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a b s t r a c t

Laboratory uniaxial compression creep tests, with differential stress of 30 MPa hold for 3 h, were per-
formed on Chang-7, Longmaxi (LMX) and Barnett shales to study the influence of SC-CO2 on short-term
viscoelastic properties. To this end, the wet shale samples were treated with SC-CO2 with a pressure of
30 MPa and a temperature of 110 �C for 14 days. We analyzed the creep data using the fractional Maxwell
model. To investigate microscopic structural alterations, the surface morphology of the same location,
before and after SC-CO2-water exposure, was examined by SEM images. Compared with dry shales,
dynamic and static elastic moduli decreased by up to 25.02% and 55.83%, respectively, but the creep
deformation increased by 200% for LMX and Chang-7 shales, and 500% for the Barnett shale treated by
SC-CO2. Compared to dry sample, there is an increase in calculated fractional orders of 0.02, 0.07, 0.22 for
SC-CO2 treated samples, indicating that SC-CO2 treatment is likely to enhance shale creep. SEM inves-
tigation confirmed physicochemical mechanisms responsible for the observed elastic damage and creep
enhancement, including mineral dissolution and swelling caused by SC-CO2. This work would further
improve our current understanding of the time-dependent deformation of shale under chemical-
mechanical coupling effects during CO2 capture utilization and storage.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In the context of deep reservoir stimulation, CO2 has been
widely used to displace remaining oil and gas, namely CO2
enhanced oil recovery (CO2-EOR) or CO2 enhanced gas recovery
(CO2-EGR), as well as been stored in unconventional shale reser-
voirs (Hamza et al., 2020; Wood, 2015; Zhu et al., 2021). Under
reservoir conditions, thermal-hydrological-mechanical-chemical
interactions between rock and CO2 significantly affect shale
physical-mechanical properties, and it is likely to be the dominant
factor for time-dependent deformation during long-term CO2 in-
jection. Shale creep deformation can cause severe issues, including
wellbore instability, proppant embedment, gas production decline,
reservoir subsidence, etc. (Du et al., 2018; Feng et al., 2016, 2017).
Understanding the time-dependent deformation behavior of shale
is still of great importance in addressing the issues in CO2 capture
utilization and storage (CCUS).
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It is reported that the rock mineral composition, microstructure,
differential stress, temperature, and pore fluid were the key pa-
rameters determining rock creep deformation (Brantut et al., 2013).
The shale brittle creep behavior has been previously studied on
macro- and micro-scale using triaxial/uniaxial or nanoindentation
creep tests. In general, the related mechanisms for shale short-term
brittle creep may include shear dilation and compaction (Arash
et al., 2018; Geng et al., 2017, 2018; Mighani et al., 2019; Xu et al.,
2020). Triaxial creep tests on the Ophir shale show that consoli-
dation and volume expansion are always accompanied by primary
and secondary creep, respectively. This pre-consolidation and
compaction retard the secondary creep rate (Cogan, 1976). Shale as
sedimentary rock contains massive clay and organic matter (OM)
characterized by numerous bedding planes andmicro-pores. Mixed
layered clays are often considered a leading source of shale creep
due to their viscoelastic behavior of layered structure and micro-
pores (Sone and Zoback, 2013). OM, as another significant control of
shale creep, can dissipate much energy by dilation and compaction
observed from micro-indentation tests (Slim et al., 2019). Some
authors have concluded that shale creep tended to increase with
the proportion of soft components (clay and OM) and decreasewith
the proportion of stiff components (quartz, feldspar, pyrite and
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Fig. 1. Photos of cylindrical samples used in experiments.
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carbonates) (Arash et al., 2018; Liu et al., 2020; Song et al., 2022; Ma
et al., 2020; Rassouli and Zoback, 2018; Rybacki et al., 2017; Slim
et al., 2019; Sone and Zoback, 2013).

