initiate the formation of microcracks once a threshold temperature is
exceeded (Biolzi et al., 2011). Furthermore, depending on the tem-
perature level, changes in the form of mineral phase transition can
occur (Glover et al., 1995). To promote damage, the specimens were
heated in a Neytech furnace at ambient pressure with a rate of 20 °C/
min until 300 °C was reached. To guarantee the sufficient heat treat-
ment, the specimens were maintained at 300 °C for a period of 72 h.
Subsequently, the specimens were cooled down to room temperature at
a rate of 20 °C/min (Fig. 2). To obtain statistically consistent results,
four specimens were prepared and treated thermally. The color of the
minerals changed after treatment. This is attributed to the oxidation of
iron compounds that in most sandstone initiates at temperatures be-
tween 200 and 300 °C (Hajpál, 2002).

3.2. Water saturation and CO2 treatment

The core flooding device (Fig. 3a) was used to perform CO2 injection
in the thermally treated Berea sandstone. The rock specimen is placed
in between two pore pressure platens and then inside a thick (0.6 mm)
viton rubber sleeve, isolating the pore and confining fluids. This sleeve
is located inside a horizontally positioned steel core holder. Silicon oil is
pumped into the space between the core holder and the rubber sleeve to
apply the confining pressure on the rock sample. A Teledyne Isco 260D
syringe pump (Teledyne ISCO, USA) with capacity of 51.7 MPa

(7500 psi) provides the confining pressure while Isco 500D syringe
pumps with capacity of 25.9 MPa (3750 psi) provide the pore pressure
(water and CO2) at input and output. These syringe pumps have a
pressure accuracy of 0.5% of the set point. Two pressure transducers
(Honeywell, USA) with capacity of 34.5 MPa (5000 psi) and 0.1% ac-
curacy were installed at input and output to measure the upstream and
downstream pore pressures right next to the specimen. The use of ex-
ternal pressure transducers also gives the advantage of performing
undrained experiments with pressure monitoring after closing the input
and output valves. The core flooding device implements a plane strain
condition where the deformation along the horizontal direction is
practically zero. It is important to note that in such circumstances, the
mean stress will not be the same as the confining pressure. In the elastic
loading of the drained specimen, the mean stress P is related to the
confining pressure σc by

= +P ν σ2
3

(1 ) c (11)

which implies that the mean stress depends on the drained (dry)
Poisson’s ratio ν of the tested material under the drained boundary
conditions. If the applied loading does not allow fluid drainage – the
undrained Poisson’s ratio νu should be used in Eq. (11) for fully-satu-
rated rock.

Prior to CO2 injection, the specimens were saturated with water at
room temperature (T=22 °C). The saturation procedure within the core
flooding device starts by subjecting the rock sample to an initial con-
fining pressure of σc=1.0MPa and soon afterwards injecting water at
the input. After injection of about the pore volume of the specimen
(46ml), water is collected at the output. Additional water (approxi-
mately 10 times the pore volume) was injected at input and collected at
output, as it helps to remove more trapped air within the specimen. The
remaining residual air will be dissolved in the water by implementing
the back pressure saturation method (Wissa, 1969; Lee et al., 1969;
Black and Lee, 1973; Makhnenko and Labuz, 2016). As the poroelastic
properties of sandstones are stress-dependent at low pressures
(Zimmerman et al., 1986; Hart and Wang, 1995; Makhnenko and
Labuz, 2016), the Terzaghi effective pressure P' has to be constant along
the process. In this technique, the back (or pore) pressure is increased
by Δp by injecting water from the input valve while the output valve is
closed. After sufficient time for pore pressure equilibration has passed,
the input valve is closed and the confining pressure is increased by Δσc.
During this step, a pore pressure increase of Δp1 occurs, as the water is
not allowed to escape. Note that for the case of undrained loading, the
value of νu should be used in Eq. 11 to determine the change in mean
stress. In this work, undrained Poisson’s ratio νu was calculated a pos-
teriori from Eqs. (5) and (6). The Skempton’s B coefficient can be
computed from the measurements of the change in pore pressure Δp
caused by the increase in the mean stress ΔP:

Fig. 2. (a) Schematic view of the thermal treatment process and (b) pristine (left) vs. heat treated (right) Berea sandstone specimens. A visible color change with heat
treatment is observed.
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The effect of pore water lines that connect pressure transducers to
the specimen was taken into account through the correction factor in-
cluded in the denominator of Eq. (12). It considers the contribution of
VL and CLM, the dead volume and the compressibility of the pore
pressure measuring system, respectively (Bishop, 1976). These para-
meters can be calculated by calibrating the system response with solid
and hollow specimens with known material properties, e.g., aluminum
or PVC (Ghabezloo and Sulem, 2010; Makhnenko and Labuz, 2016). It
was measured that in the core flooding device VL =1.7ml and
CLM=3.5× 10−16 m3/Pa, so the total applied correction factor ap-
peared to be very small and within the accuracy of our measurements
(± 0.005). After computing the Skempton’s coefficient B1, associated
with the first step, the back pressure is increased by ΔP – Δp1 and after
allocating adequate time, the confining pressure is increased again by
Δσc. By continuing these procedures, a new B value (say, B2) is obtained
after each step. If full saturation is not achieved, the B value will be
increasing with the increase in back pressure. When the value of B
becomes constant and independent of the back pressure, the rock is
fully saturated (Makhnenko and Labuz, 2016). The variation of
Skempton’s B coefficient with the back pressure for the three different
states of Berea sandstone is depicted in Fig. 4.