Shale creep deformation is enhanced not only by soft content,
differential stress, microstructure, but also by the pore fluid
(Almasoodi et al., 2014; Mighani et al., 2019; Rassouli and Zoback,
2020; Rybacki et al., 2017; Sharma et al., 2019; Sone and Zoback,
2014a, b). In a shale reservoir, a portion of water from formation
brine and fracturing fluid (less than 20% of flowback (You et al.,
2021)) as thin films can remain underground. The injected CO2 is
likely to dissolve into the water resulting in its pH of about 4e5
under simulated reservoir pressure and temperature conditions,
showing high chemical reactivity (Rohmer et al., 2016). The phys-
icochemical reactions between CO2-rich fluid and shale could alter
shale compositional, microstructural and mechanical properties,
and this further affects the shaly caprock stability and shale gas
production (Bhuiyan et al., 2020; Jia et al., 2019; Liu et al., 2012;
Sharma et al., 2021). Extensive efforts have been focused onmineral
dissolutioneprecipitation reactions between shale and CO2-rich
fluid. The pore fluid chemically affects fluid adsorption on crack
surfaces to extend crack, namely stress corrosion, accelerating the
brittle creep strain rate (Brantut et al., 2013; No€el et al., 2021). Shale
becomes more compliant and viscous when exposed to water,
which is attributed to clay-fluid interactions, electrical double layer
repulsion and mineral dissolution (Almasoodi et al., 2014; Du et al.,
2018). When CO2 is introduced into wet shale, swel-
lingedissolutioneprecipitation reactions can enhance shale
ductility, thus posing potential hazards to fracture conductivity and
wellbore stability (Lu et al., 2019; Lyu et al., 2018; Feng et al., 2019;
Sharma et al., 2021).

The common creep constitutive models of rock include empir-
ical model, mechanism-based model and component model (Cong
and Hu, 2017; Wei et al., 2021; Zhao et al., 2019; Zhang et al., 2015;
Zhou et al., 2011). For shale creep models, logarithm function
(Chang and Zoback, 2008;Mighani et al., 2019), power-law function
(Liang et al., 2020; Rassouli and Zoback, 2018; Rybacki et al., 2017;
Sone and Zoback, 2014a, b), and viscoelastic models of Burgers (Li
and Ghassemi, 2012) or standard linear solid (Almasoodi et al.,
2014) are used to fit the laboratory creep data. Among those
models, the empirical model, such as power-law function, was
widely used due to fewer parameters inferred from experimental
data. Rassouli and Zoback (2018) studied shale creep over both
short-term (4-h) and long-term (4-week) periods, indicating that a
simple power-law model is capable of describing creep deforma-
tion over short and long periods. Liang et al. (2020) further revised
the power-law model by incorporating Arrhenius parameters to
involve the temperature effect. However, the power-law function as
an empirical model, due to a lack of physical foundation and creep
mechanism, cannot reasonably predict the long-term viscoelastic
creep deformation (Zhou et al., 2011). Although the mechanism-
based models can consider influence of micro-crack and damage,
parameters need to be determined by the individual, which may
result in a large deviation in the result. Therefore, the classical
component models, based on a combination of standard elements
such as Hooke spring, Newtonian dashpot or even fractional
element, are a higher propensity to fit and extrapolate experi-
mental data (Zhou et al., 2011). Both Maxwell and Kevin-Voigt
models, composed of elastic springs and viscous dashpots in se-
ries and parallel, failed to appropriately represent the time-
dependent behavior of shale (Liang et al., 2020). The Maxwell
model is unable to capture the nonlinear deformation of shale
creep (Rassouli and Zoback, 2018; Sone and Zoback, 2013; Sone and
Zoback, 2014a, b). Nevertheless, power-law and Burgers models fit
well the creep response of Marcellus shale (Arash et al., 2018).
Although the Burgers model yielded better predictions, it is solved
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in the complicated form of a Maxwell unit (E1, h1) and a Voight-
Kelvin unit (E2, h2). Recently, fractional viscoelastic constitutive
equations have been proposed to describe and predict creep
behavior of rocks (Di et al., 2011; Peng et al., 2019; Zhou et al., 2013).
Because of the precise physical meaning of parameters, decreasing
rate and accurate fitting, the fractional model was potentially
helpful for explaining rock viscoelastic deformation by identifying
only two parameters, i.e., viscosity coefficient and fractional order
of the dashpot (Chen and Ai, 2020; Di et al., 2011; Zhou et al., 2011).

To our knowledge, there are relatively few studies focusing on
the influence of SC-CO2 on shale creep deformation. Some crucial
questions, including creep deformation revolution and related
physicochemical mechanisms when shale is exposed to SC-CO2,
remain unanswered. To this end, we performed uniaxial
compression creep and scanning electron microscopy (SEM) ex-
periments on shale samples before and after SC-CO2 exposure.
2. Methods

2.1. Sample preparation and properties

Three representative shale cores with a diameter of 25 mm and
a length of 50 mm, drilled along the direction vertical to the
bedding plane, were collected from the outcrop (Fig. 1). They vary
largely with respect to composition and fabric due to depositional
environments. The Barnett gas shale is taken from one of the largest
onshore natural gas fields in the United States, and both marine
Longmaxi (LMX) and terrestrial Chang-7 shales are from the
highest potential target for unconventional resources in China.
Many CO2-based fracturing and CO2 enhanced shale gas recovery
and sequestration field applications were conducted in shale res-
ervoirs in the past decades (Lyu et al., 2021; Hou et al., 2021). It is of
great importance to improve our understanding of time-dependent
deformation effects on the performance of gas production and CO2
sequestration in shale.

A detailed sample characterization and component contents are
listed in Table 1. All three samples vary considerably in the pro-
portion of quartz, carbonate, clay and organic matter (OM). The
Chang-7 shale contains the most significant content of soft com-
ponents (clay and OM) up to 47.5%, followed by the Barnett shale
with 38.9%, and the LMX shale exhibits the lowest with 23.0%.
Among the clay minerals, the proportion of mixed layer
illiteesmectite as swelling clay can be around 37%, 18% and 12% for
Chang-7, LMX and Barnett shales. The chemically reactive carbon-
ate, strongly reacting with CO2-rich fluid, also varies largely among



Table 1
Basic characterizations of three samples.

Sample No. Sample source Core length, mm Core diameter, mm Dry density, g/cm3 Mineral content, wt%

Quartz Feldspar Carbonate Pyrite Clay OM

1 Chang-7 49.86 24.82 2.18 23.3 7.9 6.5 14.8 31.7 15.8
2 LMX 50.02 24.94 2.39 38.0 4.9 30.1 4.0 19.8 3.2
3 Barnett 51.24 25.61 2.46 44.0 2.7 12.4 2.0 32.2 6.7
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those shales. So, the selected samples would behave variously on
the creep deformation attributed to CO2-water-shale interactions.

2.2. Experimental procedures

Before introducing water, the “as received” samples were dried
for 48 h at 80 �C to remove free water to determine the water
content in the following wetting process. Then, to simulate the
existence of water film in shale underground, the dried samples
were wetted by a high relative humidity of 97.6% formed by K2SO4
saturated solution for 26 days under room conditions, leading to
1.37%, 1.42% and 2.36% water content for Chang-7, LMX and Barnett
shales. Subsequently, SC-CO2 with a pressure of 30 MPa and a
temperature of 110 �C reacted with wet samples in a high-pressure
reactor for 14 days, aiming to study CO2-shale interactions at a
depth of about 3000 m where CO2 fracturing treatment is applied.
To eliminate sample variability, the uniaxial compression creep
experiment was conducted on same sample before and after SC-
CO2 exposure, that is, first loading on dry sample (before) and
second loading on SC-CO2 exposed sample (after). SEM images of
thin-section samples without a conductive coating were used to
examine microscopic structural alterations in the same location
with and without SC-CO2 exposure, revealing possible creep
mechanisms. The experimental procedures are detailed as illus-
trated in Fig. 2. In addition, power X-ray diffraction (XRD) analyses
of the LMX shale before and after SC-CO2-water exposure were
carried out to evaluate the chemical and mineralogical changes.