After full water saturation was achieved, CO2 was injected into the
specimen at input valve at room temperature (22 °C) and pressure of
6.9 MPa (1000 psi), meaning that it was the liquid state (Fig. 5).
However, due to the high compressibility of CO2 and limited size of the
pressure controller, continuous injection was not possible. Therefore,
after injecting 40−50ml of liquid CO2, the input and output valves
were closed, resulting in an undrained condition. In a few hours, the
pore pressure would drop and stay at 6.0MPa (870 psi), at the border of
liquid and gaseous state. During each day a few injections were per-
formed to ensure that CO2 would remain in a liquid state and the total
injected volume of liquid CO2 exceeded the pore volume of the rock.
The Skempton’s B coefficients for two Berea sandstone specimens par-
tially saturated with CO2 after the 22 days of injection were recorded to
be 0.04 and 0.03. Measurements of the poroelastic moduli of rock al-
lowed estimation of the homogenized fluid bulk modulus related to
water and liquid CO2 moduli (Kim et al., 2018), from which the final
CO2 saturation was calculated. Considering the accuracy of± 0.005 in
reporting B values, the CO2 saturation was estimated to be between
0.60 and 0.75. At the end of treatment, the pore pressure was reduced
to zero and the gaseous CO2 was removed from the specimen. Then the
specimen was fully saturated with water again and the permeability
was measured.

3.3. Index properties

Index properties (e.g. density, porosity, and permeability) are
parameters that identify and classify rock. Density is defined as mass
per unit volume denoted by the symbol ρ. The porosity ϕ is defined as
the ratio between the volume of the interconnected pore space and the
bulk volume. A simple, yet very effective, method to obtain the porosity
of a porous rock is to saturate the specimen through water immersion in
a vacuum of 85 kPa (25 in. g) for a duration of 24 h. By doing so, water
will fill the pore space and any trapped air in the pore space will be
removed. By knowing the difference between the saturated and dry
mass and the density of water, the volume of the water can be com-
puted. Assuming that full saturation was achieved, the volume of water
is equal to the volume of interconnected pore space.

Permeability is another important index property that describes

Fig. 3. Schematic view of (a) the core-flooding apparatus along with the experimental set-up; (b) 3.5MPa GDS triaxial cell and pressure controllers.

Fig. 4. The change in Skempton’s B coefficient with back pressure measured at
P′=1.0MPa in (a) core flooding device within 2–3 days and (b) triaxial cell
within 7–10 days. The constant B value that is independent of the back pressure
indicates achievement of full saturation.
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one–dimensional steady fluid (water) flow through a material.
Permeation of most porous rocks is well characterized by Darcy's law
and the following relationship is used for intrinsic absolute perme-
ability k (m2)

=k
ΔVμL
ΔtΔpA (13)

where μ (Pa∙s) is the dynamic fluid viscosity (≈0.001 for water at room
temperature), L is the length of specimen (m), ΔV (m3) is the volume of
fluid that flows through the specimen (m3) over time increment Δt (s), A
is the cross-sectional area in the direction of flow (m2), and Δp is the
pore pressure increment (Pa) applied to one end of the specimen op-
posite to the other end where the fluid is collected.

3.4. Ultrasonic velocities

Ultrasonic P- and S-wave velocity measurements carried out on the
pristine, damaged, and CO2 treated damaged Berea sandstone samples.
The data acquisition system for the velocity measurements consisted of
an ultrasound pulse receiver (Olympus 5077PR), a digital oscilloscope
(Tektronix TBS1064), and sets of ultrasonic transducers (General
Electric Alpha 2.25MHz & Panametrics V154 2.25MHz). With ultra-
sound transducers attached at both ends of cylindrical Berea sandstone
sample, a through transmission (pitch-catch) setup for both P- and S-
wave measurement was implemented, where the wave path was or-
iented perpendicular to sample bedding planes. A negative step func-
tion excitation (200 V) was applied to the transmitting transducer to
generate the ultrasonic pulse. The propagating wave pulse is sensed by
the receiving transducer, and then digitized with 8-bit dynamic range
resolution, sampling frequency of 10MHz, and signal duration of
0.25ms. The signal was then amplified with 20 dB gain. Wave trans-
mission efficiency is improved with the help of a couplant (Vaseline)
placed between the transducer face and sample surface. The through
transmission measurements were repeated 128 times and time-aver-
aged for improved signal-to-noise ratio (SNR). The arrival time in the
received time signal was determined as the first signal point surpassing
the amplitude threshold defined as three times the standard deviation
of the preceding noise floor. The velocity was computed as the thickness
of the sample along the wave path divided by the measured arrival
time.