Uniaxial compression creep tests were conducted on a servo-
controlled triaxial apparatus of MTS816 under room conditions
(Fig. 3(a)). To validate the reliability of the testing system, we
conducted uniaxial loading on the aluminum with measured
Young's modulus of 70.7 GPa, approaching the standard value of
69 GPa (Fig. 3(b)). Then, uniaxial peak stresses of three kinds of dry
shales were obtained. To prevent significant damage in the first
creep loading, the applied differential stress level was set for
30 MPa for all three samples, determined from about 45% of sp of
the weak Chang-7 and Barnett shales. Actually, a brittle creep
deformation can be activatedwhen the applied stress is higher than
threshold for crack initiation (approximately 40%e60% of sp), that
is, the onset of dilatant cracking (Brantut et al., 2013). The major
challenge of laboratory creep studies of sedimentary rock is to
determine minimum reasonable loading time to evaluate and
Fig. 2. Schematic flow of sample processi
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extrapolate creep data. We set the creep loading duration for 3 h
that was acceptable, and same creep time can be referred in pre-
vious study (Sone and Zoback, 2014a). To calculate the dynamic
elastic moduli and identify the damage induced by creep defor-
mation, ultrasonic P- and S-waves with frequency of 1 MHz were
recorded along the axial direction with an interval of 1 h.

3. Results

3.1. Creep deformation

Creep curves of three samples before and after SC-CO2 exposure
are shown in Fig. 4. The dry Chang-7 shale behaves largest possibly
due to massive soft components (47.5%) and fabrics (Fig. 4(a)).
Those soft components in shale were usually considered as a sig-
nificant source of creep, positively correlated with creep compli-
ance (Sone and Zoback, 2013), and if the proportion of soft
components is over 30 wt%, it can principally determine rock
ductility (Hamza et al., 2020). In addition, as the clay content in-
creases, the fabrics become more pronounced (Zoback and Kohli,
2019), leading to brittle creep in the form of frictional sliding. The
rock brittle creep is primarily driven by microcracking, depending
on microstructural state (crack density, porosity, and defect struc-
ture), and this exerts a strong influence on the creep strain rate
(Brantut et al., 2013). Therefore, the most significant creep defor-
mation obtained for the Chang-7 shale is reasonable due to more
soft components and fabrics. On the contrary, the proportion of stiff
components is pronounced in LMX shale (77%) and Barnett shale
(61.1%), resulting in relatively low creep deformation. After SC-CO2
exposure, creep deformation increases by approximately 200% for
Chang-7 and LMX shales, and 500% for the Barnett shale (Fig. 4(b)).
The chemically reactive carbonate minerals, such as calcite and
dolomite showing highly chemical activity with CO2 in the pres-
ence of water, are relatively rich in LMX and Barnett shales.
Moreover, the microcracks induced by CO2-water adsorption
swelling would cause a significant reduction in shale mechanical
properties (Bhuiyan et al., 2020). Therefore, based on the mineral
dissolution and clay swelling mechanisms, creep deformation is
likely to increase in shale after SC-CO2 exposure (Fig. 4(b)).

Creep strain rates of three samples are calculated as shown in
Fig. 5. Compared to the dry shale, a more significant creep rate is
observed in shales after SC-CO2 exposure. Before SC-CO2 exposure,
ng and testing process in this study.



Fig. 3. (a) Photos of experimental device used; (b) Uniaxial stress-strain curves of aluminum and three types of dry shales. Note that the axial loading rate is 0.02 mm/min using
axial control followed by radial control of 0.004 mm/min when the stress is approaching the peak stress.

Fig. 4. Curves of creep deformation for Chang-7, LMX and Barnett shales before and after SC-CO2 exposure.