3.5. Uniaxial compression

The uniaxial compression test is one of the most common experi-
mental techniques deployed in the evaluation of strength and elastic
properties of rock (Cook, 1965; Wawersik and Fairhurst, 1970). The
uniaxial compression tests were performed on dry cylindrical specimens
(D =50.8mm & L =101.6mm; the ratio of L/D=2–3 is recommended

to reduce frictional constraints) of Berea sandstones in pristine, ther-
mally damaged, and CO2 treated damaged states. The specimen ends
were lubricated with stearic acid mixture to promote homogeneous
deformation (Labuz and Bridell, 1993). Then, the specimen was loaded
with a displacement rate of 1×10−3 mm/s to ensure quasi-static de-
formation. The axial load and axial and lateral deformation are re-
corded at a frequency of 1 Hz. The maximum normal stress at failure,
the uniaxial compressive strength (UCS or Co), was recorded. The dry
(drained) Young’s modulus E and Poisson’s ratio ν were determined
using resistive strain gages.

3.6. Triaxial compression of fluid-saturated rock

Axisymmetric compression experiments were performed in 3.5MPa
capacity triaxial cell (GDS Instruments, UK). This cell is placed in a
50 kN load frame (Fig. 4b) capable of targeting displacement rates in
the range of 10−8 to 10-1 m/min. The downstream and upstream
pressure/volume controllers, with maximum capacity of 4.0MPa, pro-
vide the internal pore pressure while a separate pressure/volume con-
troller applies the external confining pressure. Two pressure transdu-
cers are installed at downstream (output) and upstream (input) ports
that offer reliable recording of the pore pressures. The two valves in-
stalled at the input and output ports can either obstruct the flow or
allow it to enter or escape the specimen. Drained and undrained com-
pression tests were performed on cylindrical specimens (D=50.8mm &
L =101.6 mm). Since the poroelastic response of rock is the effective
mean stress dependent (e.g. Zimmerman et al., 1986; Hart and Wang,
1995; Ghabezloo and Sulem, 2010), a prescribed P' = P – p=1.0 MPa
was kept throughout the experiments. Special attention was dedicated
to saturating the rock with water where the pore pressure was increased
with small increments of Δp=200–250 kPa with a few hours between
each step. This enabled the achievement of full saturation of the spe-
cimen at pore pressure of p= 2.5 MPa after 7–10 days, confirmed by
the constant (pore pressure independent) value of Skempton’s B coef-
ficient (Fig. 4b) calculated from Eq. (12). For the triaxial cell, the dead
volume of pore pressure lines VL =7.0ml and CLM=1.2× 10−16 m3/
Pa, making a correction factor for Berea sandstone to be around 0.13
and playing a significant role in reporting the accurate measurements.

After reaching full saturation, the viscoelastic response was ob-
served by applying hydrostatic loading to the specimen with closed
input and output valves (i.e., the undrained condition). Pore pressure
buildup after the end of elastic loading was used to calculate values of
bulk viscosity at P' ≈ 1MPa and P' ≈ 2MPa. Note that similarly to the
Skempton’s B coefficient calculation (Eq. 12), the contribution of the
dead volume and compressibility of pore lines was considered, and the
corrected value of pore pressure increase with time was calculated from

⎛
⎝

⎞
⎠

≈
− +( )

( )Δp
Δt C1

corrected
Δp
Δt

measured

KB
αV

V
K LM

L
f (14)

Given measured material properties and correction factors in the
triaxial cell, the corrected pore pressure buildup was estimated to be
approximately 20% higher than the measured values. Furthermore, the
drained and undrained loading and unloading were performed by ap-
plying increments of 1.0 MPa up to 10.0 MPa deviatoric stress and then
gradually unloading the specimens while recording the axial deforma-
tion. Both drained and undrained tests were conducted with initial pore
pressure p= 2.5 MPa. While the pore pressure was preserved constant
throughout the drained compression, it has increased during axial
loading in the undrained test and decreased during the unloading stage.
It is important to note that the axial loading was applied in the elastic
range and did not induce damage in the rock. The axial deformation of
the specimen was measured with two LVDT’s, installed at 180° from
each other (at the opposite sides of the specimen), and an average axial
strain was obtained. From the axial deformation measurements, the

Fig. 5. Phase diagram of CO2. The applied injection pressure and temperature
are indicated by the blue point.
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drained and undrained Young’s moduli E and Eu were determined.

3.7. Acoustic emission

The AE system is composed of sensors (PCB Accelerometer Model
352C15) connected to signal conditioners (PCB Model 442B104), a
digitizer (National Instrument High-Speed M Series Multifunction DAQ
USB-6259), and laptop computer that contains software capable of
signal processing and data storage. Each test specimen is instrumented
with two sensors that are mounted using cyanoacrylate adhesive close
to the mid span of sample under test. The sensors have a nominal
working frequency response (± 3 dB) between 0.35 and 25,000 Hz.
During uniaxial compression tests, the AE signals were amplified by the
signal conditioner with gain of 20 dB. The signals from the sensors are
digitized and recorded by the data acquisition system: signals collected
by two AE sensors were digitized with 16-bit analog-to-digital (ADC)
resolution, a 400 kHz sampling rate, and signal duration of 1 s for each
waveform. The noise level in the time signals is about ± 2mV, and the
system was triggered to record when the signal amplitude exceeded
6 dB above system noise level on the first sensor. The AE system was
employed to measure hit count, signal energy, and b-value of detected
signals. The b-value is computed in two steps: 1) the total number of AE
events recorded during a loading cycle was first divided into groups of
50; and 2) the range of amplitude is decided to be in steps of 4 dB from
the threshold to the maximum amplitude in the group.

3.8. Mineral identification methods

XRD analysis was performed on the whole-rock fraction of two se-
parately sampled sets of Berea sandstone with each sampled set re-
presenting three different states of pristine, damaged, and CO2 treated
damaged. The second set of sample preparation was to offset the
minimal sample volume potential of recovered data that could be re-
lated to sample heterogeneity. Sample preparation initially included
powdering in an agate mortar prior to measurements. A Bruker D8-
Advanced diffractometer installed at Texas Tech University with para-
meters consisting of a step scan in the Bragg-Brentano geometry with
CuKα radiation was used. The measurement settings were 45 kV and
40mA with sample mounts scanned from 4° to 70°2θ. Measurements
were done at a counting time of 3 s per 0.02°2θ. The software used to
analyze the XRD data was the Bruker EVA diffraction suite, while
Rietveld quantification was completed using the TOPAS-Academic V6
software package. The EVA suite is based on the comparison of ex-
perimental spectra with published files from the International Centre
for Diffraction Data (PDF4+ database).

4. Results and discussion

4.1. Mineralogical and petrologic characteristics

The XRD spectra obtained from all three states of Berea sandstone in
both sets of samples were used to determine rocks’ mineralogy. The two
sets of samples yield rather consistent results (Table 1) indicating that
heterogeneity within the Berea sandstone is not the likely cause of the
different mineralogy observed in the data. Quartz has been found to
present major mineral phase, while kaolinite, K-feldspar, albite, mica/
illite, and Fe-rich carbonate (Fe-dolomite and possibly ankerite) occur
as minor phases (see Table 1 and Fig. 6). Rietveld quantification
showed the reported minerals to vary between 79 and 90 wt% for
quartz, 4 and 7.2 wt% for mica/illite, 3 and 6.6 wt% for kaolinite, 1.8
and 3.5% for K-feldspar, and 0.8 and 2.5 wt% for albite.

Although similar mineralogy occurred for all states analyzed, slight
variances in relative abundances occur in each state. Based on the in-
tensities of diffraction reflexes, the CO2 treated damaged sandstone
depicts a somewhat higher content of quartz (Table 1, Fig. 7a), while
the amounts of K-feldspar and albite tend to be only slightly reduced

(Table 1, Fig. 7b) in comparison to its pristine counterpart. Kaolinite
and mica/illite contents do not show significant differences between the
pristine and CO2 treated damaged samples (Table 1, Fig. 7c). A twofold
increase in kaolinite content is reported in the heat damaged sandstone
(Table 1, Fig. 7c) as compared to the pristine sample. Such increase may
be caused by the kaolinite enhanced crystallinity, which is normally
caused by high-temperature transformations of discrete kaolinite re-
sulting in fewer number of stacking faults (i.e. growth defects) as
temperature approaches 300 °C (e.g., Aparicio and Galán, 1999; Fialips
et al., 2000).

In the heat damaged sandstone, pronounced diffraction intensities
of kaolinite are accompanied by greater contents of feldspars and mica/
illite (Table 1, Figs. 7b and c). The relative increases of phyllosilicate
and feldspar diffraction intensities resulted in a relative decrease in
quartz in the heat damaged sandstone as compared with other samples
(Table 1, Fig. 7a). In addition to the increase of the content of clay
minerals and feldspar, we also report herein on an augmentation of Fe-
carbonate abundances in the heat damaged sandstone (Table 1,
Fig. 7d).

The primary difference in mineralogical abundances resides in the
heat damaged sample, as the pristine and CO2 treated damaged states
demonstrate relative similarities. Clearly, an increase in clay-mineral
crystal size, chiefly kaolinite, occurred during heat treatment and then
reduced again during CO2 treatment, as evidenced through XRD and
SEM (Table 1; Figs. 7c and 6). Crystal growth during heating is a well-
known phenomenon (e.g. Aparicio and Galán, 1999; Fialips et al.,
2000); however, the reduction of grain size during CO2 saturation is less
understood. Potentially, CO2 saturation resulted in dissolution of kao-
linite from lower pH CO2-rich fluid. In general, dissolution rate of
kaolinite increases with temperature and decreases with pH, especially
under far from equilibrium conditions caused by CO2 injection (Devidal
et al., 1997; Cama et al., 2002). SEM data does appear to demonstrate
locally disintegrated pockets of pore-filling kaolinite in the CO2 treated
sample relative to the heat damaged sample (Fig. 6) and CO2 treatment
resulted in the highest measured porosity of each treatment. Thus, the
relative mineralogical abundances are most likely the result of induced
clay-mineral instability rather than original heterogeneity because both
sets of samples analyzed produced similar results for each treatment.