Fig. 5. Creep strain rates for three samples before and after SC-CO2 exposure. Note that the level of zero strain rate is denoted by a red dashed line, and open red circles show creep
transition from primary to second creep for the Chang-7 shale, termination of primary creep without secondary creep for LMX and Barnett shales.
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Fig. 6. Creep strain for Abel dashpot model with various a under a case of s ¼ 30 MPa
and ha ¼ 3 GPa ha .
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the Chang-7 shale typically exhibits primary (decay) and secondary
(steady) creep with a constant rate of about 1.35� 10�8 s�1, and the
transition occurs around 4000 s. There only exists a primary creep
stage with a larger decreasing creep rate without entering the
secondary creep step for the Chang-7 shale after SC-CO2 exposure.
For both dry LMX and Barnett shales, only primary creep (i.e., the
secondary creep rate is zero) can be observed possibly due to the
low-stress level (approximately 26% of sp for the LMX shale) for
crack initiation. After SC-CO2 exposure, an increase in creep rate is
also observed for LMX and Barnett shales. A material with a high
level of initial defects, such as microcracks and pores, is expected to
creep faster than the same material with a lower level of initial
defects (Brantut et al., 2013). We can thus infer that the defects
induced by clay swelling and mineral dissolution upon SC-CO2
saturation enhance the creep strain rate.

3.2. Characterizations of viscoelastic behavior

The Abel dashpot is a fractional derivative description of the
Newtonian dashpot, and its constitutive equation is given as
(Kiryakova and Al-Saqabi, 1999):

sðtÞ¼ ha
daεðtÞ
dta

0 � a � 1 (1)

where ha and a are viscosity coefficient and fractional order of
dashpot, respectively. The Abel dashpot represents a combination
of Newtonian dashpot for an ideal Newtonian fluid (a ¼ 1) and
Hooke spring for an ideal elastic solid (a ¼ 0). Under constant stress
for 0<a<1, the strain increases slowly with decreasing rate,
indicating that it can describe the rheological behavior of soft
materials between fluid and solid. The larger a of material is, the
more likely viscous the material behave. When sðtÞ is equal to a
constant (i.e. s), integrating Eq. (1) using the Riemann-Liouville
operator, we can obtain:

εðtÞ¼ s

ha
ta

Gð1þ aÞ (2)

Further inspection of Eq. (2) shows that there are two parame-
ters, a and ha, different from the Newtonian dashpot with only one
parameter h. The magnitude of a can be determined by fitting
nonlinear laboratory creep strain data using Abel dashpot (Ding
et al., 2017; Zhou et al., 2011). To better understand the influence
of a on the creep deformation, we plotted a series of creep curves
under s ¼ 30MPa and ha ¼ 3 ðGPa hÞa. We note that creep strain is
significantly affected by a, showing a larger creep deformation is
induced by a larger a (Fig. 6).

The fractional Maxwell model can be simply formed by only
replacing the Newtonian dashpot with the Abel dashpot in the
Maxwell model. The time-dependent creep compliance JðtÞ of
fractional Maxwell model is obtained as (Zhou et al., 2011):

JðtÞ¼ 1
EH

þ 1
ha

ta

Gð1þ aÞ (3)

where G is the Gamma function and EH is the elastic moduli of the
Hooke spring.

To fit our creep data, Maxwell model, three-parameter general-
ized Kelvin model and fractional Maxwell model are chosen
(Fig. 7(a)). It is a common method to discard the initial elastic
deformation data and use the remaining to precisely derive creep
model parameters (Sone and Zoback, 2014a, b), and our data analysis
followed the same approach. As observed from Fig. 7, the fractional
Maxwell model best fits laboratory data before and after SC-CO2
exposure. The corresponding fit parameters of three models and
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estimated variance are given in Table 2. The best fit with the lowest
estimated variance is obtained by the fractional Maxwell model,
followed by the three-parameter generalized Kelvin model and the
Maxwell model. Therefore, we chose the fractional Maxwell model
to fit other creep data of LMX and Barnett shales (Fig. 8).

Based on Eq. (3), the derived fit parameters are listed in Table 3.
Except for the dry Barnett shale, the a values are between 0.3 and
0.4 in good agreement with the previous shale creep parameters
determined by fractional calculus (Peng et al., 2019). Larger a yields
for SC-CO2 exposed shales, revealing shale becomes more viscous
with physical meaning of larger creep deformation under constant
loading. Due to various dimensions of ha for shales, the physical
description of ha remains unclear. The fractional Maxwell model
does not strictly fit well for LMX and Barnett shales without SC-CO2
exposure, possibly attributed to the low creep stress of Barnett
shale and LMX shale anisotropy.
3.3. Static and dynamic elastic moduli

For an isotropic and homogeneous solid material, the dynamic
Young's moduli (Ed) can be estimated by ultrasonic wave velocities:

Ed ¼
rv2s

�
3v2p � 4v2s

�
v2p � v2s

(4)

where r is the rock density; vp and vs are ultrasonic P- and S-wave
velocities, respectively.

As shown in Fig. 9, the cumulative strain of the Chang-7 shale
exposed to SC-CO2 is larger than that of the unexposed. A section of
loading curve before creep was used to calculate the static elastic
moduli, i.e., Young's moduli (Es), as listed in Table 4. Compared to
dry conditions, Es is reduced by 55.83% (Chang-7), 33.52% (LMX)
and 40.98% (Barnett) after SC-CO2 exposure. Rock softening caused
by the presence of water on elastic properties, compression
strength and fracture mechanics, is attributed to fracture surface
energy reduction, stress corrosion, fractional reduction and so on
(Van Eeckhout, 1976; Zhang et al., 2020; Ma et al., 2021). Intro-
ducing CO2 into wet shale can further promote softening effects
largely due tomechano-chemical interactions (Bhuiyan et al., 2020;
Liu et al., 2012; Lyu et al., 2018; Rohmer et al., 2016), resulting in
shale stiffness degradation.

Ultrasonic waves are generally considered as an effective char-
acterization of rock damage (Geng et al., 2017; Roberts et al., 2015).



Fig. 7. Creep curves fitted with models without initial elastic data for the Chang-7 shale before and after SC-CO2 exposure.

Table 2
Estimated parameters of J(t) for different creep models.

Model Creep compliance J(t) Parameters Estimated variance,
10�10

Before After Before After

Maxwell model 1
EH

þ t
hN

hN ¼ 57:0 GPa s hN ¼ 18:0 GPa s 101.4 879.7

Three-parameter model 1
EH

þ 1
EK

�
1 � exp

�EK
hK

t
�i EK ¼ 7:4 MPa EK ¼ 2:3 MPa 3.4 59.3

hK ¼ 15:2 GPa s hK ¼ 5:3 GPa s
Fractional Maxwell model 1

EH
þ 1

ha
ta

Gð1þ aÞ
a ¼ 0:34 a ¼ 0:36 1.1 2.5
ha ¼ 172 ðMPa sÞa ha ¼ 67:9 ðMPa sÞa

Note: The elastic moduli EH is not considered due to ignoring initial elastic deformation in our study.

Fig. 8. Creep data of LMX and Barnett shales fitted by fractional Maxwell model.
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Table 3
The estimated viscous parameters of the fractional Maxwellmodel for three samples
before and after SC-CO2 exposure.

Sample a ha, (MPa s)a

Before After Before After

Chang-7 0.34 0.36 173.0 67.9
LMX 0.31 0.38 1240.0 605.0
Barnett 0.15 0.37 230.6 321.4

Fig. 9. The typical loading curves of the Chang-7 shale before and after SC-CO2

exposure.

Table 4
Summary of Es and Ed of three samples before and after SC-CO2 exposure.