4.2. Geomechanical properties

The summary of all geomechanical and ultrasonic velocities tests
and location of the data are provided in Table 2.

4.2.1. Index properties
The index properties of the pristine, heat damaged, and CO2 treated

damaged Berea sandstone are reported in Table 3. Both heat and CO2

treatments appear to have no significant influence on the dry density.
The combined treatment of the damaged Berea sandstone, however,
caused some increase in the porosity and a more notable increase in the

Table 1
Mineral quantification in Berea sandstone based on Rietveld refinement of XRD
patterns.

Sample state Pristine (Set 1 /
Set 2)

Damaged (Set 1 /
Set 2)

CO2 treated damaged
(Set 1 / Set 2)

Qtz 85.8 / 87.7 79.5 / 80.2 88.9 / 90.0
Ms/Ill 6.3 / 5.7 7.0 / 7.2 4.0 / 4.1
Kln 3.2 / 3.0 6.6 / 6.2 3.3 / 2.6
Kfs 2.3 / 2.1 3.5 / 3.0 2.0 / 1.8
Ab 1.6 / 1.0 2.5 / 2.3 1.3 / 0.8
Fe-car 0.8 / 0.5 0.9 / 1.1 0.5 / 0.7

Qtz – quartz; Kfs – K-feldspars; Ab – albite; Fe-car – Fe-carbonate (Fe-dolomite);
Kln – kaolinite; Ms/Ill – muscovite/illite. Mineral abbreviations after Kretz
(1983).
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intrinsic permeability, which may be the consequence of carbonate
(ankerite/dolomite) dissolution. Soong et al. (2016) observed a de-
crease in both porosity and permeability for Tuscaloosa sandstone
tested at in-situ CO2 sequestration conditions, while Vilarrasa and
Makhnenko (2017) reported a 4% permeability increase caused by
calcite dissolution in water-saturated Berea sandstone subjected to li-
quid CO2 flow at pore pressure of p= 8.0 MPa for two weeks.

4.2.2. Elastic constants and strength
The ultrasonic velocities for dry specimens are reported in Table 3.

The velocity and derived elastic moduli are obtained using the test
procedure described in Section 3.6 and Eqs. (8) and (9). Heat damaged
and CO2 treated damaged samples show lower P- and S-wave velocities,
corresponding approximately to a 10% drop in elastic modulus and
20% increase in Poisson’s ratio compared with the pristine samples.
However, there is no distinguishable difference in wave velocities be-
tween the damaged and CO2 treated damaged samples, suggesting that

CO2 exposure provides no significant influence on linear elastic con-
stitutive properties of Berea sandstone. Similar results were reported by
Hangx et al. (2013), who noted only slight effects of CO2 flow on
Young’s modulus and Poisson’s ratio in Captain sandstone measured by
P-wave and S-wave velocities.

Following the experimental procedures described in Section 3.4, the
static elastic constants (i.e., E and ν) and the uniaxial compressive
strength were obtained from uniaxial compression tests (Fig. 8). The
results indicate a slight decrease in elastic modulus in the treated
samples compared with the pristine state, while no consistent conclu-
sions can be made on the Poisson’s ratio value. The CO2 treatment has a
more pronounced effect on the reduction of E (from 13.4 to 11.8 GPa)
and increase of ν (from 0.20-0.26 to 0.23-0.30). The elastic constants
measured during the unloading stage were 1–2% larger than those
measured during the initial elastic loading. The drained (dry) elastic
constants corresponding to the approximately linear part of the loading
stage are reported in Table 4 and Fig. 8.

Fig. 6. SEM-EDS images of (a) heat damaged Berea sandstone and (b) CO2 treated damaged Berea sandstone showing the differences in kaolinite infill. Phase
identification is based on EDS data (not shown). Mineral abbreviations after Kretz (1983): Qtz= quartz, Ab= albite, Mic=mica, Kal= kaolinite.

Fig. 7. Comparative XRD spectra across dif-
fraction angle spans for all three Berea sample
cases: (a) broad angle range showing diag-
nostic peaks of quartz, (b) focused angle range
showing higher contents of K-feldspar and al-
bite in damaged Berea sandstone, (c) low-angle
range emergence of kaolinite in damaged
Berea sandstone, and (d) focused angle range
showing emergence of Fe-carbonate (Fe-dolo-
mite) in damaged Berea sandstone; CPS stands
for counts per second; °2Θ – Bragg’s angles.
Note that “001″ represents a first basal peak of
mica and kaolinite. The first peaks of clay mi-
nerals are their diagnostic peaks.

A. Tarokh, et al. International Journal of Greenhouse Gas Control 95 (2020) 102959

8



Uniaxial strengths of 29.6 and 29.9MPa (pristine) and 31.3 and
32.6MPa (damaged) were obtained, suggesting insignificant effects of
the heat treatment on the uniaxial strength of Berea sandstone. The
results for strength of CO2 treated damaged specimens are less con-
sistent (22.0 and 30.7MPa) and do not allow to make an unambiguous
conclusion on the effect of CO2 injection (Fig. 8c.). While the CO2

treatment could definitely cause more defects to appear in rock, it has
to be noted that failure during a uniaxial compression test is sensitive to
small defects within the samples and to sample selection and prepara-
tion.

4.2.3. Drained vs. Undrained response
The elastic drained and undrained responses for fluid (water) sa-

turated Berea sandstone in three different states are shown in Fig. 9.
Young’s moduli are reported for the upper (and approximately linear)
part of the loading curve. The undrained response is clearly stiffer than
the drained one, which is reasonable considering the fluid’s resistance
to compression during undrained loading. The thermal and CO2 treat-
ments have only a minor effect on the drained and undrained elastic
moduli. The drained elastic modulus decreased by 8% for the heat
damaged Berea sandstone compared to the pristine state and further
decreased by 2% after exposure to liquid CO2. A similar trend is ob-
served for the undrained condition where a 6% decrease for heat da-
maged rock and a further 3% decrease for the CO2 treated damaged
Berea sandstone is noticed. The effect of thermal and CO2 treatments on
the fluid saturated constitutive responses are less pronounced than
those from dry testing under uniaxial compression (Fig. 8).

At the same time, a noticeable change in Skempton’s B coefficient
was observed. While B was measured to be 0.89 and 0.93 for pristine
and damaged sandstone, respectively, B-value for CO2 treated damaged
specimen was as low as 0.75 (all values are reported at P′ =1MPa).
These values are slightly lower than those measured in the core
flooding device, because in the latter one the maximum principle stress
acted parallel to the bedding planes resulting in higher B values
(Makhnenko and Tarokh, 2018). The undrained Poisson’s ratio for each
specimen was calculated using directly measured B and Eu values (in
the triaxial device) and value of drained (dry) bulk modulus K obtained
from the uniaxial compression test performed at zero confining pres-
sure, and thus possibly underestimated. Biot coefficient α was com-
puted from Eq. (4) provided that unjacketed bulk modulus is Ks′

=30GPa, independent of the applied pressure (Tarokh and
Makhnenko, 2019) and assumed to be constant for all three different
states (pristine, damaged, and CO2 treated damaged) of Berea sand-
stone. The decrease in B value for CO2 treated specimens can be ex-
plained by the decrease in undrained bulk modulus (or Poisson’s ratio)
or increase in drained bulk modulus (see Eq. 5). Only direct measure-
ments of Ku or νu would allow proper estimation of changes in the
Skempton’s B coefficient due to CO2 treatment of the rock. In summary,

Table 2
Summary of the testing methods utilized for characterization of pristine, heat damaged, and CO2 treated damaged Berea sandstone specimens.

Apparatus Measured parameters Type of testing Data

Core flooding device B, k drained & undrained Fig. 4, Tables 3 and 4
Uniaxial load frame E, ν, UCS, AE drained (dry) Figs. 8 and 11, Table 4
Triaxial cell E, Eu, ηϕ drained & undrained Figs. 9 and 10, Table 4
Ultrasonic bench Cp, Cs, E, ν, drained (dry) Table 3

Table 3
Ultrasonic velocities, predicted dynamic elastic parameters, and index proper-
ties of tested Berea sandstone samples.

Sample state Ultrasonic velocities Dynamic
elastic
parameters

Index properties

Cp [km/s] Cs [km/s] E
[GPa]

ν [-] ρ
[gr/
cm3]

ϕ [%] k
[10−15

m2]

Pristine 2.27 1.46 10.0 0.15 2.04 20.3 150
2.30 1.49 10.3 0.14 2.04 20.3 155

Damaged 2.20 1.36 9.0 0.19 2.05 21.0 180
2.23 1.37 9.2 0.20 2.05 21.4 190

CO2 treated
damaged

2.20 1.37 9.0 0.18 2.03 22.2 300
2.18 1.33 8.7 0.20 2.03 23.0 300

Fig. 8. Axial stress vs axial and lateral strain curves obtained for (a) pristine, (b)
heat damaged, and (c) CO2 treated damaged states of dry (drained) Berea
sandstone samples during the uniaxial compression loading until failure.
Averaged values of Young’s modulus, Poisson’s ratio, and uniaxial compression
strength are provided for each specimen state.
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the effect of 22 days of liquid CO2 injection only moderately (2%–12%)
influences the mechanical behavior of the rock. Table 4 summarizes the
measured geomechanical properties.