Sample Es, GPa Es reduction, % Ed, GPa Ed reduction, %

Before After Before After

Chang-7 9.32 4.12 55.83 16.18 12.13 25.02
LMX 36.36 24.18 33.52 43.02 41.53 3.46
Barnett 40.78 24.07 40.98 39.48 34.49 12.64
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Plots of ultrasonic P- and S- wave velocities during the creep
deformation are shown in Fig. 10, showing both vp and vs slightly
fluctuate around 2% for all samples during the creep loading. So, it is
reasonable to neglect the influence of damage induced by the first
creep cycle on the second creep cycle. After SC-CO2 exposure, a
reduction of up to 10.9% and 15.4% in both vp and vs is observed due
to SC-CO2 reactions. Correspondingly, with respect to Ed, the largest
Fig. 10. Ultrasonic P- and S-wave velocities vary with time for three samples before and afte
symbols represent the data measured on shales before and after SC-CO2 exposure.
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reduction of 25.02% is created for the Chang-7 shale, followed by
the Barnett shale with 12.64%, and the LMX shale has the least
reduction of 3.46%. The reduction in wave velocities as well as Ed
after SC-CO2 exposure implies that SC-CO2 can soften rock elastic
properties.
3.4. Mechanisms of creep enhanced by SC-CO2 exposure

To investigate microscopic alterations, shale surface
morphology on mm-mm-nm scale was analyzed by SEM images on
the same location with and without SC-CO2-water exposure
(Fig. 11). In comparison with the unexposed sample, irreversible
alterations are observed after SC-CO2-water exposure. Macroscop-
ically, bedding plane opening (Fig. 11(a1)) occurs due to crystalline
and osmotic swelling of clay exposed to SC-CO2-water. This phe-
nomenon was also observed in shale exposed to water and SC-CO2
(Choi and Song, 2012). On the microscale, inter-cracks and intra-
cracks are created due to mineral dissolution and deformation
inconsistency of various components (Fig. 11(b2), (c4)). Closer
microscopic observation shows that significant etching and pitting
appear on calcite grain forming microporous media (Fig. 11(c2),
(c3)). Similarly, a substantial increase in pore space was observed in
carbonate-rich Marcellus shale due to calcium carbonate dissolu-
tion (Goodman et al., 2020; Kutchko et al., 2020). Therefore, min-
eral dissolution and adsorption-induced expansion are the two
most essential mechanisms of response for altering the pore
structure during the CO2-shale interactions in the presence of
water. These microscopic alterations have the potential to facilitate
creep deformation due to an increase in porosity.

It is observed that the content of stiff components (feldspar and
carbonate) and clay decreases by about 4 wt% (Fig. 12) due to
mineral dissolution, and the SEM images phenomenologically
conformed this in Fig. 11. In addition, the content of quartz in-
creases partly due to the reduction of other minerals. Similarly, the
same trend of mineral content is supposed to occur in Chang-7 and
Barnett shales. Creep compliance is positively correlated with the
soft components as well as the porosity, but negatively with the
stiff components (Rassouli and Zoback, 2018; Sone and Zoback,
2014a). Meanwhile, carbonate as a stiff component in shale reacts
with SC-CO2, lowering its content and thus stiffness, which results
in more compliant behavior with large creep deformation in our
experiments.

In addition to the change of mineral composition, the hetero-
geneity of macro- andmicro-fabric of shales significantly affects the
deformation behavior, especially for shale exposed to CO2. After
introducing the SC-CO2-water, the bedding planes tend to open in
r SC-CO2 exposure. The velocities are fitted linearly with dash line, and solid and open



Fig. 11. SEM images of surface morphology of shales exposed to SC-CO2-water on mm-mm-nm scale. Abbreviations: OM-Organic matter, Cal-Calcite, Qtz-Quartz.
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the Chang-7 shale, leading to large creep deformation due to
closing the bedding (Fig. 13). Multi-fractures in tensile failure par-
allel to the uniaxial loading stress are created in the Barnett shale,
indicating that the brittle creep failure occurs. So the creep strain of
Chang-7 and Barnett samples with various fabrics is primarily
accommodated by deformation of the compacting the bedding
plane and creating new cracks due to SC-CO2-water softening ef-
fects, respectively. Since the LMX shale is of undeveloped fabrics,
the physicochemical reactions failed to cause significant alteration
2206
on the micro-macro features, less affecting the creep deformation
of shale exposed to SC-CO2-water.

4. Discussion

4.1. Circumferential strain of creep

Most experimental creep studies have focused on the axial
strain but are little concerned with lateral or circumferential



Fig. 12. Change of mineral content of the LMX shale exposed to SC-CO2-water.