4.2.4. Viscoelastic response
After the full water saturation is achieved, the pore pressure change

at constant compressive mean stress is examined under undrained
conditions at room temperature (T=22 °C). If the rock would behave as
a poroelastic material and the mean stress is constant, no pore pressure
buildup should be observed. However, if the rock exhibits a time-de-
pendent behavior then a pore pressure change is possible. The evolution
of the pore pressure under constant mean stress and undrained condi-
tion for pristine, damaged, and CO2 treated damaged Berea sandstone is
shown in Fig. 10a for the case of P′ ≈ 1.0MPa and in Fig. 10b for the
case of P′ ≈ 2.0MPa. Using values of B measured at the end of the
saturation procedure (Fig. 4) and calculated K and Ks′ values, the bulk
viscosity ηϕ is obtained.

Table 4
Measured and calculated geomechanical properties of pristine, damaged, and CO2 treated damaged Berea sandstone specimens.

Sample state Uniaxial (dry) compression Drained
compression

Undrained
compression

Skempton’s
B coefficient

Undrained Poisson’s ratio
(calc.)

Time-dependent behavior

E
[GPa]

ν

[-]
UCS [MPa] E

[GPa]
Eu
[GPa]

B
[-]

νu
[-]

ηϕ [×1015 Pa.s]

P'=1
[MPa]

P'=2
[MPa]

Pristine 13.8 0.20 29.6 11.0 12.0 0.96 0.43 3.5 17.7
14.0 0.21 29.9 11.2 11.8 0.96 0.43 3.6 12.4

Damaged 13.4 0.20 31.3 10.2 11.2 0.99 0.43 3.3 16.8
13.4 0.26 32.6 10.4 11.2 0.97 0.43 3.5 11.5

CO2 treated damaged 11.7 0.23 30.7 10.0 10.8 0.79 0.40 1.4 5.8
11.8 0.30 22.0 10.2 11.0 0.83 0.41 2.5 7.8

Fig. 9. The stress-strain curves measured in the triaxial cell for drained and
undrained loading (two specimens for each) of Berea sandstone in three dif-
ferent states: (a) pristine, (b) heat damaged, and (c) CO2 treated damaged.
Averaged values of Young’s moduli for each type of loading (drained or un-
drained) are provided in the figure.

Fig. 10. Pore pressure buildup that followed isotropic undrained elastic loading
for pristine (blue), heat damaged (maroon), and CO2 treated damaged Berea
sandstone specimens (green) at (a) P′=1.0MPa and (b) P′ =2.0MPa. The
corresponding average values of bulk viscosity for each state are calculated
from Eq. (7).
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It appears that the effect of CO2 injection on the bulk viscosity is
much more pronounced than the one on the poroelastic properties of
rock: ηϕ decreases from 3.3–3.5×1015 Pa·s to 1.4–2.5×1015 Pa·s at P′
≈ 1.0MPa and from 1.2–1.7× 1016 Pa·s to 0.6-0.8× 1016 Pa·s at P′ ≈
2.0MPa. The bulk viscosity remains to be strongly effective stress de-
pendent after the CO2 treatment, but CO2 treated damaged Berea
sandstone is noticeably more prone to time-dependent deformation in
comparison to the pristine and damaged states. Interestingly, previous
studies on silica-cemented sandstones show, in general, little effect of
CO2 injection on induced creep, as it was reported for Adamswiller
sandstone (Le Guen et al., 2007), Berea sandstone (Oikawa et al., 2008),
and Captain sandstone (Hangx et al., 2013). At the same time, sub-
critical crack growth caused by atomic diffusion, dissolution, micro-
plasticity, and stress corrosion, among others, is one of the major me-
chanisms involved in rock creep (Atkinson and Meredith, 1987; Brantut
et al., 2013). Creep strain rates are very sensitive to the environmental
conditions, such as differential and mean stresses, pore pressures,
temperature, and pore fluid composition (Bernabe et al., 1994; Brantut
et al., 2013; Makhnenko and Podladchikov, 2018). The presented ex-
perimental data may indicate that increase in pore pressure (from 1.5 to
2.5 MPa at P= 3.5 MPa) reduces effective stress globally and promotes
stress concentration on asperities locally, thus enhancing the creep
rates. Increase of the pore fluid acidity (by injecting liquid CO2 into
water-saturated sandstone) promotes chemically activated subcritical
cracking processes, thus also significantly contributing to time-depen-
dent solid deformation.

4.2.5. Summary of geomechanical measurements
Tables 3 and 4 summarize the measurements of index properties,

ultrasonic velocities, strength, and poroviscoelastic properties reported
in this section.

Considering the geomechanical data, the absolute errors are esti-
mated based on the accuracy of the experimental equipment to be the
following: strain (10−6 - 10-5), length (10−6 m for LVDTs and 10-5 m for
calipers), volume of fluid collected by the controllers (1mm3), experi-
mental time (1 s), time of ultrasonic wave arrival (10−6 s), load
(0.025 kN for triaxial cell and 0.5 kN for the load frame), and pore and
confining pressure (1 kPa for triaxial cell and 10 kPa for core flooding
device). Accuracy of the experimental measurements allows for calcu-
lation of the relative errors for the parameters reported in Tables 3 and
4. The relative error is estimated to be 1% for the porosity, 0.02-
0.03 km/s for ultrasonic velocities, 0.5% for density, and 5% for the
permeability. The relative errors for reported Young’s moduli, Poisson’s
ratios, and UCS are 2%, 5%, and 2%, respectively. Special attention is
paid to precise measurements of Skempton’s coefficient B and calibra-
tion factors in Eq. (12), so B is reported within±0.005 accuracy. Less
than 0.5% error in measuring pressures and time provides evaluation of
the calculated bulk viscosity accuracy ηϕ as 10%.

4.3. Acoustic emission

Acoustic emission measurements were performed on dry pristine
and CO2 treated damaged samples subjected to uniaxial compressive
loading tests. The samples were first loaded to relatively low strain
levels and unloaded within the linear elastic range, as described in
Section 4.2.2. Then, the samples were reloaded with monotonically
increasing uniaxial compressive load until failure. Because little AE
activity occurred during the preliminary loading-unloading stage, this
analysis focuses on the monotonic reloading phase only. We observed
little to no nonlinearity in the strain-stress relationship prior to fracture
initiation. Thus, the correlation of AE signatures to jumps and dis-
continuities in stress history is extensively studied.

The applied stress, AE event count, AE energy, and b-value analysis
data collected from the two samples are shown in Fig. 11, where the left
column of plots (a, c, e) represent pristine Berea and the right (b, d, f)
CO2 treated damaged Berea. The two samples show similar ultimate

compressive stresses, 29.1 and 31.0MPa, respectively, although the
nature of the loading curves differ, in particular, during the post-peak
portion of the response where the loss of load carrying capacity in the
CO2 treated damaged Berea is rather abrupt. The pristine sample shows
instances of small stress drop fluctuations in the curve before and,
especially, after the ultimate stress is achieved. These stress drop fluc-
tuations are normally associated with discrete cracking events, and we
see that they coincide with the rate of observed AE events, AE signal
energy, and cumulative energy. For example, in the pristine sample the
AE event rate gradually increases and has notable peaks occurring at
several occasions, which coincide with the stress drop fluctuations at
78% (22.7 MPa occurring at 550 s) and around 85% (around 25MPa
occurring between 580 and 590 s) of the peak load. Clear increases in
AE signal energy, which are indicated by sharp increases in cumulative
energy (Fig. 11c, and low b-value (below 0.25), as shown in Fig. 11e,
occur coincidentally at those instances. These data suggest that fracture
initiation and propagation and stress redistribution events occur during
that loading process of the pristine sample, at sporadic times before the
peak stress is attained and more intensively after peak. The CO2 treated
damaged sample also shows linkages between increases in AE event
number and signal energy and reductions in b-value (Fig. 11b, d, f),
although these events start to occur abruptly after peak stress is
achieved and continue thereafter. The differences in the measured data
indicate that the samples experienced distinct sequential fracture pro-
cesses during loading to failure, which is not unexpected for a discrete
random process like fracture in an inhomogeneous material. The dif-
ferences in AE metrics between pristine and CO2 treated damaged Berea
samples are not significant, considering the random nature of fracture
processes. In fact, less cumulative AE signal energy was measured from
the CO2 treated damaged sample than the pristine one during their
respective fracture processes. Based on these limited tests, CO2 injection
does not appear to adversely affect Berea’s ability to resist fracture
owing to applied loads. Triaxial compression tests on fluid-saturated
specimens subjected to representative in–situ conditions are needed to
make more reliable conclusions on the effect of CO2 injection on po-
tential induced seismicity.

5. Conclusions

Water-saturated Berea sandstone in three different states - pristine,
thermally damaged, and CO2 treated-thermally damaged - was studied
using direct poromechanical tests supported by other material and
monitoring methods. Based on X-ray diffraction measurements, there
are minor differences between pristine, heat damaged, and CO2 treated
damaged samples in terms of carbonate and clay presence that can be
attributed to clay mineral stability due to different treatments. In par-
ticular, clay minerals, especially kaolinite, are larger in the heat da-
maged sample than in the other two states resulting in higher relative
percentage of clay minerals at the expense of the other minerals pre-
sent. Combined thermal damage and CO2 treatments increased the
permeability (up to 100%) and porosity (by 10%) but did not sig-
nificantly affect the static and dynamic elastic constants (not more than
15%) nor inelastic fracture processes (based on acoustic emission
count). The results suggest that the elastic and inelastic properties of
reservoir rock with little to no carbonate content, in both pristine and
damaged states, are not influenced much by CO2 injection. On the other
hand, the poroviscoelastic behavior of the Berea sandstone is noticeably
affected by CO2 treatment – the time-dependent deformation of water-
saturated specimens under constant load was more than twice faster
compared to pristine and damaged states. These observations provide
better understanding of the mechanical behavior of reservoir rock with
low carbonate content after the injection of CO2.
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Fig. 11. Acoustic emission test results from pristine (a, c, e) and CO2 treated damaged (b, d, f) Berea sandstone samples subjected to monotonically increasing
uniaxial compressive load: AE event count and applied compressive stress (a, b), AE event energy (c, d), and b-value (e, f).
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