Fig. 13. Features of shale samples after second creep loading.

Fig. 14. Axial and circumferential strains for the Barnett shale. The red dashed circles
show an abrupt jump in lateral deformation. Note that the circumferential strain is
taken as positive for convenient comparison with axial strain.
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strains. Fujii et al. (1999) stated that circumferential strain could be
used as a condition-insensitive indicator in rock creep experiments.
Interestingly, in our experiment, the circumferential strain is more
sensitive than the axial strain. We observed three abrupt increases
for circumferential strain but no significant related change in axial
strain (Fig. 14), possibly indicating that tensile cracks parallel to the
loading direction are induced, as shown in Fig. 13. It is known that
stress-induced cracks in the form of tensile failure are normally
parallel to the loading direction (Stanchits et al., 2006). Only from
the axial strain, it is hard to determine the occurrence of tensile
failure under uniaxial creep test. So, we argue that axial strain and
circumferential strain should be considered simultaneously to
characterize shale creep deformation for uniaxial compression
creep experiments.
4.2. Mechanical-chemical coupling on shale deformation over
geological timescales

Our study showedmicroscopic alterations of shale structure and
mineral components would significantly influence the shale time-
dependent deformation. Creep constitutive laws, such as the
power-law model (Sone and Zoback, 2014a, b) and fractional
Maxwell model (Ding et al., 2017), were used to extrapolate long-
term creep deformation based on the laboratory creep data. They
included the physical effects of mineral components, stress level
and water content on time-dependent rock deformation at the
engineering time scale. On-site mechanical-chemical coupling be-
tween rock and SC-CO2 is non-negligible, especially for the long-
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term scale, significantly changing the mineral component and
microstructural state. But in our study, we conducted the creep
experiments in the absence of SC-CO2, different from the coexis-
tence of shale and SC-CO2 underground, indicating that it is inap-
propriate to extrapolate laboratory-derived data to tectonic
deformation. To date, the commonly used creep constitutive laws
for predicting the long-term deformation of shale failed to include
the effects of chemical interactions. It is necessary to couple the
chemical effects into developing creep models whenwe extend the
laboratory results to the geological issues, such as shaly caprock
stability in CCUS (Wood, 2015). Therefore, we need to develop
better creep models that describe the effects of mechano-chemical
interactions on the brittle creep process.
5. Conclusions

Uniaxial creep experiment and SEM observation were con-
ducted on Chang-7, LMX and Barnett shales before and after SC-CO2
exposure at a pressure of 30 MPa and a temperature of 110 �C for 14
days. A fractional Maxwell model was optimal to fit creep defor-
mation and evaluate the fit parameters caused by SC-CO2 effects.
Some conclusions are as follows:

(1) Significant elastic damagewas induced in shales after SC-CO2
exposure characterized by a reduction in both dynamic and
static elastic moduli. More specifically, the Chang-7 shale
showed the largest reduction, followed by the Barnett shale,
and the LMX shale exhibiting the lowest reduction in dy-
namic and static moduli due to composition and fabrics. The
SC-CO2 softening effect was pronounced in the Chang-7
shale, highly dependent on the development of fabrics.

(2) Compared to the dry shale, larger creep deformation and
more viscous behavior were considerably induced for SC-CO2
exposed shale. Creep deformation increased by 200% for LMX
and Chang-7 shales, and 500% for the Barnett shale after SC-
CO2 exposure. An increase was also observed in calculated
fractional orders of 0.02, 0.07, 0.22 for SC-CO2 treated sam-
ples, indicating that SC-CO2 is likely to enhance shale
viscoelastic properties.

(3) The physicochemical mechanisms for elastic damage and
viscous enhancement caused by SC-CO2 exposure mainly
include mineral dissolution and adsorption-induced
swelling. These microscopic alterations, mainly created by
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carbonate dissolution and clay swelling, increase the
porosity to soften shale elastic properties and enhance creep
deformation.
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